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Abstract: (1) Background: The study aimed to compare and analyse the differences between the
features of prefabricated fibre-reinforced composite (FRC) posts and custom-made FRC posts in
the form of a tape and confirm the necessity of using FRC posts in teeth treated endodontically in
comparison to direct reconstruction with a composite material. (2) Methods: Sixty premolars after
endodontic treatment were used. The teeth were divided into four groups (n—15). Group 1: teeth
with embedded prefabricated posts (Mirafit White); group 2: teeth with embedded prefabricated
posts (Rebilda); group 3 teeth with embedded custom-made posts in the form of a tape (EverStick);
group 4: teeth without a post restored with composite material. The compressive strength of the teeth
was tested using the Instron-5944 testing machine until the sample broke. The crystal structure of the
investigated posts was detected with the X-ray diffractometer (3) Results: During the experiment,
the maximum values of forces at which the damage of the restored premolar teeth after endodontic
treatment occurred were obtained. The best results were obtained for teeth rebuilt with Rebilda
Posts (1119 N), while teeth with cemented Mirafit White posts were the weakest (968 N). Teeth
without an embedded FRC post, rebuilt only with light-cured composite material, obtained the
lowest value—859 N. (4) Conclusions: The use of FRC posts increases the resistance to damage of
an endodontically treated tooth when compared to direct restoration with light-cured composite
material.

Keywords: premolars; endodontic treated; fibre-reinforced composite post; strength test

1. Introduction

Teeth after endodontic treatment are structurally different from vital teeth and require
specialized restorative materials [1,2]. The major difference is a consequence of the loss
of dental structures caused by caries, fractures of previous restorations and endodontic
procedures. Consequently, the risk of fracture increases after endodontic treatment. [3,4].
Finally, their mechanical and strength properties are directly proportional to the volume of
origin tooth tissue as well as the chosen treatment technique [5–11].

The insertion of a post significantly increased the fracture resistance of nonvital pre-
molars [12–14]. One of the main goals of posts’ presence is to ensure the dental materials’
retention while the lost dental crown is being reconstructed. A post allows for the ap-
propriate stress distribution in the root and may be used to support single crowns and
bridges. However, according to numerous researchers, a post does not strengthen the tooth
structure, it merely provides the appropriate retention for the material used to restore a
crown foundation [15–18]. These findings could be caused by the fact that preparation of

Materials 2021, 14, 6214. https://doi.org/10.3390/ma14206214 https://www.mdpi.com/journal/materials1
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space for the crown-root inlay may lead to the diminishing of the remaining part of the
tooth structure and increase the risk of the root breaking. This emphasizes the significance
of preserving the original anatomy of the root canal and minimizing dentin loss in the
reconstruction following the completed endodontic treatment.

There are several factors that could influence the root canal filling related to the me-
chanical preparation of the post space such as the twisted or vibrated areas [19]. The filled
root canals can become contaminated again by microorganisms during the preparation of
the canal for the post, when the remaining apical part of the root filling is of an inappro-
priate density or length. It is a risk factor for the development of periapical inflammation.
Santos et al. assess that root canal-filled teeth coronally restored with a rubber dam did
not develop severe periapical inflammation but root canal fillings exposed to microbial
challenge with exposure to saliva developed severe periapical inflammation [20]. They
concluded that the current methods of root canal filling only partially inhibit the penetra-
tion of microorganisms into the crown and the development of apical periodontitis after
treatment, highlighting the risk of periapical pathology in case of a break in the chain of
asepsis during post preparation.

It was stated in several cases that endodontic treatment by using one fibre-reinforced
composite (FRC) post may not be enough to ensure suitable mechanical friction in the case
of root canals characterized by an unusual and irregular shape. To solve the problems with
the unusual shape of root canals, an elastic FRC post (GC Europe, Leuven, Belgium) was
introduced [21]. It should be noted, the elastic FRC post can be individually customized
and their ability to bond and bend is superior to the prefabricated posts that commonly
appear on the market.

The presented study is focused on investigating and comparing the crack resistance
of endodontically treated premolar teeth reinforced by different available FRC posts. The
null hypotheses were: (1) The application of FRC posts increases the resistance to damage
of an endodontically succeeding treated tooth when compared to direct restoration with
light-cured composite material and (2) no significant difference was noted in the case of
using more elastic fibre posts.

2. Materials and Methods

2.1. Preparation of Materials

In the research, 60 first premolar teeth extracted for orthodontic or periodontal indi-
cations were used. The teeth neither showed any signs of caries, root cracks, resorption
nor were they treated before. Each of the teeth had two roots and two canals, the buccal
and the palatine one. All of the selected teeth had similar dimensions: the length of the
crowns was 8.5 mm, the roots’ lengths were 14 mm and the diameter of the mesial-distal
crowns was 7 mm. They were kept in 0.9% NaCl solution. The root surface was purified
of soft tissue by using the hand scaler. Prior to strength tests, they were treated endodon-
tically. The working length was determined using a direct method related to subtracting
1 mm from the actual root length set by introducing a no. 10 K-file (Maillefer-Dentsply,
Ballaigues, Switzerland). Irrigation was performed after every change of instrument with
5.25% sodium hypochlorite, citric acid and saline solution. For all of the studied teeth, the
step back treating technique was applied, master apical file size 40 and coronal flaring
size 70.

The wetness level inside root space was checked by the paper points. After drying, the
root canals were filled by an epoxy resin sealer—AH Plus (Dentsply Maillefer, Konstanz,
Germany)—and the lateral condensation technique was used. The dental crown was
temporarily filled using the self-adhesive posterior restorative system Equia (GC Europe,
Leuven, Belgium). The Equia was covered by the apical part of the root to prevent leakage
through the apex. The teeth were stored for 7 days in an incubator (at 37 ◦C, 100% relative
humidity). Following this, the palatal cusps of the crowns were removed to the level of the
central sulcus, leaving only 2 mm of cingulum above the tooth neck (Figure 1). The palatal
canal was prepared using size 3 Pesso drills to obtain a 15 mm length, leaving an apical
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seal of gutta-percha in the canal (4–6 mm). The teeth were divided into four groups, each
group having 15 teeth. Group 1 received prefabricated conventional FRC posts of 1.2 mm
diameter (Mirafit White posts, Hager & Werken, Duisburg, Germany). Group 2 received
prefabricated conventional FRC posts of 1.2 mm diameter (Rebilda Posts, Voco, Cuxhaven,
Germany). Group 3 received one single elastic FRC post of 1.2 mm diameter (EverStick,
GC Europe, Leuven, Belgium). Following the manufacturer’s recommendations, the elastic
post was inserted into the root canal and adjusted to its shape. After adaptation, the post
was removed from the root canal with a needle-nose plier and light-cured for 40 s with an
Epilar S10 polymerization lamp (3M Espe, Maplewood, NJ, USA). After polymerization,
the EverStick posts became stiff. The cavities in group 4 were restored with a microhybrid
composite restorative material, Charisma (Heraeus Kulzer, Hanau, Germany).

 

Figure 1. Premolar tooth with removed palatal tubercle.

The posts in groups 1, 2 and 3 were tried and next their lengths were adjusted. The
palatal canal and the prepared tooth surface were etched with orthophosphoric acid for
30 s. The dentin surface was dried with filter paper; next, a bond was applied directly in
the canal and on the prepared dentin. The dual-cure self-priming dental adhesive system,
Prime and Bond NT (Dentsply, Charlotte, NC, USA), was used for bonding, according
to the manufacturer’s instruction. Luting of the posts was performed with a dual resin
composite cement, Core.X Flow (Dentsply, Charlotte, NC, USA). In the following step, the
crowns of the teeth were reconstructed with Charisma composite material (Heraeus Kulzer,
Hanau, Germany). The cellulite core-forming matrices of the same size were used to ensure
the uniformity of the specimens. These matrices were fabricated as vacuum-formed foils
on a healthy premolar tooth. The core build-up was polymerized for 40 s, then the cellulite
forming matrices were removed. Glycerine gel was used, and a final polymerization was
performed from each side for 40 s with a Translux Wave polymerization lamp (Kulzer,
Milano, Italy).

After the restorative procedures, the specimens were kept in 0.9% NaCl solution for
1 week. The roots of the prepared teeth were coated with a thin layer of low-density
impression material—Oranwash L (Zhermack, Badia Polesine, Italy). It prevented the
teeth from rigidly fixing in acrylic blocks and allowed them to maintain their physiological
mobility, typical of natural teeth with periodontal fibre (Figure 2). All of the analysed
cases were tested in the same way under the same conditions for individual samples. The
fixing of the prepared teeth and the method of loading were the same for each case. The
teeth were fixed in acrylic blocks into which they were inserted to the level of 2 mm below
the tooth neck. The length, width and height of the acrylic blocks were 15 mm for each
size. The teeth were fixed at an angle of 90◦ to the long axis of the tooth in the jaws of a
universal testing machine Instron 5944 (Instron, Norwood, MA, USA). A nickel–chrome
form reflecting the shape of the chewing surface of a premolar tooth was used as a punch.
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Acrylic blocks with fixed teeth were loaded in a way to ensure the optimum occlusive
contacts of the upper and lower premolar teeth (Figure 3). The loading rate was 1 mm/min.
Strength tests were conducted until the tested sample was damaged, i.e., until the first
force decrease was recorded in a universal testing machine graph. The maximum failure
load was recorded in Newtons (N) (Table 1).

 

Figure 2. A root covered with a layer of silicone.

 

Figure 3. Sample orientation for best occlusal contacts.

Table 1. Fracture thresholds as well as the significance of their difference of studied fibre-reinforced
teeth compared to the control group.

Post Type Valid N Mean [N] Min [N] Max [N] SD

Mirafit White 15 968 760 1222 149
Rebilda Post 15 1119 973 1323 116

EverStick 15 1000 776 1368 163
No Post 15 859 587 1253 200

After the examination, the number of damaged teeth that could be rebuilt was assessed.
There are two groups of damaged teeth proposed. The first group includes teeth able to
be rebuilt. The teeth with the experimental restorable fracture above the cementoenamel
junction (CEJ) facture were assigned to the first group. Consequently, the result below the
CEJ makes a tooth marked as irreparable and it is likely to be extracted [22].

The distribution of the data from the endurance test of endodontically treated teeth did
not differ from normal. The significance of the differences in terms of strength was checked

4



Materials 2021, 14, 6214

using ANOVA (analysis of variance). The significance level of the hypothesis testing was
set at p > 0.05. The calculations were conducted in the Statistica version 13.3 program
(StatSoft, Kraków, Poland).

2.2. Physicochemical Characterization

The crystal structure of the investigated materials was detected using a PANalytical
X’Pert Pro X-ray diffractometer (Malvern Panalytical Ltd., Malvern, UK) equipped with
Ni-filtered Cu Kα1 radiation (Kα1 = 1.54060 Å, U = 40 kV, I = 30 mA) in the 2θ range
of 5◦–70◦. X-ray diffraction (XRD) patterns were parsed by Match! software version
3.7.0.124. Energy-dispersive spectroscopy (EDS) analysis was carried out using an FEI
Nova NanoSEM 230 scanning electron microscope (SEM, Hillsboro, OR, USA) equipped
with an EDS spectrometer (EDAX GenesisXM4) and operating at an acceleration voltage
in the range 3.0–15.0 kV and spots at 2.5–3.0 were observed. The Fourier-transformed
infrared spectra were carried out by the Thermo Scientific Nicolet iS50 FT-IR spectrometer
(Waltham, MA, USA) equipped with an automated beam splitter exchange system (iS50
ABX containing DLaTGS KBr detector), built-in all-reflective diamond ATR module (iS50
ATR), Thermo Scientific Polaris™ and the HeNe laser was used as an infrared radiation
source. Absorption spectra were collected by the Agilent Cary 5000 spectrophotometer
(Agilent, 5301 Stevens Creek Blvd, Santa Clara, CA 95051, USA), employing a spectral
bandwidth (SBW) with a spectral resolution of 0.25 nm in the visible and ultraviolet range
and recorded at room temperature.

3. Results

During the experiment, the values of maximum forces, i.e., the forces destroying
reconstructed teeth after endodontic treatment, were obtained. The damage could involve
dental hard tissues, the post and the light-cured material used in tooth reconstruction. The
best results were obtained for teeth reconstructed with Rebilda Posts (mean load 1119 N),
while the poorest results were obtained for the teeth in which Mirafit White posts (mean
load 968 N) was used (Figure 4). The teeth without any post, reconstructed using only the
light-cured material, were damaged by the lowest value of the destruction force (mean
859 N), which confirms the rationale for using posts. Based on the mean values presented
in Figure 4, the Rebilda Post group is a more effective treatment than the others. However,
in the statistical analysis (t-Test ANOVA, p > 0.05), no statistically significant differences
were found between the various methods. The lack of statistical significance between the
investigated treatments may be due to the small number of samples in each group.

After the completion of the strength tests, the assessment of the destructed teeth
started. The damage of the supragingival crown, involving natural tissue or composite
material, was considered auspicious for further prosthetic reconstruction. Regarding tooth
destruction, subgingival damage is considered as the most harmful, especially when it
exceeds the biological width. In such cases, obtaining a good impression, removing cement
remains or maintaining dryness of the field is required. Any imprecision in the above may
lead to periodontitis. Sometimes, even orthodontic extrusion or surgical crown lengthening
are necessary to prosthetically restore the lost tooth tissue. Teeth with a broken root are
frequently qualified for extraction.

The largest number of supragingival crown fractures in teeth undergoing strength tests
were recorded for the samples with Rebilda Posts (60%). It was confirmed that in the case
of fibre-reinforced composite posts with good strength parameters, the prognosis for future
restoration is better. In the samples with cemented EverStick posts, subgingival fractures
were observed more frequently (60%), which made it very difficult or even impossible to
prosthetically restore the tooth. The worst prognosis relates to teeth without posts, for 73%
of which a subgingival fracture was observed (Tables 1 and 2).
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Figure 4. Mean fracture damage values, standard deviations (SD).

Table 2. Prognosis of tooth restoration possibilities after conducted strength test.

Type of FRC Post
Good Prognosis

(Supragingival Fracture)
Poor Prognosis

(Subgingival Fracture)

Mirafit White 53% (8/15) 47% (7/15)
Rebilda Post 60% (9/15) 40% (6/15)

EverStick 40% (6/15) 60% (9/15)
No Post 27% (4/15) 73% (11/15)

The presented study investigates three types of fibre-reinforced composite posts made
of different chemical compounds. The EverStick post is made of poly (methyl methacrylate)
(PMMA) polymer and bisphenol A-glycidyl methacrylate (bis-GMA). The neat and UV
light-cured EverStick posts were investigated. The manufacturer of Mirafit White informs
us that the material is made of E-glass (a type of glass fibre) and epoxy resin with a 65%
fibre content (matrix). In the case of the Rebilda Post, information about the composition
includes urethane-dimethacrylate (UDMA) 70 wt.%; glass fibre 20 wt.% and glass filling
10 wt.%.

The X-ray diffraction patterns of the EverStick post, UV light-cured EverStick post and
Rebilda Post are presented in Figure 5. In the range of 2 theta from 10◦ to 25◦, two broad
diffraction lines that were detected corresponded to PMMA (see Figure 5a). The maximum
of the intense one is located at 12◦ and that of the other one at 22◦. The typical amorphous
phase is confirmed. The UV light-curing did not affect PMMA crystallization. It could be
suggested that glass fibres present in the PMMA matrix precludes the transition of the
organized polymeric chain into the crystal phase [23]. The series of diffraction line was
found in the XRD pattern of the Rebilda Post. The lines corresponded with the theoretical
pattern of orthorhombic phase YbF3 (PDF no. 96-153-2779) [24]. In the range of small
2 theta, a high background was detected. It was found to be associated with the amorphous
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phase of the polymeric matrix. The XRD pattern of the Mirafit White post does not present
diffraction lines.

 
Figure 5. X-ray diffraction pattern of neat EverStick post and UV light-cured EverStick post (a) as well as Rebilda Post and
PDF theoretical pattern of YbF3 (PDF-96-153-2779) (b).

The presence of the YbF3 phase was confirmed by EDS measurements. The existence
of Yb3+ and F− ions was detected. The results show that the material contains 4.4% of Yb3+

and 3.7% of F−. Small concentrations of sodium, magnesium, potassium and calcium as
well as chlorine ions were also observed.

Figure 6 shows the FT-IR spectra of the analysed materials and their main chemical
components. In general, the FT-IR spectra are composed of a series of lines that are
associated with the absorption of the energy by specific chemical bands. Lines are observed
in the case of all of the measured samples corresponding to the PMMA molecules. The line
at 1716 cm−1 confirms the presence of the ester group (C=O). Lines associated with the
ether group O–CH3 are located at 1163 cm−1. The two lines detected at 2963 cm−1 and at
2872 cm−1 were ascribed to the methyl group (–CH3). The methylene group (–CH2) was
located at 1245 cm−1 and at 1434 cm−1. The lines at 1510 cm−1 were associated with the
stretching vibration of an aromatic ring. The stretching vibration of the C–C mode was
observed in the range of 1000–800 cm−1. In the range of 1484–1389 cm−1, absorption lines
related to the deformation mode of C–H are detected. The lines observed in the range
1243–1272 cm−1 are due to the C–O–C vibration modes. On the spectrum of Mirafit White,
the line associated with C–NH2 vibration mode was observed at 1507 cm−1. It suggests
that both the Mirafit White and the Rebilda Post are made of UDMA [25–28].

The absorbance spectra of UV-vis radiation of UV light-cured the EverStick post were
carried out in the range of 250–800 nm as a function of UV light curing time (see Figure 7).
Based on the previous papers, it is known that PMMA does not absorb in the range of
UV-vis radiation [29]. Absorption bands in the range of 250–330 nm were associated with
the presence of bis-GMA [30]. It was found that the relative absorbance value changed
with the UV light curing time. The Lambert–Beer law states that the absorption quantity
depends on the concentration of a substance, the path length and the proportionality
constant. It could be suggested that during the polymerization process, the thickness of the
EverStick post has changed. It was calculated that the thickness decreases by 8% after 60 s
of UV light curing.
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Figure 6. Fourier-transformed mid-infrared spectra of neat EverStick post, UV light-cured EverStick post, Mirafit White and
GC Fibre post (top) and the structural formula of bisphenol A–glycidyl methacrylate (bis–GMA) (bottom left) and poly
(methyl methacrylate) PMMA (bottom right).

 

Figure 7. Absorption spectra of neat EverStick post and UV light-cured EverStick post as a function
of light-curing time. Inset—The amplitude between the maximum and minimum absorption value.

4. Discussion

Premolars after endodontic treatment were found to be the most frequently fractured
teeth [31,32]. A fracture analysis of maxillary premolars detected that teeth with a damage
palatal cusp were the most prone to crack under compressive loading [33]. Therefore, in
this study, premolars were prepared for strength tests.

Tooth restoration following endodontic treatment is the main objective of dental pros-
thetics [34]. It is recommended not to insert posts at the cost of the root dentin [35,36].
The research has shown that excessive preparation for a post not only weakens the tooth
structure but may also lead to fractures and defects which could result in increasing the
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probability of tooth fractures or even tooth loss [37,38]. The use of fibre-reinforced compos-
ite posts to reduce the risk of tooth fractures has been questioned many times. Phebus et al.
demonstrated that the teeth with a cemented fibre-reinforced composite post were signifi-
cantly stronger than those which were endodontically treated without the use of a post [39].
They used thermal cycles to test a group of endodontically treated incisor teeth with ce-
mented fibre-reinforced composite posts and another group of endodontically treated teeth
without such posts. The thermal cycles simulated the changing conditions in the oral cavity.
Lassila et al. discovered that significant influence on the fracture load and flexural strength
is related to a thermocycling process for FRC posts. [21]. The flexural modulus decrease was
estimated about 10% as a result of the thermocycling process. Moreover, the strength and
fracture load decreased by about 18%. Hashemikamangar et al. claimed that no significant
effect was detected after the thermocycling process on pushing-out bond strength between
the fiber posts and resin core [40]. Moreover, the bond strength values in the thermocycled
samples were slightly lower than the values in the nonthermocycled samples.

Based on the statistical analyses, the most homogeneous study group was the teeth
rebuilt based on Rebilda Posts. In this group, the highest average value of force needed
for destroying the treated tooth was obtained. The control group shows the greatest
variability of results, where for the mean value of the destructive force of 859 N, SD is 200.
The heterogeneity of the results in this group is caused by the absence of a post and the
weakening of the crown resulting from endodontic treatment. The results of the strength
tests are satisfactory in terms of the value of the standard deviation for the individual
test groups. The heterogeneity of the results shows that the tested samples are biological
material. The teeth were obtained from different patients of both sexes and different ages.
For this reason, it is not possible to obtain perfectly homogeneous samples of a natural
origin. The described studies were of a comparative and pilot nature, aimed at justifying
the choice of treatment.

In the authors’ own research, the teeth with cemented EverStick posts showed lower
values of strength parameters than the teeth with standard posts. Similar research was
conducted by Cagidiaco et al. who observed the survival rate of endodontically treated
premolar teeth for three years [41]. The tested groups encompassed: teeth with cemented
fibre-reinforced composite posts—D.T. Light-Post (VDW, Munich, Germany), teeth with
individually formed posts (EverStick) and endodontically treated premolar teeth without
posts. All of the teeth were covered with a metal ceramic crown. In the examined groups,
the 36-month survival rate was 76.7%. The smallest percentage of success was recorded for
the teeth without posts (62.5%), while in the case of teeth with the cemented prefabricated
D.T. Light-Posts, the success rate was higher (90.9%) than in the case of teeth with the
cemented EverStick posts (76.7%).

Ferrari et al. also conducted observations of the survival rate of endodontically treated
premolar teeth for six years [42]. The research was conducted on 345 patients with teeth
restored using fibre-reinforced composite posts (D.T. Light-Post), individually made posts
(EverStick) and the control group were premolar teeth restored using only composite
material. All of the teeth were covered with a metal ceramic crown. In the case when all of
the walls of the treated teeth were preserved, the success percentage for all of the tested
groups was the same and was 100%. This means that no complications were recorded
in the teeth restored using the standard and individually made posts, and in the group
without posts. The results were different in the teeth with a smaller number of preserved
walls. In the case when two walls were preserved, the highest success rate was recorded
in the group restored with the standard posts (88.9%), followed by the individually made
ones (66.7%) and the lowest success rate was reported for the teeth without posts (52.9%).
When only one wall was preserved, the success rate was lower and was 77.8% for teeth
with the standard posts, 50% for the individually made posts and 29.4% for teeth without
posts. These results are close to the authors’ own research results in which the greatest
force was needed to destroy crowns in the group of teeth with the standard posts. The
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higher value of force needed to damage the tooth crown should translate into a higher
success rate in treated teeth.

According to the Kivac et al. [43], the presence and the type of the post used did not
affect the mechanical strength of the tested teeth, which is a different conclusion from the
results obtained in our own research. In the authors’ own research, the ANOVA revealed
significant differences (p = 0.05) in fracture loads, flexural strengths and flexural modulus
of the FRC-post systems tested. The teeth with the cemented EverStick posts showed lower
values of strength parameters than the teeth with the standard posts. The teeth without
any post, reconstructed using only the light-cured material, were damaged by the lowest
value of the destruction force.

Fractures of posts or of restored teeth are among the most common failures. A statisti-
cal analysis showed that specimens restored without the use of a post were more frequently
used for nonrestorable fractures with the fracture line below the CEJ. Prefabricated posts
exhibited more favourable fracture patterns of teeth in comparison with the teeth restored
using elastic posts. Thus, the null hypothesis concerning fracture patterns was adopted. It
is contrary to the studies of Frater et al. [44] who showed that teeth rebuilt with an elastic
FRC post had significantly higher fracture resistance than teeth rebuilt with a prefabricated
FRC post. Nevertheless, the load tested by Frater and co-workers was applied at 45◦ to
the long axis of the tooth by aligning a stainless-steel ball-shaped stylus with the occlusal
surface. It is a completely different than this investigation.

In our own study, elastic FRC posts showed lower flexural properties than the pre-
fabricated FRC posts [45]. There were statistically significant differences in fracture loads,
flexural modulus and flexural strengths during the three-point test. This confirms that
posts with a good performance during three-point test offer improved damage resistance
after endodontic treatment.

Another study examined the flexural properties of different types of prefabricated FRC
posts (Snowpost, Carbopost, Parapost, C-post, Glassix, Carbonite) and compared those
values with an individually polymerized FRC EverStick post [19]. The highest flexural
strength was obtained for EverStick. It was noted that this effect could be explained
by the combination of the polymer matrix and fiber properties building the composite.
Furthermore, the presence of PMMA chains in the crosslinked polymer matrix is responsible
for the differences between everStick and the other investigated FRC posts. PMMA chains
plasticize the crosslinked bis-GMA-based matrix of the EverStick FRC, and thus reduce the
generation stresses at the fibre–matrix interface during deflection. Consequently, it could
be supposed to improve the strength of everStick FRC material.

5. Conclusions

The use of a fibre-reinforced composite post increases the damage resistance in en-
dodontically treated teeth in comparison with teeth restored using light-curing material.
Prefabricated Rebilda Posts showed more favourable fracture patterns than the other
examined groups.

A statistically significant difference was observed between the use of prefabricated
and custom-made FRC posts for multiple restorations. In teeth rebuilt with an elastic FRC
post, subgingival fractures were observed more frequently—which made it very difficult
or even impossible to prosthetically restore the tooth.
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Abstract: Concrete is the most widely used construction material nowadays. We are concerned with
the computational modelling and laboratory testing of high-performance concrete (HPC). The idea of
HPC is to enhance the functionality and sustainability of normal concrete, especially by its greater
ductility as well as higher compressive, tensile, and flexural strengths. In this paper, the influence
of three types (linear displacement, uniform traction, and periodic) of boundary conditions used in
numerical homogenization on the calculated values of HPC properties is determined and compared
with experimental data. We take into account the softening behavior of HPC due to the development
of damage (micro-cracks), which finally leads to failure. The results of numerical simulations of
the HPC samples were obtained by using the Abaqus package that we supplemented with our in-
house finite element method (FEM) computer programs written in Python and the homogenization
toolbox Homtools. This has allowed us to better account for the nonlinear response of concrete.
In studying the microstructure of HPC, we considered a two-dimensional representative volume
element using the finite element method. Because of the random character of the arrangement
of concrete’s components, we utilized a stochastic method to generate the representative volume
element (RVE) structure. Different constitutive models were used for the components of HPC: quartz
sand—linear elastic, steel fibers—ideal elastic-plastic, and cement matrix—concrete damage plasticity.
The numerical results obtained are compared with our own experimental data and those from the
literature, and a good agreement can be observed.

Keywords: boundary conditions; numerical homogenization; RVE; FEM; HPC; concrete

1. Introduction

Significant progress in developing high-performance concrete (HPC) has been ob-
served since the invention of a concrete from reactive powders (RPC) in the 1990s [1–3].
Concretes of this type are characterized by a much higher compressive strength, flexural
tensile strength, ductility, and resilience to an aggressive environment than traditional con-
crete. The use of such concretes in the construction industry allows one to build challenging
engineering structures (bridges and towers) and high-rising buildings. Compressive and
tensile strengths and modulus of elasticity are the main mechanical parameters that affect
the design properties of HPC. An accurate determination of these parameters is very im-
portant from a practical viewpoint of engineering and design for efficient and safe HPC
constructions. Due to the complex composition of high-strength concrete and therefore
complexity of its microstructure, which is finally formed during the hydration process, de-
termining the abovementioned parameters is not easy [4]. Publications about the properties
of cement-based composites, a name that can be also used for HPC, are concerned in most
cases with experimental testing. They contain mainly parametric analysis on the influence
of the volumetric fraction of individual components on the HPC response, analysis of
different orientations and shape factor of fibres [5–11], or analysis of different types and
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shapes of fibres [12–16]. The material parameters we observe at the macro-scale are a result
of phenomena taking place in the microstructure of the material, i.e. on meso-, micro-,
and nano-scales. A thorough analysis of these phenomena also gives an opportunity to
trace different aspects of the deformation process of HPC. One of the basic phenomena that
significantly affect endurance of HPC is the formation and propagation of cracks in the
microstructure of material [17–19].

There are many methods used to describe effective properties of heterogeneous materi-
als, of which the most intuitive is direct homogenization [20]. It requires an estimate of the
value of the averages within the area occupied by the representative volume element (RVE).
The concept of RVE was defined and used by Hashin [21], where both elastic and viscoelas-
tic properties as well as failure criteria for fibre composites where considered; by Hill [22]
for elastic media; and more recently by Ostoja-Starzewski [23] in the context of plasticity
of random media. The averaging operation is preceded by a solution of the boundary
value problem defined for RVE with homogeneous boundary conditions. Unlike direct
methods, indirect homogenization does not require estimation of the average values in the
RVE cell. Indirect methods should be understood as a whole group of techniques based on
Eshelby’s theory [24]. They were used in designing composite materials. Many examples
of practical applications of these methods can be found in [21], including the self-consistent
scheme [25], which is developed for prediction of elastic moduli of two-phase composites
assuming that any (ellipsoidal) inclusion is embedded in a homogeneous medium and
subject to boundary conditions at infinity. Another way to describe heterogeneity caused by
the introduction of a discrete phase into the homogeneous base, i.e., matrix, is characterized
by the Mori-Tanaka method [26]. Another technique to be mentioned is differential indirect
method [20]. It consists of a volumetric balance matrix and discrete phase participation. A
large group of homogenization methods is based on the minimum principle of potential
energy, and they belong to the so-called variational homogenization methods. With their
help, the lower or upper limits of parameter values are often effectively estimated [20].

Relatively recent, introduced at the turn of the 1970s and the 1980s by Bensoussan et al. [27]
and Sanchez–Palencia [28], a method of asymptotic expansion for multiple scales was
used [29]. It is based on a mathematical theory of homogenization, in which disturbances
of unknown functions are assumed to be so small that they can be presented as an asymp-
totic expansion with respect to a small parameter, which is a characteristic dimension
of the microstructure. This method was used to analyse materials that are physically
nonlinear [30,31].

For analyzing inhomogeneous materials where the geometry and distribution of
microstructure components cannot be precisely known, stochastic methods [32–34] can
be used that also provide an estimation of properties of a surrogate material model on a
macro-scale.

The last group of homogenization methods to be mentioned here are numerical
methods, presented, e.g., in [35–38] and in particular for cement pastes in [39,40]. They are
free from the restrictions that are imposed in strictly analytical techniques, for example,
limiting the shape of a particle to the sphere or ellipse or being unable to analyze problems
that are geometrically and/or physically nonlinear. In recent years, together with the
increase in computing power of computers, the methods of numerical homogenization
have flourished. These methods make use of computational algorithms aimed at estimating
numerically the relationship between strain and stress at a macroscopic material point
based on separate calculations carried out on a representative RVE that is assigned to the
point and reflects the material’s microstructure there. Calculations can be carried out using
various numerical techniques, of which the finite element method is the most popular one.

Modelling and computation of (high performance) concrete, owing to its complex
multi-phase microstructure [5,41–43] and exhibiting irreversible and brittle behavior (de-
terioration and fracture), is an extremely difficult problem. From a computational point
of view, the difficulties are manifested when solving a boundary value problem for con-
crete specimens or concrete structural members in the strain-softening regime, where
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well-posedness of the problem is lost and the pathological mesh-dependence of a solution
by the finite element method occurs. In order to overcome the computational difficulties
and to avoid spurious numerical results, some forms of regularization of the boundary
value problem corresponding to nonlinear constitutive laws for concrete have been devel-
oped. The regularization can be achieved by incorporating into the constitutive law some
nonlocal information about the deformation process from a vicinity of the material point,
either by accounting for gradients of selected quantities (damage and plastic strain) or by
using a phase-field approach; see Bažant et al. [44], de Borst et al. [45], Ramm et al. [46],
smf Kaliske et al. [47], for example.

In this paper, we follow the procedure of a numerical two-scale homogenization
approach to model the behavior of high-performance concrete, paying special attention to
the boundary conditions imposed on the RVE that embodies the concrete’s microstructure.
In fact, we treat the HPC and its microstructure as a composite consisting of four (or six)
phases: cement matrix, fine (and thick) quartz sand, steel micro fibres (and steel fibres), and
air voids. The following constitutive models were used for the components of HPC: quartz
sand—linear elastic, steel fibers—ideal elastic-plastic, and cement matrix—concrete damage
plasticity (CDP). Thus, the interphase and interfacial phenomena are not treated explicitly,
being per assumption accounted for implicitly by the CDP model of cement matrix. In
two-scale numerical homogenization, the macro-scale and micro-scale are distinguished,
and at each of the scales, the corresponding boundary value problem (BVP) is solved
using the finite element method. The boundary conditions imposed on the solution of
the macro-scale BVP are a direct result of the support constraints of a body (structural
element) and therefore are uniquely defined, whereas the boundary conditions imposed on
the solution of the micro-scale BVP defined on RVE may be assumed in a number of ways.
We solve the micro-scale BVP using three types of boundary conditions imposed on the
boundary of RVE: uniform displacement boundary conditions (DBC), traction boundary
conditions (TBC), and periodic boundary conditions (PBC).

The influence of boundary conditions used in the numerical homogenization of non-
homogeneous media on the obtained values of material parameters and the stability
of computational schemes have been studied by many researchers, mainly for elastic
composites, e.g., in [48–50]. A mixed formulation of the BVP on the micro-scale was
developed in [48] using weakly periodic boundary conditions, which allowed a part of
microstructure to be completely cut loose by cracks and in which the idea of an elastic
cohesive zone was then used as a regularization method. In order to remove rigid body
motions of the elastic RVE with TBC, the concept of semi-Dirichlet boundary conditions
was introduced in [49], the latter enforcing non-homogeneous displacements at selected
points simultaneously satisfying the Neumann-type conditions. Numerical tests for elastic
woven composites have revealed high sensitivities of the in-plane extensional modulus
and Poisson’s ratio to the type of boundary conditions, and a mix of TBC and PBC proved
to be best in representing an experimental strain field [50].

This contribution is a continuation of our papers [51–54], where a linear-elastic two-
scale model of HPC and its experimental validation were presented. Herein, we extend
our previous analyses to the case of nonlinear elasto-plastic behavior with damage. Our
aim is to examine the impact of the particular type of boundary conditions on the response
of two-dimensional RVE of high-performance concrete.

2. Materials and Methods

2.1. Research Methodology

The results of the numerical simulations described herein relate to the experimental
findings obtained in our own laboratory tests [53] and those contained in [55]. We restrict
our numerical computations to the local BVP on the RVE of high-performance concrete,
checking the influence of different boundary conditions imposed on the boundary of RVE
on the simulated response of the tested HPC. Accounting for randomness of the RVE
microstructure, we generated positions of different phases, each in the amount as in the
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mix recipes in Table 1, by a pseudo-random number generator (for details, see [51]). The
solution of the elasto-plastic damage BVP is solved by the finite element software package,
Simulia Abaqus [56], supplemented with our in-house written script in Python and the
Homtools package [57].

Table 1. Concrete mix proportions [53].

Component Mixture I [kg/m3] wt% Mixture II [kg/m3] wt%

Cement CEM I 42.5R 905 34.2 905 33.2
Silica fume 230 8.7 230 8.4
Quartz sand 0.063–0.4 mm OS 36 702 26.6 330 12.1
Quartz sand 0.04–0.125 mm OS 38 285 10.8 285 10.5
Quartz sand 0.2–0.8 mm OS 30 - - 335 12.3
Water 260 9.8 260 9.5
Superplasticizer Woerment FM 787 BASF 29.6 1.1 29.6 1.1
Micro steel fibres DM 6/0.17 KrampeHarex 233 8.8 233 8.6
Steel fibres DW 38/1.0 N KrampeHarex - - 117 4.3
Density 2645 - 2725 -

2.2. Recipes for Modelled HPC

Two mix proportions of HPC were considered, the ingredients of which are shown
in Table 1. The mean compressive and tensile strengths of our two experimentally tested
HPC mixtures were 106 MPa and 12.5 MPa for mixture I, and 141 MPa and 18 MPa for
mixture II, cf. [53].

2.3. Microstructure of Modeled HPC

The microstructure of high-performance concrete has been studied by many authors,
and the topic is well-recognized in the world literature, e.g., [5,41–43,58]. In this contribu-
tion, the microstructure of HPC is defined by means of a two-dimensional representative
volume element (RVE) and the finite element method is used for modelling. The idea
adopted for the numerical finite element analysis of the RVE microstructure is shown
in Figure 1. The method with which we generated the considered RVE was described
in [51,54]. The actual geometry of the HPC ingredients was approximated by square finite
elements of dimensions 0.2 × 0.2 mm of the amount given in the concrete mix proportions
table (Table 1). The size of the entire RVE was 10 × 10 mm.

Figure 1. Representative volume element of high-performance concrete (HPC): (a) microstructure [58]
and (b) an exemplary finite element model of representative volume element (RVE) with the given
number of finite elements and wt% of components.
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The RVE consists of several main micro-ingredients: OS 36 and OS 38-fine quartz
sand, OS 30-thick quartz sand, steel (micro) fibres, and cement matrix. The constitutive
models used for the components of HPC were quartz sand—linear elastic, steel fibers—
ideal elastic-plastic, and cement matrix—concrete damage plasticity (Section 2.4). The
RVEs of mixtures I and II were generated for numerical homogenization (Figure 2).

Figure 2. RVE for (a) mixture I and (b) mixture II. The RVE (10 × 10 mm) is divided into 2500 finite
elements, each of dimensions 0.2 × 0.2 mm.

The components (color) of the RVE, the values of the material parameters, and
wt% (densities ρ (kg/m3) for cement—3100, silica fume—2600, sands—2650, water and
superplasticizer—1000, and steel fibres—7850) are as follows:

Mixture I (Figure 2a):

1. cement matrix (red): E = 55,000 MPa, ν = 0.17, CDP (see Section 2.4), 49.8 wt%
2. fine quartz sand (dark blue): E = 48,200 MPa, ν = 0.20, 37.4 wt%
3. steel micro fibres (black): E = 210,000 MPa, ν = 0.30, yield stress = 2100 MPa, 8.8 wt%
4. air voids (yellow): empty space (no finite elements), 4 wt%.

Mixture II (Figure 2b):

1. cement matrix (red): E = 55,000 MPa, ν = 0.17, CDP (see Section 2.4), 48.2 wt%
2. fine quartz sand (dark blue): E = 48,200 MPa, ν = 0.20, 22.6 wt%
3. thick quartz sand (sky blue): E = 73,200 MPa, ν = 0.20, 12.3 wt%
4. steel micro fibres (black): E = 210,000 MPa, ν = 0.30, yield stress = 2100 MPa, 8.6 wt%
5. steel fibres (orange): E = 210,000 MPa, ν = 0.30, yield stress = 1100 MPa, 4.3 wt%
6. air voids (yellow): empty space (no finite elements), 4 wt%.

2.4. Parameters of Concrete Damage Plasticity (CDP) Model

For modelling the cement-based matrix, i.e., a hardened mixture of cement, silica fume,
water, and superplasticizer, we adapted the concrete damage plasticity (CDP) model as de-
scribed in the influential papers [59–61] and Abaqus documentation [56]. Let us recall that
the CDP model captures the nonlinear behavior of concrete by accounting for simultaneous
development of permanent (plastic) deformation and elastic stiffness degradation using
two damage variables, one for tensile damage (dt) and the other for compressive damage
(dc), to account for different damage responses of concrete in tension and in compression.
The plastic-damage model [56] assumes nonassociated potential flow with the Drucker–
Prager hyperbolic function that is continuous and smooth and asymptotically approaches
the linear Drucker–Prager yield condition [62]. The evolution of the elastic-plastic-damage
deformation process is complex from the numerical viewpoint because it is described by
inequality relations and Kuhn–Tucker complementarity conditions (loading/unloading
conditions), e.g., [61,63].

The parameters of the CDP model and their values used in the calculations are
gathered in Table 2, wherein
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Table 2. Mechanical parameters of the cement matrix in the plastic range.

β m fb0/ fc0 Kc η

36◦ 0.1 1.16 0.667 0

β—the internal friction angle of concrete. In the CDP model, β is defined as the inclination
angle of the Drucker–Prager surface asymptote to hydrostatic axis of the meridional plane;
m—eccentricity of the surface of the plastic potential. This is the distance measured along
the hydrostatic axis between the apex of the Drucker–Prager hyperbola and the intersection
of the asymptote of this hyperbola, calculated in practice as a ratio of tensile strength to
strength for compression;
fb0/ fc0—number specifying the compressive strength ratio in a two-axis state for the
strength in a single-axis state;
Kc—parameter defining the shape of the surface of the plastic potential on a deviatoric
plane;
η—viscoplasticity parameter, used to regularize the concrete constitutive equations.

The used stress–strain relationships for the cement matrix in compression and in
tension are shown in Figures 3 and 4, respectively, with the compressive strength equal to
200 MPa and the tensile strength equal to 20 MPa. These relations are described with the
function proposed by Saenz [64] as

σγ =
εγ

A + Bεγ + Cεγ
2 + Dεγ

3 (1)

where
A =

1
E

, B =
P3 + P4 − 2

P3 fγm
, C = − 2P4 − 1

P3 fγmεγ1
, D =

P4

P3 fγmεγ1
2 (2)

and

P1 =
εγu

εγ1
, P2 =

fγm

fγu
, P3 =

Eεγ1

fγm
, P4 =

P3(P2 − 1)
(P1 − 1)2 − 1

P1
(3)

The lower index γ ∈ {c, t} stands for a type of stress, with c standing for compression
and t standing for tension, respectively. Furthermore, εγu is the ultimate strain in the matrix
and fγu is its corresponding stress, whereas fγm is the extremal stress sustained by the
matrix with its corresponding strain εγ1. In the calculations, we assumed for compression
E = 55 GPa, fcm = 200 MPa, fcu = 196 MPa, εcu = 0.0028, and εc1 = 0.0025 and for
tension ftm = 20 MPa, ftu = 19 MPa, εtu = 0.00028, and εt1 = 0.00025. The values of the
parameters of Equation (1) calculated by Equation (2) for compression and tension are
collected in Table 3.

Figure 3. Compressive behavior of the cement matrix (concrete damage plasticity (CDP) model).
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Figure 4. Tensile behavior of the cement matrix (CDP model).

Table 3. The values of the coefficients in Equation (1).

A B C D

Compression 0.00002 −0.01003 3.25030 −59.29370

Tension 0.00002 0.02236 −651.59869 1885015.6

The evolution of the compression damage scalar dc for the cement matrix as a function
of strain and that of the tension damage scalar dt are illustrated in Figures 5 and 6 and
Equation (4), respectively.

dγ(εγ) =
fγm − σγ(εγ, . . .)

fγm
; γ ∈ {c, t}; dγ(εγ) = 0 f or εγ ≤ εγ1 (4)

Figure 5. Cement matrix compression damage (CDP model).
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Figure 6. Cement matrix tension damage (CDP model).

2.5. Numerical Homogenization and Boundary Conditions

In the method of two-scale numerical homogenization, the response of a material at the
macro-scale is determined by an analysis of the behavior of the material’s internal structure
at the micro-scale. In the case of nonlinear material behavior, achieving the equilibrium at
each scale together with the compatibility of information between the two-scales requires
multiple exchanges of needed information between the scales after solving a corresponding
nonlinear boundary value problems formulated at each of the scales. On the micro-scale
level, the distributions of micro-stresses and micro-strains were calculated, which via
homogenization provide the needed information of averaged macroscopic quantities to
the macro-scale. In this contribution, our analysis was restricted to the solution of the
local nonlinear BVP defined on the two-dimensional representative volume element (RVE).
When the characteristic microscopic length was one order smaller than the characteristic
macroscopic length, we could take into consideration only effects of the first order.

The analysis was carried out within the realm of linear kinematics. The notation that
a bar above a symbol denotes a macroscopic variable or quantity was used. Let x denote
the vector of coordinates of a material point at the macroscopic level, and let x stand for
coordinates of points within the RVE of volume V defined in the material point. Further,
let us assume that the microscopic displacement field u can be additively split into a linear
part εx and a fluctuating part r:

u(x, x, t) = ε(x, t)x + r(x, x, t) (5)

where ε(x, t) is the macro-strain tensor and t is a time-like parameter. At down-scaling
(macro-micro transition) and solving the local BVP at RVE, the strain tensor ε is treated
as a known quantity (data). At up-scaling (micro-macro transition), the elements of the
macro-strain tensor ε can be defined as mean values of the corresponding micro-strains ε
averaged over the RVE:

ε =
1
|V|

∫
V

ε dV =
1
|V|

∫
Γ

1
2
(n ⊗ u + u ⊗ n) dΓ (6)

where n is the unit outward normal of the boundary of RVE, Γ = ∂V, and ⊗ is a tensor
product of vectors. The Formula (6) shows that the macroscopic strain tensor can be
expressed by micro-displacements u at the boundary of the RVE. However, Equation (6) is
valid provided that the zero gradient condition of the microscopic displacement fluctuation
field r is satisfied: ∫

V
∇r dV =

∫
Γ

n ⊗ r dΓ = 0 (7)

Fulfilling the above condition ensures that deformation of the RVE boundary in the
medium sense is in accordance with the pre-set macro-strain ε.
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Macro-stresses can be defined, similar to macro-strains, as mean values of the micro-
stresses σ:

σ =
1
|V|

∫
V

σ dV (8)

This relationship can be derived from Hill’s theorem [25], which says that the work
done by macro-stresses on the corresponding macro-strains is equal to the mean value of
the work performed by micro-stresses on the corresponding micro-strains:

σ · ε = 〈σ · ε〉 (9)

where the symbol 〈•〉 stands for averaging over the RVE volume.

〈•〉 = 1
|V|

∫
V
• dV (10)

The finite element method is applied for numerical calculations, with the finite element
designated as the CPS4R Abaqus system library [56]. The RVE area was discretized with
2500 finite elements, each with dimensions of 0.2 × 0.2 mm; see Figure 2.

Numerical tests were carried out enforcing three types of boundary conditions on
the boundary of RVE: linear displacement boundary conditions (DBC), uniform traction
boundary conditions (TBC), and periodic boundary conditions (PBC). Before starting the
numerical simulations of the inhomogeneous nonlinear BVP for high-performance concrete,
the work and proper interaction between the Homtools and the Abaqus packages were
verified with the example of RVE for a homogeneous material with a hole (Section 3.1).

2.5.1. Linear Displacement Boundary Conditions (DBC)

This method consists of applying on the boundary of RVE the displacement field that
would occur if the strain were uniform inside the RVE. For the considered linear kinematics,
the boundary conditions can be defined by the formulas in Equations (5) and (7):

u = 〈ε(u)〉 x on Γ (11)

in which ε(u) is the micro-strain field and x is the position vector of point x on boundary Γ.
There is no restriction concerning the use of this method, except that no rigid part must
intersect the boundary, and holes are permitted.

2.5.2. Uniform Traction Boundary Conditions (TBC)

This method consists of applying on the boundary of RVE the stress vector field that
would occur if the stress were uniform inside the RVE. For the considered linear kinematics,
the boundary conditions can be defined as follows:

σ n = 〈σ〉 n on Γ (12)

where σ is the Cauchy stress tensor and n denotes the outward unit normal. There is
no restriction concerning the use of this method, except that no holes must intersect the
boundary.

2.5.3. Periodic Boundary Conditions (PBC)

Enforcing the PBC is theoretically relevant for periodic media, which can be defined
by a periodicity cell and the associated periodicity vector of translation. The periodic
homogenization process consists of assuming that the strains and stresses are periodic at
the level of the periodicity cell (which is defined as the RVE). The periodicity of stresses
and strains leads to specific periodic boundary conditions for the localization problem
on the RVE. In order to introduce periodic boundary conditions, the boundary of RVE is
decomposed into two opposing parts, Γ+ and Γ−, such that Γ = Γ+ ∪ Γ−. Each point x+
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on Γ+ is associated with a unique point x− on Γ−, and the unit normal vectors at these
boundaries satisfy n− = −n+. Then, the PBCs are defined as follows:

u+ − u− = 〈ε(x+ − x−)〉 and t− = −t+ on Γ (13)

where t± = σn± is the stress vector. For this type of boundary condition, u is forced to be
periodic and t is forced to be antiperiodic. Note that LDBCs satisfy the periodicity of u only
whereas TBCs satisfy the antiperiodicity of t only. There is no restriction concerning the
use of this method; periodic holes and rigid parts intersecting the boundary are permitted.

3. Results and Discussion

3.1. Test Example: Homogeneous and Linear Elastic RVE with Hole

A shear test of a homogeneous linearly elastic RVE with a hole in the centre was
carried out in order to check if the functioning of the Homtools package within the Abaqus
calculation environment is correct. This common testing procedure preceded relevant sim-
ulations of the complex heterogeneous nonlinear BVP. It allowed us to detect the possible
pitfalls in the implementation of the method of numerical homogenization. In the test, the
following values of some parameters were assumed: RVE dimensions—10 × 10 mm; hole
diameter—5 mm; Young’s modulus of linearly elastic material, E = 200 GPa; and Poisson
ratio, ν = 0.3.

Figure 7 shows the results of the shear test with the imposed macro-strain ε = {0, 0, 1}
for different boundary conditions and the corresponding deformation modes of the RVE
with the distribution of reduced micro-stresses of Huber-von Mises-Hencky (HMH). The
obtained results are in good agreement with similar calculations done by other researchers,
e.g., [38]. The solution of homogeneous material does not depend on the boundary condi-
tion, so the RVE without a hole was also tested. The homogeneous field of micro-stresses
was obtained with the same values for the three different types of the boundary condition. It
additionally confirmed the correct implementation of the used numerical homogenization
scheme into the Abaqus calculation environment.

Figure 7. Shear test for homogeneous linear elastic RVE with a hole, demonstrating the influence
of the kind of boundary condition (periodic boundary condition (PBC), displacement boundary
condition (DBC), and traction boundary conditions (TBC)) on the solution.
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3.2. Compression Test for Mixtures I and II

A compression test ε = {−1, 0, 0} (Voigt notation) was performed for non-homogeneous
RVE with nonlinear materials as a first test. The curves presented in Figure 8 show
dependence between macro-strain and macro-stress for the micro-structure model of HPC
(mixture I). In all presented results, the following notation was used, Mx_XXX_y, where x
indicates the number of mixtures 1 or 2; XXX is the type of boundary condition: DBC, PBC,
or TBC; and y is the test class (c—compression, t—tensile, and s—shear).

Analyzing the graphs in Figure 8, one can notice that use of the periodic boundary
condition in the deformation range of RVE ε = (1.75 ÷ 3.20) × 10−3 leads to an upper
estimate of the compressive macro-stress. In the case of smaller deformations, the upper
estimate was obtained using the displacement boundary condition. The difference between
PBC and DBC is not significant; both types of conditions on the RVE boundary give similar
results in the analyzed case. However, the traction boundary condition definitely leads to
the lowest estimate of the macroscopic value, and under this type of boundary condition,
the analyzed RVE of HPC exhibits responses that is characteristic for brittle materials—the
plastic part clearly visible for the PBC and DBC does not exist for the TBC. After reaching
the deformation of ε = 1.2 × 10−3 with an imposed traction boundary condition, the rapid
brittle failure of micro-structures appears. Our own experimental results were compared
with the determined numerical ones to validate our computational model. In the Figure 8,
the average compressive strength of six concrete specimens 100 × 100 × 100 mm made
from mixture I [53] was marked (experiment_M1_c = 106 MPa). The stress–strain path
could not be recorded; therefore, in Figures 8–11, only the value of compressive or tensile
strength is depicted by a dotted line. Additionally the stress–strain characteristic of concrete
made by the authors of the paper [55] is presented. The recipe for that concrete is twin-like
in comparison to ours for mixture I. The correlation between the experimental and the
numerical results is satisfying.

Figure 8. Compression test for mixture I, demonstrating the influence of the type of boundary
condition (PBC, DBC, and TBC) on the solution.

A compression test ε = {−1, 0, 0} was also performed for the model of micro-structure
HPC made from mixture II. The results are shown in Figure 9. In this example, the re-
sults obtained with the periodic and the displacement boundary conditions are practically
identical to the deformation level of ε = 2.22 × 10−3. The upper estimate of macroscopic
values is obtained when using displacement boundary conditions in this case. Use of
the traction boundary conditions also leads to an lower estimate of the macro-value. Six
concrete specimens 100 × 100 × 100 mm made from mixture II [53] were also examined ex-
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perimentally. The average compressive strength (marked in Figure 9 as experiment_M2_c)
is equal 141 MPa, which is in very good agreement with our own numerical result, similar
to the experimental results taken from the paper [55] (marked in Figure 9).

Figure 9. Compression test for mixture II, demonstrating the influence of the type of boundary
condition (PBC, DBC, and TBC) on the solution.

Figure 10. Tensile test for mixture I, demonstrating the influence of the type of boundary condition
(PBC, DBC, and TBC) on the solution.
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Figure 11. Tensile test for mixture II, demonstrating the influence of the type of boundary condition
(PBC, DBC, and TBC) on the solution.

3.3. Tensile Test for Mixture I and II

The next test performed for the non-homogeneous RVE with material nonlinearity
was a tensile test ε = {1, 0, 0}. The curves presented in Figure 10 depict the obtained
relation between macro-stress and macro-strain for HPC modelled as RVE-mixture I and,
in Figure 11, the similar response for RVE-mixture II. Analogical to that in the compression
test, the upper estimate of macro-stresses is provided for mixture I when using the periodic
boundary condition and, for mixture II, when using displacement boundary condition.

The RVE deformation range in the tensile test is an order of magnitude lower than
that in the compression test, which is an obvious effect of the assumed values of tensile
properties for the CDP model of cement matrix. A detailed description of this phenomenon
is outside the present research, but it is a very important aspect of HPC, which deserves a
separate study. The authors intend to investigate the tensile response of HPC in the future.
The average of the experimentally determined tensile strengths [53] is also presented in
Figures 10 and 11. The tensile strength was determined in the flexural test for both mixture
I—experiment_M1_t = 12.5 MPa—and mixture II—experiment_M2_t = 18.0 MPa. The
agreement of the experimental findings with the numerical results is very good.

Figure 12 illustrates some distributions of the compressive and the tensile damage
variables. The green areas indicate the places determined numerically where cracks ap-
peared in the HCP micro-structures. A continuity of the micro-structure is breached, and a
distribution of the micro-cracks is random. The latter is due to the randomly generated
structure of RVE, which reflects the real conditions of HCP manufacturing. The maps of
damage variable distribution shown in Figure 12 correspond to the ultimate stress (strength)
sustained by the material. This value and that of the corresponding strain are for a map (a)
σ = 110.91 MPa, ε = 3.20 × 10−3; for a map (b) σ = 13.50 MPa, ε = 4.22 × 10−4; for a map
(c) σ = 151.21 MPa, ε = 3.70 × 10−3; and for a map (d) σ = 19.50 MPa, ε = 5.52 × 10−4.
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Figure 12. Distribution of damage parameter: (a) compression of mixture I with PBC; (b) tension of
mixture I with PBC; (c) compression of mixture II with DBC; and (d) tension of mixture II with DBC.
The white spots represent pores.

3.4. Shear Test for Mixture I and II

The third performed numerical simulation represents a shear test ε = {0, 0, 1}. The
results of the test are shown in Figures 13 and 14. The upper estimate of macroscopic shear
stress in the shear test is provided for both cases of the RVE structure (mixture I and II)
by displacement boundary conditions. The lower estimate is reached similar to that in
previous cases with traction boundary conditions. The shear strength is not experimentally
researched by the authors. Figures 13 and 14 contain this parameter taken from [55], where
the shear strength is determined for a similar concrete and on a level of 19.1 MPa, which
is depicted in Figures 13 and 14 by a dotted line. In this case, the difference between the
experimental and the numerical results is higher by about 25% but could be accepted.

Additionally, the extreme values of the macro-stresses and the corresponding macro-
strains determined in the numerical tests are collected in Table 4.
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Figure 13. Shear test for mixture I, demonstrating the influence of the type of boundary condition
(PBC, DBC, and TBC) on the solution.

Figure 14. Shear test for mixture II, demonstrating the influence of the type of boundary condition
(PBC, DBC, and TBC) on the solution.

Table 4. Extremal macro-stresses and corresponding macro-strains in mixtures I and II (plastic range).

Mixture_BC
Compression Tensile Shear

σ [MPa] ε [-] σ [MPa] ε [-] σ [MPa] ε [-]

M1_PBC 110.91 3.20× 10−3 13.50 4.22× 10−4 13.40 3.16× 10−3

M1_DBC 107.18 3.00× 10−3 13.30 3.98× 10−4 14.9 3.29× 10−3

M1_TBC 45.55 1.20× 10−3 10.40 3.21× 10−4 4.49 6.14× 10−4

M2_PBC 137.77 3.40× 10−3 18.00 5.29× 10−4 12.90 2.57× 10−3

M2_DBC 151.21 3.70× 10−3 19.50 5.52× 10−4 15.60 3.45× 10−3

M2_TBC 96.61 2.20× 10−3 13.20 3.70× 10−4 8.43 1.42× 10−3

4. Concluding Remarks

In this paper, the technique of numerical homogenization was used for determining
the macroscopic response of high-performance concrete modelled as a nonhomogeneous
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multi-phase nonlinear composite. The local plastic-damage boundary value problem
defined on a representative volume element of the composite with complex micro-structure
was solved by making use of the finite element method. Three types of boundary condition
were imposed on the 2-dimensional RVE with nonlinear components: linear displacement
boundary conditions (DBC), uniform traction boundary condition (TBC), and periodic
boundary condition (PBC). The impact of the boundary conditions on the determined
macroscopic response was studied. The obtained results show that the applied boundary
conditions exert a significant influence on the calculated values of macro-quantities and
that premature numerical stability problems may occur in the case of TBC.

Detailed conclusions concerning the investigated influence of a type of boundary
condition on the macro-results could be summarized as follows:

• The periodic boundary conditions (PBC) lead to stable results for the full range of
deformations up to failure in all performed numerical calculations.

• In the compression and tensile tests, the upper estimate of values of macro-parameters
is reached for mixture I by imposing the PBC whereas for mixture II by imposing the
applied displacement boundary conditions (DBC).

• Use of the DBC provides the upper estimate of values of macro-parameters in the
shear test for both mixtures I and II.

• Application of the traction boundary conditions (TBC) leads in all analyzed cases to a
lower estimate of values of the macro-parameters.

Validation of the numerical results by our own laboratory experiments and the experi-
mental data from the literature shows that the presented model is capable of providing
good estimations of macroscopic features for the investigated deformation process. In
the first step, we restricted ourselves to an analysis of the micro-scale BVP on the RVE.
In the future, it would be useful to enrich the presented analysis by using the concept of
modelling error and adaptivity [65,66]. This is especially useful in the circumstance, where
the behavior of a structural member as a whole is the objective and then the transition
of information between the macro- and micro-scales must be performed iteratively at all
integration points of the macro-finite element mesh.
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Abstract: The development of additive manufacturing methods known as “3D printing” started in the
1980s. In these methods, spatial models are created from a semi-finished product such as a powder,
filament or liquid. The model is most often created in layers, which are created from the semi-finished
product, which is most often subjected to thermal treatment or using light or ultraviolet rays. The
technology of additive manufacturing has both advantages and disadvantages when compared to the
traditionally used methods of processing thermoplastic materials, such as, for example, injection or
extrusion. The most important advantages are low cost, flexibility and speed of manufacturing of
elements with different spatial shapes. From the point of view of the user of the product, the most
important disadvantages are the lower mechanical properties and lower resistance to environmental
factors that occur during the use of the manufactured products. The purpose of this review is to present
current information and a compilation of features in the field of research on the effects of the interactions
of different types of environments on the mechanical properties of 3D-manufactured thermoplastic
products. Changes in the structure and mechanical properties of the material under the influence
of factors such as humidity, salt, temperature, UV rays, gasoline and the environment of the human
body are presented. The presented article enables the effects of environmental conditions on common
materials used in 3D printing technology to be collated in one place.

Keywords: 3D print; environment conditions; properties; environmental resistance

1. Introduction

The phenomena occurring in nature are the most common inspiration for new solu-
tions. Three-dimensional (3D) printing may seem to be an advanced technology, but many
living organisms have engaging in a similar process for a long time. For example, molluscs
producing their shells (calcareous exoskeleton) can be considered a natural 3D printer. As
they grow, the molluscs add calcium carbonate to their external shell. In this way, more
internal space is protected by the skeleton and the growth lines, similar to the layers of
printed material, are visible on the outside of the shell [1].

The use of photopolymers to create 3D objects in the 20th century led to the de-
velopment of fast prototyping capabilities using the Fused Deposition Modeling (FDM)
technique [2,3]. Stereolithography, patented in 1986 by Charles Hull, was the first ever
method for the automatic manufacturing of three-dimensional models using UV radiation
and photosensitive resin [4]. At the same time, in Texas, the concept of creating objects by
using a laser beam to selectively sinter powder, a technology currently known as Selective
Laser Sintering (SLS), was developed [5]. Fused Deposition Modeling, or FDM, is the most
commonly used method. Its applications and modifications are discussed in this review
study. The method was patented in 1989 by S. Scot and Lisa Crump [6]. It involves the
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deposition of a polymer filament via a heated nozzle and allows rapid prototyping. The
modern FDM techniques will be discussed in further detail later in the study.

Three-dimensional printing is an additive manufacturing technique, in which the
product begins as a single layer applied on the base and is formed by adding subsequent
layers. A large number of conventional production technologies involve subtractive manu-
facturing, meaning that the final product starts as a block of material, e.g., wood or metal,
from which excess material is removed to form a desired shape. A large amount of waste
material—for example, sawdust or metal chips—is produced in the process. Additive
manufacturing techniques, such as laying a wall by adding layers of bricks and mortar
according to a formal plan, have been used for many years. All the above methods, from
the design to the production of the end product, have developed into modern 3D printing
techniques. A key stage is the planning of the layer arrangement process, and 3D printers
contain components providing automatic control [7].

Polymers are some of the most commonly used materials in additive techniques. The
polymer technology is known as the “innovation of the millennium”. They are widely used
because they are simple to produce and modify at a relatively low cost compared to other
materials, and their wide-ranging properties can easily be adapted to many applications.
The polymers are used in many domestic and industrial applications [8]. Due to a single
technology, we now have the capability to create, at our own leisure, prototypes or common
household items. Three-dimensional (3D) printing, or additive manufacturing (AM), is a
technology widely used, not only by the industry or individuals, but also to aid scientific
research. This technology allows one to create high-precision, low-cost prototypes, and,
with minor hardware requirements and no special qualifications or licenses needed for the
operators, it can be used by anyone. The items manufactured with this printing process are
robust and lightweight, with a greatly reduced amount of waste product. AM is defined as
the process of creating a 3D solid from a digital file. In this process, the building material is
applied layer by layer with selective sintering [9]. Depending on the printing technology
and materials used, the selective sintering process may differ. The history of 3D printing,
its first uses and the available 3D printing techniques are detailed in [10–20].

The following techniques are available.
Fused Deposition Modeling, or FDM, uses thermoplastics for printing. A polymer,

in the form of a filament, is fed into a 3D printer extruder and heated to a semi-liquid
material. The first layer is applied in the XY axis. Next, the extruder moves up and the
bed moves down by the thickness of the first layer and the second layer is applied. Hot
semi-liquid polymer cools down rapidly and solidifies, forming a designed shape. The
solidification rate depends on the position, glass transition temperature, flow temperature
and filament thickness [10]. A detailed review of this technology can be found in many
publications [19,21–30].

Stereolithography, or SLA, is a printing technique using light-cured resin (cured by a
laser beam). A container is filled with light-cured resin, and, during printing, the bed is
immersed in the resin to the very bottom. The laser beam traces the shape of the object in
the XY plane on the bed, curing the first layer of the resin. After tracing, the bed moves up,
and the process is repeated. The disadvantage of this AM technique is the small printing
area, and its advantage is that the printed item is not affected by external factors [10]. A
detailed description of the method and its applications can be found in [31–35].

Digital Light Processing, or DLP, is a technique similar to SLA, involving the curing
of light-sensitive materials using light emitted by a projector. The difference is that DLP
creates models by curing the whole layer at one time, and in SLA, the laser beam moves
from point to point, tracing the geometry. This technology is used in many areas [36–38].

Jetting Molding, or MjP, is a molding technique using a process similar to a standard
jet or laser printing on a piece of paper. The head moves over the table in the X axis and
applies a light-cured resin, which in turn is cured using UV light. After printing the layer,
the table moves down in the Z axis. Example applications of the technology can be found
in [39–41].
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Selective Laser Sintering, or SLS, uses a powdered thermosetting polymer. The applied
powder layer is selectively sintered at a high temperature using a laser beam. Similar
to CJP or Binder Jetting, the printed models are removed from a block of non-sintered
powder [40,42–44].

The above descriptions of selected additive manufacturing techniques present the
scale and wide range of applications of 3D printing techniques. The aim was to show the
different additive manufacturing methods and the available directions of research to verify
the resistance of printed models to environmental conditions.

Fused Deposition Modeling (FDM) is the most commonly mentioned technique in the
literature, and the main scope of this study is based on products manufactured using this
technique. The Fused Deposition Modeling (FDM) technique was developed in 1988, and
the patent protection expired in 2009. It allowed different companies to design, develop and
commercialize the technology in a wide range of specifications and components, including
domestic, office and industrial applications. The interest in this technique peaked in recent
years, particularly in medical applications, but also in the scientific field, which is clearly
reflected in the many research studies on this topic [10]. The print parameters are usually
recommended by the filament manufacturers, allowing less qualified operators to produce
good-quality prints. This makes the technology an excellent solution in many fields. Its
many advantages, including its versatility and the ability to adapt it to new materials, allow
it to create multi-colored and complex end products at low costs and high speeds, and make
the technique very popular. In recent years, it has found its place in medical applications,
electronics and various production processes. Thanks to their many interesting properties,
including low weight, high rigidity and low density, the layered structures are widely used
in many fields of industry [40].

The initial process conditions selected at the planning stage will affect the quality
and structure of the product. No information can be found in the literature on how the
environment affects the prints using different materials. There are many studies that
research the effects of different parameters on the quality and mechanical properties of
prints, but no systemic information can be found in the literature on how the prints are
affected by environmental factors. The FDM prints can be exposed to many environmental
factors that may affect their strength parameters in time.

Depending on the filament and modifiers (fillers, dyes, pigments, etc.) used, many
different prints can be produced with different properties depending on the consumer re-
quirements. Filament materials including acrylonitrile butadiene styrene (ABS), acrylonitrile
styrene acrylate (ASA), polylactic acid (PLA), polyethylene terephthalate glycol (PETG) or
polyamide (PA) are commonly used in different AM processes. The filament used and its
modifiers can significantly affect the resistance of the prints to environmental factors.

The properties of 3D prints are determined based on the analysis of basic mechanical
properties, including bending, compression, tension or impact. A surface structure is also
assessed using scanning electron microscopy (SEM) or computed microtomography (CT)
to detect any defects and analyze the structure of materials produced in the AM processes.
The testing of additive techniques is also based on the analysis of mechanical properties.
Although the polymers are widely used in 3D printing, a small number of researchers deal
with the effects of environmental conditions with regard to a specific set of conditions.

The present article includes a current review of the research on the resistance of polymer
3D prints to different environmental factors. The order of the discussed environments with
materials is shown in Figure 1. It will allow a systematic review for a better understanding
of the effects of environmental conditions on the structure and durability of the prints. It
will also allow us to determine further directions of research conducted on this topic. The
knowledge will allow us to extend the applicability of the products obtained using AM
techniques depending on the material used and its exposure to environmental factors.
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2. Effect of Thermal Aging Conditions on the Properties of 3D-Printed Samples

One of the most commonly considered effects of the environment on the print quality
is the effect of temperature on the properties of components subject to thermal aging. M.
Reza Khosravani et al. [44] analyze the effects of accelerated aging on 3D prints. The
products, made of ABS and ASA with a hexagonal and triangular fiber arrangement,
were printed with 30% infill density and no outer layer, to allow the analysis of the core
structure and its structural evaluation. To prevent defects, including gaps, overlaps or voids,
at the production stage, a surface layer made of an epidermal material—a carbon fiber
composite—was added. The thermal aging procedure involved placing the test specimens
in a climatic chamber at temperatures below the glass transition temperature of the tested
material (between 22 ◦C and 60 ◦C). The test lasted 240 h. A change in test specimen mass
before and after thermal aging was determined. Tensile, bend and compression tests were
also carried out [45].

The test specimens, under thermal aging, showed improved rigidity and durability,
and the change in mass and dimensions after the aging process was approximately 1%.
Despite the 1 wt.%. change in mass, the bending stress in the aged test specimens increased
by approximately 15%, which may have been due to annealing as a result of aging, which in
turn led to an intermolecular rearrangement [45]. The structure of the aged ASA and ABS
components changed, increasing the maximum bending stress, modulus of elasticity and
bending resistance. The temperature caused an increase in maximum durability for both
fiber arrangements and materials by changing the molecular structure. The ASA component
with a honeycomb structure showed the highest breaking strength. The hexagonal core
arrangement was the best for both materials, since it resulted in higher strength of both
components. The authors of the study highlighted the effect of the working temperature and
the core structure as the key parameters in designing components made of ABS and ASA.
During the design of the components using 3D techniques, the printing conditions and the
printing process must be adapted to the thermal working conditions of the component [45].

The topic of the effect of temperature on the mechanical properties of PLA was
discussed by Y. C Niranjan et al. [45]. The authors considered the effects of annealing
parameters on the dynamic mechanical properties of PLC components printed using the
FDM technique. Six test specimens, 50 mm × 11 mm × 3 mm, were printed and annealed in
a convection oven. The test specimens were divided into two groups. The first group of the
test specimens was characterized by a variable holding time in the oven at 90 ◦C. The effect
of the holding time (15, 30 and 60 min) on the PLA test specimens at a constant temperature
regarding the dynamic mechanical properties was analyzed. The second group of the test
specimens was heated for 30 min at different temperatures, namely 80 ◦C, 90 ◦C, 100 ◦C
and 110 ◦C. The PLA heating temperature was limited to 110 ◦C, since, over 120 ◦C, the
material had deteriorated visibly, affecting its mechanical properties and geometric features.
After cooling to room temperature, the test specimens were stored at room temperature
for two days to simulate the actual working conditions, followed by dynamic mechanical
analysis (DMA).

The results show that both the annealing duration and temperature significantly affect
the dynamic mechanical properties of PLA printed using the FDM technique. The heat
increased the conservative modulus, the resistance to bending of the PLA components and
the glass transition temperature of the tested material. The loss modulus of the annealed
test specimens tended to decrease, both at room and increased temperature, due to the
increased rigidity of the annealed PLA components compared to the base material. The
results showed that the annealing process can also contribute to bonding strength between
the layers, and the reduced void content and increased crystallinity can have a positive
effect on the stiffness of the viscoelastic polymer.

Annealing processes can be used as a low-cost process to improve the mechanical
properties of the material. The interesting effects of thermal aging on the components
produced using additive techniques can be found in [46–61].
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3. Susceptibility of 3D Prints to Simulated Marine Environment Conditions

Studies discussing the effects of marine environments [62], salt mist [63] and saline
solution [64] are the main sources of information on the effects of environmental factors on
the mechanical properties of polymer 3D prints. A study discussing the effects of biofouling
on 3D-printed components made of PCL immersed in salt water is also available [65].

R. Krishna Upadhyay et al. [62] described a test consisting of immersing the test
specimens for 30 days in a simulated salt water environment. The material used for
printing was polylactic acid (PLA). The test specimens of different shapes were made
using additive manufacturing techniques. These included both standard test specimens for
strength testing, propeller blades and plates for the evaluation of the effects of salt water
on the material surface structure.

The changes occurring as a result of print storage in a simulated marine environment
to ASTM D1141-98 were evaluated. Friction, wear and sliding wear mechanisms, mechan-
ical properties (tensile strength and Vickers hardness) and the surface roughness of the
test specimens were analyzed. To determine the changes occurring in the test specimen
structure after 30 days in salt water, the test specimens were analyzed using a scanning
electron microscope (SEM).

The results of the experiment showed a change in the mechanical properties of the PLA
test specimens. The surface roughness measured on both surfaces of the test specimen was
much higher than before, which may have an effect on their intended use. After submersion
in salt mist for 30 days, the physical properties of the test specimens had changed. The
liquid particles that migrate inside the rough structure may degrade the polymer more
effectively as a result of a hydrolytic reaction. Low surface roughness significantly affects
the tribological properties and ensures problem-free operation and higher resistance to
hydrolytic degradation.

The tensile test was conducted at a high load (25 mm/min) to simulate the use of the
material in an environment with theoretical conditions present in its actual application.
The analysis of the mechanical properties of the primary test specimens and test specimens
subjected to the salt mist concluded that the marine environment reduced the PLA test
specimens’ elongation at rupture, while increasing the yield point and the modulus of
elasticity. The analysis of the mechanical properties shows that 3D-printed components
can be used for target marine applications, including slide-bearing operations at moderate
speed and load.

It is worth noting that the analysis of the external structure of the turbines in [66]
after exposure to salt mist showed a deterioration in their surface; however, the observed
changes were minor. The XRD spectra of the test specimens before and after salt mist
exposure were identical, and the minor changes in 2theta angle within 20–27 2theta indicate
the amorphic nature of the PLA used to produce the test specimens. In summary, the
3D-printed PLA components showed satisfactory mechanical strength and the marine
environment had a low effect on material deterioration in the analyzed period. This means
that the 3D components can be used in slide applications at moderate loads in the analyzed
environment.

S. Ambrus et al. presented, in [63], the test results of the analysis of a material
aged in salt mist. The components were produced from PLA using the FDM technique.
The component production parameters and the crystallinity parameters of the produced
components were determined using an XRD technique.

The study was carried out in accordance with the guidelines for component testing
in an artificial atmosphere [63]. A Liebisch SI-400 device was used for observation of the
mechanical behavior of the test specimens after being held in specific conditions in the
experiment involving aging in salt mist. The test specimens were subjected to moisture–
thermal testing at 45 ◦C, with subsequent rinsing with distilled water and 3.5% NaCl
solution at a 0.8 m3s−1 flow rate. The test lasted 240 h.

The breaking strength of the test specimens before the aging process ranged from
44.27 MPa to 39.75 MPa, with an average value of 42.14 MPa. Following 240 h testing in
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sprayed salt mist conditions, the breaking strength of the test specimens showed higher
variability, i.e., between 31 MPa and 40 MPa, with the tensile stress ranging from 31 to
34 MPa. The impact test did not yield any significant differences.

The study concluded that no change in test specimen mass was observed, although
the strength decreased due to polymer degradation as a result of component aging in the
salt chamber.

A non-typical study on the effect of biofouling, i.e., formation of a biofilm as a result
of biological contamination in sea water, leading to the biodegradation of plastics, was
discussed in the article by Matthew Ryley et. al. [66]. The mechanical degradation of PCL
and PDMS glass plates immersed in water was analyzed. The plates were immersed in
ultrapure water for 120 h; the water was replaced after the first 24 h to remove potential
eluates. The test specimens were rinsed with 70% ethanol solution and immersed in
ultrapure water. The printed plates were placed for 12 weeks under a raft (a suspended
weight) to prevent them from rising to the surface, at a depth of 6 meters. In this period,
the sea water quality parameters, including temperature, conductivity, salinity, pH and
dissolved oxygen, were monitored.

After this, an analysis was carried out to determine the differences between the control
sample and the aged material. To determine the relationship between the percentage of
microfouling coverage and the material properties, statistical analysis (ANOVA or Tukey
post hoc tests) was carried out. In the first 4 weeks, in salt water, lower coverage by
cyanobacteria was observed on PCL test specimens compared to other materials, and after
12 weeks, all materials were severely fouled by the microorganisms.

PCL was considered the best material due to the lowest overall coverage by microalgae,
which, after 12 weeks, was between 86.8% and 98.4%. Among the compared materials, PCL
was the least hydrophobic and showed the lowest biofilm coverage of all materials, making
it the best choice for marine applications. It is also biodegradable in the marine environment.
Moreover, 3D-printed polymers meet the conditions for marine applications; however, they
must also be analyzed for degradation by fragmentation, hydrolysis or biodegradation as a
result of salt water or microorganisms [66]. The topic was also discussed in [65,67–71].

4. Effect of Aqueous Environment, Salt Solution and Sugar Solution

D. Moreno Nieto et al. [72] presented the results of changes in PLA and PETG proper-
ties as a result of interaction with different aqueous environments. The main reason for
addressing this issue was to verify the strength of materials used as packaging in the food
industry. The test specimens printed for the purpose of the experiment were square-shaped,
30 mm × 30 mm × 3 mm. Sets of 15 test specimens were placed in distilled water and
saturated salt and sugar solutions. The test specimens were immersed in metal containers
and secured against movement using tin wire. The containers were stored at a constant
temperature of 20 ◦C and 50% humidity. The solution was stirred once a day and replaced
once a week.

The experiment involving the degradation tests lasted 10 weeks, whereas the absorp-
tion tests were continued until the test specimen mass had stabilized. The measurements
were carried out every week at the same time, and if degradation was observed, the absorp-
tion was monitored every day for the first week of observation. The method of assessing
the degradation involved a weekly sampling of 5 out of 15 test specimens immersed at
the beginning of the test, and removing the layer of salt or sugar crystals adhered to their
surfaces. The test specimens were dried on absorbent paper and stored in plastic bags. The
tests included weighing, measuring and observation under an optical microscope. After
this, the samples were immersed in the respective solutions again. The analysis of the
experiment’s results showed that the test specimens immersed in saturated salt or sugar
solutions did not show any changes in color or shape compared to the test specimens
immersed in distilled water only.

The absorption tests for the PLA and PETG test specimens were conducted for
10 weeks. Visible absorption was observed in the initial phase of the experiment, i.e.,
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in the first two or three days. An increase in test specimen mass and equilibrium lasting
until the end of the experiment was observed. The swelling of the PLA samples had ceased
after 8 weeks in the distilled water, 9 weeks in the sugar solution and 3 weeks in the salt
solution. For the PETG sample, the equilibrium of swelling in the distilled water was
observed after 8 weeks, in the sugar solution after 9 weeks and in the salt solution after
7 weeks.

The degradation effect of these environments was also evaluated. The degradation
changes were determined using optical microscopy. The changes occurring in the test
specimens and crystalline structures were observed in all three solutions. The observed
degradation changes depended on the duration of the experiment. The changes were
characterized by dark inclusions and discoloration of the PETG test specimens. Changes in
the color of the PLA test specimens were also observed.

To summarize, PETG was the most dimensionally stable among the three solutions,
and in a 9-week period, the change in mass was observed to be 0.3%, making it the best
option for marine applications. After 8 weeks, the PLA specimens changed in mass by
approximately 2.5%.

5. Effect of Multiple Aging and Sterilization Processes

The number of studies on polymers discussing the effects of different types of ster-
ilization procedures has recently increased due to the lack of first aid equipment as a
result of limited deliveries, further affected by the COVID-19 pandemic. In [73], Diana
Popescu et al. presented an analysis of the effects of multiple sterilization procedures on
polymer components and their properties. Catalin Gheorghe Amza [64] analyzed the effect
of ultraviolet radiation on test specimen aging. Krzysztof Grzelak et al. [74] discussed the
effect of chemical disinfection using alcohol, and in [75], Olivier Oth et al. described the
low-temperature sterilization methods using hydrogen peroxide.

The first mentioned article [73] discussed the effects of the process used in a hospital
environment to neutralize potential pathogens on medical instruments. The analysis
covered ABS. The aim of the experiment was to evaluate the effect of each analyzed factor,
i.e., aging only and aging with sterilization, on mechanical properties and structures. This
process involved cyclic tests carried out during the first week of exposure to analyzed
factors. The tests were carried out for 9 weeks. Mechanical tests, including bending and
tensile strength, were also carried out. The test specimens had a 100% infill density and a
vertical orientation, which significantly reduced the strength during strength testing due to
the opposite distribution of the fibers in relation to the forces acting on them.

The test specimens were sterilized every two weeks, and the process involved exposure
to hydrogen peroxide vapors and low-temperature gas plasma. Sterrad equipment was
used to expose the test specimens to 45 min sterilization cycles at 134 ◦C and 0.223 MPa.
For the first group of the test specimens, SEM image analysis showed plastic cracking of
fibers and delamination between the layers of printed materials that were subjected to
identical aging and sterilization conditions. Cracking, with small amounts of material being
separated as a result of exfoliation, was observed for the first group aged in the storage
process. Cracking along the layer printing direction in both groups was observed at the
end of the experiment. Following a tensile test, an analysis of the external structure was
carried out for selected series using a micro-CT instrument. The results showed that the
ratio of voids to the total volume of the analyzed test specimens was between 6.14% and
7.82% due to the effects of aging and the exfoliation of printed layers.

To summarize, the test specimens were compared at selected intervals, evaluating
both their mechanical strength, external and internal structure and change in mass. The
results showed no significant changes in mechanical properties regarding rigidity, mass
loss and tensile and bending strength, irrespective of the aging technique used.

Catalin Gheorghe Amza et al. [64] discussed topics related to the effects of accelerated
aging by exposing 3D-printed test specimens to ultraviolet radiation. The test involved an
experimental simulation of the effects of atmospheric conditions and sun on components
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made of polymers, including PLA and PETG, by irradiation with a UV-A light in a radiation
chamber according to ISO 4892-3:2016 [76].

In total, 64 test specimens, in the shape of a dog bone and a 15 mm × 15 mm cube,
were printed for the purpose of the test. The test specimens were divided into a refence
group and a test group and exposed to 310 nm wavelength radiation. A thermostatic
climatic chamber, the Discovery DY110C, was used to experimentally determine the effect
of UV radiation. Total UV exposure time was 24 h and included three irradiation and
condensation cycles. Each irradiation cycle included an 8 h holding period at 50 ◦C and
50% humidity with 0.43 mW−2 × nm−1 lamps on. The alternating cycle without irradiation
included a 4 h rest time with UV lamps off. The total exposure of the material to UV
radiation in the chamber corresponded to several months of exposure to the sun in external
conditions [64].

The visual inspection showed certain changes in color; however, the dimensional
analysis did not show any effect of accelerated aging on changes in the analyzed properties
of the components. The analysis of the strength tests (tensile, compression and rigidity)
showed a 5.3% decrease in the strength of the PLA test specimens exposed to UV-B radiation.
The test specimens were more fragile, losing 6.3% of their compression strength, whereas
the rigidity of the irradiated test specimens did not change significantly. For PETG test
specimens, a significant 36% strength decrease compared to the control test specimen
was observed. Compression strength decreased by 38.6%, whereas the rigidity did not
change. The cracking analysis using the SEM technique showed changes in roughness at
the surfaces of fibers, which may indicate a degradation process [64].

In PLA test specimens exposed to UV-B radiation, the mechanical strength decreased
slightly, whereas significant changes were observed for the PETG test specimens subjected
to identical exposure conditions. The analysis of the test results, particularly the mechanical
properties of 3D prints, showed a detrimental effect of UV radiation on the components
intended for use in direct sunlight [64].

Krzysztof Grzelak et al. analyzed the effects of another sterilization method—alcohol
disinfection—on the print properties [74]. The tests included three materials, i.e., PETG
filament with color pigment and without additives and ABS for medical purposes, which
is a dedicated material for medical applications. The reason for choosing this disinfectant
was that it is readily available in most healthcare facilities.

Five test specimens of each material (in the shape of a dog bone) were printed for
the purpose of this test. The test specimens were divided into four groups with different
exposure times, as well as a control group. Each group was characterized by a different
disinfection time, i.e., 0.5 h, 12 h, 24 h and 48 h, respectively. To determine the effect
of the disinfectant concentration, selected test specimens were placed in a disinfection
container filled with 4% aqueous alcohol solution and selected test specimens were placed
in an undiluted disinfectant. After a set disinfection time, the components were dried in a
laboratory drier for one hour at 45 ◦C.

The results showed a minor effect of disinfection on the material structure and its
tensile elongation and change in mechanical properties irrespective of the exposure time to
disinfectant in the analyzed 48 h period. The slight impact may have been caused by the
penetration of liquid molecules into the structure of the samples. The analysis showed that
the disinfectant had a minor effect on the PETG prints. Moreover, the type of dye used did
not show any effect on the mechanical properties of the material.

Similar effects were observed during polymer tests with different disinfection tech-
niques, e.g., photodynamic [77] or microwave [78]. Among the two types of analyzed
materials, the dedicated material—medical-grade ABS—seemed to be a better candidate
for component production using AM techniques.

Non-modified PETG (without additives) is at risk of a decrease in tensile strength by
20%, and the addition of a dye slightly increases the chemical resistance of the material [74].

One of the mentioned methods to destroy microorganisms is low-temperature ster-
ilization with hydrogen peroxide. The effect of this technique was analyzed for surgical
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guides produced using the AM technique. The components described in [75] were designed
at the maxillofacial department and made of PETG or PLA. The materials were sterilized in
a single 50 min cycle at a temperature of below 55 ◦C.

Both before and after sterilization, the guides were scanned using a CT scanner
and the deviation of starting points of the geometry measurement was compared to the
reference guide. A statistical analysis, an ANOVA test with random factors, allowed the
authors to determine the morphometric differences between different guides. For PLA,
the high temperature used in the conventional sterilization techniques (121 ◦C) resulted
in the material melting after a short cycle (5 min), which was verified by the authors with
simultaneous discussion of the results obtained by Boursier et al. [79].

The results of the sterilization with hydrogen peroxide unequivocally showed no
effects on the material structure. The components made from these materials can be
used for clinical applications. The morphological differences were less than 0.2 mm. The
analyzed method can be used as an alternative method to avoid the deformation of 3D
prints made of PLA and PETG during sterilization. The results of tests describing the
importance and the effects of sterilization are included in [80–85].

6. Internal Environment of a Living Organism

Amirapasha Moetazedian et al. [86] attempted to analyze the effect of a research
environment simulating the conditions inside a living organism on the tensile strength
of polylactic acid (PLA) components produced using AM techniques. To determine the
consequences of placing a plastic implant inside a living organism, the factors present
inside the organism must be simulated. The study aimed to determine the effects of three
different conditions on the mechanical properties of PLA prints. The effect of an aqueous
environment (immersion and increased humidity) and the effect of temperature (room and
body temperature (37 ◦C)) were determined.

To check the component’s saturation with water, the absorption was tested within
48 h. At room temperature, after 30 min, the absorption reached 0.561% and did not change
until the end of the test. An increase in water temperature increased the absorption to
0.741%. After determining the change in mass, the tensile strength was tested. For the test
specimens stored at room temperature, the tensile strength decrease was 0.188%; however,
for the second type of test specimens exposed to a physiological environment, a significant
weakening of the polymer by 23.4% relative to the reference test specimen was observed.
Water absorption by the test specimens before the tensile test significantly affected the
elongation at break, whereas changes in the yield point were minor. PLA components fully
immersed in water showed a significant change in key properties relative to the control
test specimens.

A synergistic effect of high temperature and water absorption resulted in a transi-
tion from brittle cracking to intermediate brittle cracking. A significant decrease in the
mechanical parameters of 3D-printed test specimens was observed. Immersion in water
at 37 ◦C resulted in a 50% reduction in the mechanical strength of the polymer and a 20%
reduction in the tensile modulus of elasticity. The test specimens were deformed at 40% of
the reference test specimen.

The test results do not reflect all synergistic environmental conditions present in living
organisms due to the lack of use of biomedical materials, i.e., fluids corresponding to those
present in the human body.

The second article discussing issues related to the effect of a physiological environment
on 3D-printed polymer components was written by Any C. Pinho et al. [87] and describes
the effects of artificial saliva on multi-material prints. The experiment covered the properties
of test specimens made of a single material or two materials, where TPU was the core and
the outer layer used materials including ABS, HIPS and PMMA. The core material was
selected based on its ability to disperse impact energy. For each type of configuration and
mechanical test, 12 test specimens with 100% infill were printed.
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Half of the printed test specimens of each material were aged in artificial saliva
before the mechanical tests. The artificial saliva was made by adding 0.426 g (Na2HPO4)
disodium hydrogen phosphate, 1.68 g (NaHCO3) sodium bicarbonate, 0.147 g (CaCl2)
calcium chloride and 2.5 mL (HCl) hydrochloric acid to 800 mL distilled water. Single test
specimens were placed in tubes with the prepared solution and left in a shaker for 14 days
at a constant temperature of 37 ◦C at 100 rpm. The procedure aimed to simulate the effect
of exposure to saliva on the test specimens for one year.

The test results did not show any significant changes in the dimensions of the com-
ponents immersed in saliva, which confirmed that the analyzed thermoplastic polymers
showed low affinity to aqueous solutions. The same was validated by the results of studies
published in [88,89]. The results of the mechanical property tests showed similar trends
both for dry test specimens and aged test specimens, except for the ABS and PMMA test
specimens, where the maximum bending stress was lower in the case of the aged test
specimens. The opposite trend was observed for the HIPS and TPU test specimens.

The information showed that the aging process in a simulated saliva environment did
not significantly affect the mechanical behavior of the test specimens, except for the PMMA,
which is the only polymer without any aromatic rings in its chemical structure, which may
explain its different behavior. The ABS test specimens lost 28.7% elasticity and 34.4% of
absorbed energy as a result of the aging processes in the saliva solution.

For the sandwich test specimens, the behavior of all layered structures changed
slightly as a result of aging in artificial saliva. Using TPU as a core affected the reduction
in the mechanical properties of multi-material test specimens. The highest decrease in
strength was observed in the test specimens containing PMMA, probably as a result of
lower adhesion between the polymer and TPU, resulting from the difference in chemical
composition.

To summarize, the saliva affected some of the multi-material prints. The combination
of TPU with other materials affected the bending strength of the test specimens. Among all
the material combinations, the best one was ABS-TPU-ABS due to the highest elasticity of
the test specimens [87]. The effect of high moisture and variable temperature was discussed
in [90–95].

7. Cryogenic Environment

Increased temperature is one of the factors affecting polymers during production or
use. In [96], F. Saenz et al. tested the mechanical properties of ABS components produced
in additive manufacturing processes, both at room temperature and at −196.15 ◦C [97].
The manufactured parts were HTS magnetic coils used at low temperatures, expected to
transfer moderate mechanical loads at the supports [96]. The effects of cryogenic tempera-
tures on polymers are widely discussed in the literature, and the results may validate the
applicability of ABS in the analyzed applications.

For the purpose of an experiment, a cryogenic tank was designed and constructed for
use with liquid nitrogen. The test specimens for mechanical tests (32 test specimens) were
stored in the cryogenic tank. The test specimens, 115 mm × 19 mm × 6 mm, in the shape of
a dog bone, were made with 80–90% infill. The cooling procedure involved placing the test
specimen inside the cryogenic container. The cooling time was 3 min due to the insulation
added to the test specimens.

Testing of the mechanical properties, both the yield point, Young’s modulus and dry
strength of the test specimens stored at −196.15 ◦C, did not show any significant differences
for all tensile tests. The maximum strength was reduced by 4–7%, which is a typical effect
of material brittleness at low temperatures. For comparison, the strain range for the test
specimens stored at room temperature was between 15% and 28%.

The strength tests for test specimens stored at 77 K showed elastic behavior until
breaking, a higher Young’s modulus and a lower strain rate compared to the test specimens
stored at room temperature. A statistical analysis was used to determine the significance
of the results. The results showed that the brittleness of ABS test specimens produced
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using additive techniques increased with a decrease in temperature to 77 K. Based on the
analysis of the results, the authors found that the infill density and the pattern affected the
change in yield point, Young’s modulus and dry strength. The effect of negative/cryogenic
temperatures was discussed in [98,99].

8. Effect of Aging in Petrol

Eva Paz et al. [100] discussed issues related to the effect of an abrasive medium—in
this case, petrol—on test specimens produced using additive techniques and made of two
different materials, TPU and TPE. The study allowed them to determine the effects of a
chemical abrasive medium on changes in mechanical properties in time.

The components for the purpose of the study were printed with 5%, 20%, 50% and
80% infill and a rectangular infill pattern. Five test specimens for each infill density, test
type and material aging time were printed. The exposure to chemical factors was measured
in accordance with ISO 175:2010 regarding the testing of plastics in liquid chemicals [101].
The samples were stored in containers filled with 98 octane petrol, until the samples were
fully immersed. The material was stored in a chamber with temperature control and an air
exhaust to avoid the possible accumulation of petrol vapors. The test periods were 24 h
and 7 days, corresponding to a short-term and long-term test according to the standard.
The test specimens were also exposed to petrol for 30 days.

The results for both materials, before and after aging, were compared. TPU compo-
nents showed higher strength compared to TPE, irrespective of the external factors. For
test specimens with over 20% infill density, no significant effects on material hardness were
observed at different periods of immersion in petrol. As a result of aging, the TPE test
specimen mass increased due to petrol absorption, compared to the TPU test specimens,
showing that the TPE test specimens had lower resistance to petrol compared to the TPU
test specimens. The test showed that the infill density had a significant effect due to the
decrease in petrol absorption rate, resulting in a minimal effect on mechanical properties.
The samples with 80% infill density showed surface-only interaction with the solvent.

The results suggest a two-stage interaction between the polymers and the analyzed
environment. The first resulted in the breakage of some of the chains forming the polymer,
resulting in a loss of mass and the deterioration of its properties. The second resulted in the
recovery of the original properties due to the evaporation of the absorbed solvent from the
intermolecular lattice of the polymer. For TPE, this process takes less time to complete.

9. Conclusions

The availability and easy application of additive technologies make them popular in
many applications. The ease of manufacturing a specific product adapted to individual
client needs means that the materials are widely used in many applications. Due to their
applications, the components may be exposed to different environmental factors, the effects
of which are not fully classified or well known. Another factor affecting the changes in
properties is the printing technique used and the choice of materials.

In the discussed experiments involving exposure to different environmental factors,
the properties of the components printed using materials most commonly used in additive
technologies, including ABS, ASA, PLA, PETG, HIPS, TPU, TPE, PMMA or PCL, were
analyzed. The components that can be used as spare parts in many devices were exposed
to selected controlled environments, including disinfectants, low and high temperatures,
humidity, different liquids and aqueous environments.

The analysis of the results of accelerated aging based on dynamic mechanical char-
acteristics showed that both the annealing time and the temperature caused an increase
in the conservative modulus for PLA, resulting in improved mechanical properties of the
material [45]. It is worth emphasizing that the infill density is of key significance due to
the absorption rate of the medium. The tested specimens with 80% infill density showed
surface changes only [10].
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PLA test specimens exposed to a simulated marine environment by immersion in salt
water and PLC test specimens exposed to salt mist showed only a minor deterioration
in the external structure [62,63]. The results do not exclude use of components made of
polymers manufactured using additive techniques in the analyzed environment.

The effects of an aqueous environment and a salt and sugar solution on the properties
of PLA and PETG prints were evaluated, including absorption and external structure
analysis. A change in color in the test specimens immersed in distilled water was the
most clear, and the lowest absorption rate and mass stability were observed for PETG test
specimens [72].

Sterilization, both using hydrogen peroxide vapors [73] to disinfect ABS, alcohol to
disinfect PETG [74] and ultraviolet radiation [75], did not show a significant effect on ABS,
PLA and PETG test specimens. The first sterilization method did not affect the component
properties, the second showed a minor effect on the material structure, and the third
method showed a minimal effect on the mechanical properties of PETG samples only.

A simulation of the internal environment of a living organism was described in [86].
In the mentioned study [86], the environment was simulated without any biomedical fluids,
which prevented the simulation of all synergetic conditions present in a living organism. An
increase in mechanical properties and 40% deformation compared to the reference sample
were observed for PLA test specimens. Another study [87] analyzed the effects of artificial
saliva on the properties of multi-material prints made of TPU, ABS, HIPS and PMMA. The
chemical structure of PMMA significantly affected the mechanical properties due to the
lack of aromatic groups in the macromolecule and thus lower chemical resistance.

Short-term storage of test specimens at −196.15 ◦C was used to simulate a cryogenic
environment and did not show a significant effect on the mechanical properties of ABS
test specimens. A reduced maximum strain was observed, which is a phenomenon typical
of materials at low temperatures [96]. The following Table 1 presents a summary of the
environments along with the research methods considered.

The results, presented in a collective manner, make it possible to discern similarities in
terms of the evaluation of the structure or mechanical properties of polymeric materials.
The most frequently selected materials for testing were, in the following order, ABS, PLA
and PETG. A research gap for further studies may be to investigate the effects of exposure
environments on an even wider range of materials and possible strategies to assess changes
in mechanical properties—in particular, cyclic fatigue tests.

In the presented review of the literature, components produced using AM techniques
were exposed to different environmental factors. The review showed that there is only a
small amount of information showing a synergistic effect of different variable environmen-
tal factors on the changes in properties of 3D prints; thus, the authors plan to undertake
further research on this topic. Experiments should be systematized in terms of the utility
properties evaluated, as there are a large number of unknowns and it is impossible to
compare relationships. Observation of the behavior of materials exposed to different factors
has allowed researchers to draw conclusions on the range of changes in surface structure
and variations in strength ranges depending on the 3D printing technique used.
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10. Predictions for Further Research

There are also other factors that affect the resistance of 3D-printed elements, which
are not described in the paper. Our review may be supplemented with a description of
the following issues: the mechanism of damage to the structure of elements produced in
3D technology under the influence of the environment; the effects on the resistance of the
parameters of the 3D printer settings; the impact of the modification of the material by
adding additional ingredients, e.g., fibers or powders; the influence of the shape of the
internal structure of elements resembling natural composites such as bone or wood; and
the ways in which post-processing, e.g., annealing or acetone vapor, increases the resistance
of components in the work environment [102–113].

All these issues have an impact on the resistance of 3D-printed elements in the work
environment. However, it is impossible to discuss them in detail within one work, due to
the large scope of each topic. Therefore, we recommend that these topics are considered in
future papers.
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Nomenclature

ABS Acrylonitrile Butadiene Styrene
AM Additive Manufacturing
ASA Acrylonitrile Styrene Acrylate
CT Computed Microtomography
DMA Dynamic Mechanical Analysis
FDM Fused Deposition Modeling
HIPS High-Impact Polystyrene
PA Polyamide
PCL Polycaprolactone
PDMS Polydimethylsiloxane
PETG Polyethylene Terephthalate Glycol
PLA Poly Lactic Acid
PMMA Poly(methyl methacrylate)
SEM Scanning Electron Microscopy
Tg Glass Transition Temperature (◦C)
TPE Thermoplastic Elastomer
TPU Thermoplastic Polyurethane
UV Ultraviolet
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112. Topoliński, T.; Mazurkiewicz, A. Relationship between the mineral content of human trabecular bone and selected parameters
obtained from its fatigue test with stepwise increasing amplitude. Acta Bioeng. Biomech. 2017, 19, 19–26.

113. Zaghloul, M.M.Y.; Zaghloul, M.Y.M.; Zaghloul, M.M.Y. Influence of flame retardant magnesium hydroxide on the mechanical
properties of high density polyethylene composites. J. Reinf. Plast. Compos. 2017, 36, 1802–1816. [CrossRef]

49



materials

Article

New Biocomposite Electrospun Fiber/Alginate Hydrogel for
Probiotic Bacteria Immobilization

Adam Grzywaczyk 1, Agata Zdarta 1, Katarzyna Jankowska 1, Andrzej Biadasz 2, Jakub Zdarta 1,

Teofil Jesionowski 1, Ewa Kaczorek 1 and Wojciech Smułek 1,*

Citation: Grzywaczyk, A.; Zdarta,

A.; Jankowska, K.; Biadasz, A.;

Zdarta, J.; Jesionowski, T.; et al. New

Biocomposite Electrospun

Fiber/Alginate Hydrogel for

Probiotic Bacteria Immobilization.

Materials 2021, 14, 3861. https://

doi.org/10.3390/ma14143861

Academic Editor: Maurice N. Collins

Received: 7 June 2021

Accepted: 8 July 2021

Published: 10 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Chemical Technology and Engineering, Faculty of Chemical Technology, Poznan University
of Technology, Berdychowo 4, 60-965 Poznan, Poland; adam.grzywaczyk@doctorate.put.poznan.pl (A.G.);
agata.zdarta@put.poznan.pl (A.Z.); katarzyna.jankowska@doctorate.put.poznan.pl (K.J.);
jakub.zdarta@put.poznan.pl (J.Z.); teofil.jesionowski@put.poznan.pl (T.J.);
ewa.kaczorek@put.poznan.pl (E.K.)

2 Institute of Physics, Faculty of Materials Engineering and Technical Physics, Poznan University of Technology,
Piotrowo 3, 60-965 Poznan, Poland; andrzej.biadasz@put.poznan.pl

* Correspondence: wojciech.smulek@put.poznan.pl

Abstract: Biotechnological use of probiotic microorganisms involves providing them with appropri-
ate conditions for growth, but also protection against environmental changes caused by an exchange
of the medium, isolation of metabolites, etc. Therefore, the research on effective immobilization of
probiotic microorganisms should be focused in this direction. The present study aimed to evaluate
the effectiveness of an innovative hybrid immobilization system based on electrospun nanofibers
and alginate hydrogel. The analyses carried out included the study of properties of the initial compo-
nents, the evaluation of the degree and durability of cell immobilization in the final material, and
their survival under stress conditions. Effective binding of microorganisms to the hydrogel and
nanofibers was confirmed, and the collected results proved that the proposed biocomposite is an
efficient method of cell protection. In addition, it was shown that immobilization on electrospun
nanofibers leads to the preservation of the highest cell activity and the least cell growth restriction as
compared to free or lyophilized cells only. The completed research opens new perspectives for the
effective immobilization of microorganisms of significant economic importance.

Keywords: biocomposite; contact angle; electrospun nanofibers; immobilization; Lactobacillus;
alginate hydrogel

1. Introduction

To maintain optimal microorganism cultivation, growth media parameters such as
pH, temperature, oxygen level, and nutrition agents must be ensured, depending on the
species of microbe (Thomas, 2015 [1]). This causes the use of many different specific and
non-specific growth media, such as general-purpose nutrient agar (Smułek et al., 2020 [2])
and enrichment broth (Rahman et al., 2020 [3]), specific for certain fungi Sabouraud’s
agar (Cultrera et al., 2021 [4]), and Middlebrook and Löwenstein-Jensen media used for
Mycobacterium spp. culture (Schön et al., 2020 [5]; Xie et al., 2021 [6]) (Mikolajczyk et al.,
2016 [7]).

No matter what type of growth media is required, it is crucial is to maintain sterility
when working with microorganisms, and prevent microbes from hazardous environmental
conditions such as temperature fluctuation, UV radiation, pH changes, organic solvents,
and salts. One possible way to do this is the immobilization of microorganisms—chemically
bonding or adsorbing microorganisms onto the surface of the carrier, and entrapment in
a form of capsule or gel (Drauz and Waldmann, 1995 [8]). Requirements for the appro-
priate carrier, such as non-toxicity, optimal mechanical properties, chemical resistance,
and cost-effectiveness make the entrapment in calcium or sodium alginate hydrogels the
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most-used technique for cell immobilization (Zhu, 2007 [9]). There are two main types of
this process: gel entrapment and encapsulation. Gel entrapment differs from encapsulation in
the form of beads. During the gel entrapment, cells are immobilized in a gel matrix, whereas
the encapsulation process involves the preparation of porous barrier and entrapment of
microorganism in liquid core of such bead (Willaert and Baron, 1996 [10]). Probiotics are
the group of microorganism which are most commonly stabilized by the process of encap-
sulation since their survival in harsh conditions is crucial to trigger the beneficial effect of
those microorganisms in human body (Tripathi and Giri, 2014 [11]). Moreover, capsuled
microbes have been used in the medical application (Rocha et al., 2021 [12]), the food indus-
try (Penhasi, Reuveni and Baluashvili, 2021 [13]), delivery systems (Cook et al., 2012 [14]),
or even in larval rearing system (Ghoname et al., 2020 [15]).

When presenting the process of microbial immobilization, the adsorption process on
nanofibers should be mentioned. Nanofibers are one-dimensional structures whose cross-
sectional diameter is in the nanometric range (from 1 to 100 nm). Due to their structure and
morphology, there can be distinguished porous, ribbon, branched, or hollow nanofibers,
and each of them is created under specific conditions of their production process (Stani-
shevsky, Wetuski, and Yockell-Lelièvre, 2016 [16]; Li et al., 2017 [17]; Ali, Ain, and HuanHe,
2020 [18]). There are several approaches of nanofibers production such as phase separation,
consisting of joint gelation of the polymer and solvent (Ma and Zhang, 1999 [19]). Another
technique is molecular self-assembly, which combines individual molecules based on the
action of intermolecular forces (Xu, Samways, and Dong, 2017 [20]). During template
synthesis polymer is pressed into a special corundum template, which allows obtainment
of nanofibers of a defined shape (Wang et al., 2010 [21]). The technology, which has been
intensively developed in recent years, known as electrospinning, deserves special attention.
This method uses an electrostatic field to obtain fibers with a diameter of a few nanometers.
Compared to other methods, electrospinning is cheaper and has a wide range of materials
from which nanostructures can be spun. Nanofibers prepared by the electrospinning
method have been widely used in many different applications, such as tissue engineering,
cosmetics industry, filtration processes, and wastewater treatment (Huang et al., 2003 [22];
Bhardwaj and Kundu, 2010 [23]), as well as microbes adsorption process for different usage.
For example, Bao et al. used polyethersulfone nanofibers for simultaneous removal of dyes
and bacteria (Bao et al., 2021 [24]), and Jayani et al. used bacterial cellulose nanofibers
prepared by the electrospinning method as a carrier material for Lactobacillus acidophilus
016 (Jayani et al., 2020 [25]). However, so far no report could be found for the usage of
nanofibers—alginate hydrogel layered structure, as support for bacteria immobilization.

In this study, the layered structure of alginate hydrogel beads with immobilized
bacteria cells and polystyrene nanofibers was prepared. The alginate hydrogel were
prepared with gravitational dropping 2% sodium alginate solution from syringe into 1%
calcium chloride solution and then sandwiched with two PS mats via electrospinning
process. This layer-by-layer immobilization process was used for improving the stability,
chemical, and thermal resistance, as well as reduce the leaching of entrapped bacteria.
Moreover, the viability of probiotic bacteria was determined, as well as UV resistance.

2. Materials and Methods

2.1. Bacteria Cultivation and Immobilization on Electrospun Material

In the research the bacteria strain Lactobacillus plantarum (PCM 2675, Polish Collection
of Microorganisms, Wrocław, Poland), which is typically representative of probiotic bacteria.
It has been extensively characterized in the literature and has been used in biotechnology.
Hence, finding possibilities for its effective immobilization and protection will be very
important for producers and also, indirectly, for consumers. The first step in the preparation
of the bacterial culture was the establishment of the inoculum of the strain under study.
For this purpose, the biomass from Petri dish was transferred from the solid medium
to 45 mL of MRS broth (BTL Poland, Łódź, Poland) using a microbiological loop and
incubated for 24 h at 30 ◦C with shaking (120 rpm). Then, all the bacterial inoculum and
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1.5 mL of Tween 80 were added to the 1.5 l sterile MRS broth previously prepared in
the bioreactor. The bioreactor (Biostat B plus, Sartorius, Germany) operating parameters,
maintained throughout the culture, were set as follows: 25 ◦C, stirring using a Rushton
turbine type stirrer 150 rpm, culture running time 6 days. Afterward, the bacterial culture
was transferred to bottles and centrifuged (20 min, 4 ◦C, 4500 rpm). The biomass was
resuspended in 100 mL of PBS buffer to the optical density OD600 around 2.0, and used for
the immobilization procedure. Freeze-dried bacteria and sodium alginate (3%) immobilized
bacteria were used as a comparison in the experiments. For freeze-drying, 2 mL of bacterial
suspension was placed in a lyophilizer (Alpha 1–2 LD plus, Christ, Germany) for 96 h,
−30 ◦C, 0.36 mbar. For bacteria immobilization in sodium alginate (SA), 2 mL of bacterial
suspension was mixed with equal volume of 3% SA. The beads were formed by dropping
the mixture to 200 mM CaCl2 solution.

2.2. Production of Electrospun Fibers with Encapsulated Bacteria

Polystyrene (PS, average molecular weight 192,000 g mol−1, Sigma-Aldrich, Warsaw,
Poland) was dissolved in N,N-dimethylformamide (DMF, Sigma-Aldrich, Warsaw, Poland)
to obtain a 32% (w/v) solution and next was mixed for 24 h. After that 500 μL of Pluronic®®

P-123 (Sigma-Aldrich, Warsaw, Poland) was added to increase the hydrophilicity of PS
electrospun fibers and mixed for another 2 h. At the same time, sodium alginate was
dissolved in water (24 h) to obtain a 3% of SA solution. Subsequently, 2 mL of bacteria
solution (OD600 ≈ 2.0) was added to the 2 mL of SA solution thoroughly. The prepared
PS/DMF and SA/bacteria solutions were placed separately into syringes with needle sizes
of 20 G and 22 G, respectively. The production of electrospun fibers from PS layered with
bacteria encapsulated into SA was carried out using electrospinning and electrospraying
techniques, respectively. Alternately, electrospun polystyrene (PS) fibers and SA/bacteria
electrospray were layered to obtain “sandwich-structure” material consists of three layers
of PS fibers and two layers of encapsulated bacteria into SA, in three repetitions (Figure 1).
Both outer layers of the material were made from polystyrene.

 
Figure 1. Biocomposite preparation—a workflow scheme.

The electrospinning process of PS was carried out under the following conditions:
applied voltage 14 kV, feed rate 1 mL h−1, the distance between nozzle and collector 15 cm,
time of process 2 min. The electrospraying conditions were: applied voltage 25 kV, feed
rate 0.5 mL h−1, the distance between nozzle and collector 15 cm, time of process 10 min.
The fibers with bacteria encapsulated were collected on the aluminum foil, which covered
the steel collector and dried for 24 h in a vacuum drier at 23 ◦C and 50 mbar (Memmert,
Schwabach, Germany).
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2.3. Material Properties Analysis

Confocal laser scanning microscopy (CLSM) photographs of the PS electrospun ma-
terial with or without bacteria were obtained with the LSM710 microscope (Zeiss, Jena,
Germany) equipped with the argon laser (laser operated at 453 nm for reflected light, and
488 nm for fluorescence mode with the fluorescence observed in the range 510–797 nm).

A scanning electron microscope (SEM) (Hitachi S-3400N, Tokyo, Japan) was applied to
observe the surface morphology of the PS/SA/bacteria composite. The average diameter
of the PS electrospun fibers was calculated using ImageJ National Institute of Health
software (1.53, Bethesda, MD, USA) from 100 points randomly selected from the CLSM
images.FT-IR analyses were performed on a Vertex V70 FT-IR spectrometer (Bruker Optik
GmbH, Leipzig, Germany) further equipped with a Platinum-ATR-unit (Bruker Optik
GmbH, Leipzig, Germany), The material was placed onto the ATR crystal and scanned.
To analyze recorded IR spectra the OPUS (7.2, Bruker Optik GmbH, Leipzig, Germany)
software was used.

The contact angle was calculated based on measurements made of contact angles of water,
LB broth, and milk drops on the surfaces of the materials with the accuracy ±0.01 mN/m
using a Drop Shape Analysis System DSA100E (KRÜSS GmbH, Hamburg, Germany).

2.4. Evaluation of Bacterial Metabolic Activity

Immobilized probiotics were subjected to high temperature and UV light tests (UV-
30A model UV lamp, Esco, Singapore, Singapore). For this purpose, from each material
three 3 cm × 3 cm squares were cut and placed in the incubator at 50 ◦C for 24 h or under
UV light (λ = 253 nm; distance to the light 45 cm; exposition time 30 min). Subsequently,
materials were placed in the cell culture plate and flooded with 5 mL of sterile MRS broth.
Samples were incubated for 24 h, 30 ◦C, 120 rpm and subjected to microbial activity analysis:
MTT test and alamarBlue test. The control samples were material squares of the same
dimensions without temperature or UV light treatment. The results were compared with
the lyophilized bacteria and alginate (3%) encapsulated bacteria.

In the 96-well microplate, 200 μL of each tested bacterial suspension and 20 μL
of MTT solution (5 mg/mL, Sigma-Aldrich, Warsaw, Poland) were mixed to measure
metabolic activity. The plate was incubated for 24 h at 30 ◦C until formazan crystals formed.
The biomass was then centrifuged and 200 μL of isopropanol was added to each well.
The plates were left on a shaker with gentle mixing for about 15 min until the formazan
crystals were completely dissolved, then briefly centrifuged, and the clear supernatant was
transferred to a clean measuring plate and the absorbance was measured at 600 nm.

Analysis of cell metabolic activity using the alamarBlue reagent (Biorad, Warsaw,
Poland) involved applying 200 μL of each bacterial culture to a 96-well plate at 3 dilutions
with phosphate buffer (1:1; 1:2, 1:4), then 20 μL of alamarBlue reagent was added to each
well and incubated at 25 ◦C with shaking, taking spectrophotometric measurements every
hour at 570 nm and 600 nm for 8 h (Multiskan Sky, Thermo Fisher Scientific, Warsaw,
Poland). The results were calculated as a percentage difference in the reduction of the
reagent in comparison to control samples, according to Equation (1).

M =
(O2 ∗ A1)− (O1 ∗ A2)
(O2 ∗ P1)− (O1 ∗ P2)

∗ 100 (1)

where:
O1 = molar extinction coefficient of oxidized alamarBlue at 570 nm (80,586 M−1 cm−1)
O2 = molar extinction coefficient of oxidized alamarBlue at 600 nm (117,216 M−1 cm−1)
A1 = test wells absorbance at 570 nm
A2 = test wells absorbance at 600 nm
P1 = positive growth control well absorbance at 570 nm
P2 = positive growth control well absorbance at 600 nm
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Two hundred microliters of distilled water supplemented with alamarBlue or MTT
reagent were used as blanks. For each system tested, three replicates of the experiment
were performed.

3. Results and Discussion

3.1. Characteristic of the Material
Microscopy

Cross-section morphology of electrospun mats and PS nanofibers with alginate immo-
bilized bacteria (PS/Alg) were characterized based on the CLSM photographs (LSM710,
Zeiss, Jena, Germany) in normal and fluorescence mode (Figure 2). Presented results
confirm successful immobilization of the probiotic bacteria on the nanofibers. Untreated PS
nanofibers display a smooth, uniform surface, with no fluorescence. The fibers morphology
became beaded after the immobilization process, comparing it to the pure mat (Figure 2a,c).
The beads of oblong shape are distributed along the fibers, with some bigger cluster spots.
Moreover, a strong fluorescence of these structures confirms that they are alive probiotic
cells. A similar phenomenon has been reported by a previous studies (Mamvura et al.,
2011 [26]; Yu et al., 2020 [27]).

  
(a) (b) 

  
(c) (d) 

Figure 2. Cross-section CLSM pictures in normal (a,c) and fluorescence (b,d) mode of pure PS material (a,b) and PS material
with alginate immobilized bacteria (c,d).
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Furthermore, the electrospun PS nanofibers and PS/Alg material were characterized
based on the SEM images (S-3400N, Hitachi, Tokyo, Japan) after gold coating (Figure 3).
Moreover, the SEM photographs were used for the calculation of the average diameters of
electrospun fibers. Presented photos of the top view confirmed that the electrospinning pro-
cess was successfully used for nanofibers production. Fibers did not possess any beads or
entanglements which proves that and process conditions were chosen correctly. Figure 3b
shows that PS/Alg material possesses intercalated alginate hydrogel particles (visible in
the background, behind PS fibers). Nanofibers’ diameter is constant through the whole
membrane and equals ~6 nm for both PS and PS/Alg materials. The same conclusions
were drawn by Deng et al., who used electrospun polystyrene nanofibers as a mat for
filtering atmospheric air from the heavy metal trace. They used the PS/DMF/THF solution
for the production process, with the following electrospinning settings: voltage 20 kV,
dosing speed (feeding rate) 1 mL h−1, and needle-collector distance 20 cm. The diameter
of obtained nanofibers was 407.6 ± 118.7 nm (Deng et al., 2020 [28]).

  

(a) (b) 

Figure 3. Top-view SEM pictures of PS nanofibers (a) and PS nanofibers with alginate immobilized bacteria (b) with a
magnitude of 500.

To further investigate the tested materials, infrared spectra of the materials were
undertaken (Figure 4). The obtained spectra clearly show signals at 1600 and 1497 cm−1 as
well as at 758 and 699 cm−1 corresponding respectively to the signals from chemical bonds:
C=C (stretching vibrations of benzene-rings) and the out-of-plane bending of C–H of mono-
substituted benzene-ring). Moreover, the absence of signals from O–H bond vibrations
is notable. Signals in the region of 3000 cm−1 can be attributed to C–H bond dranes
in both the alkyl chain and the aromatic ring. The significant similarity of both spectra
should be emphasized, which represent mainly the same nanofiber material—polystyrene,
which comprises the outer layer of the PS/Alg nanomaterial. Nevertheless, the infrared
spectra proved the stability of the PS nanofibers during the preparation of composite
material and indicated that the surface properties of PS/Alg material are dominated by PS
nanofibers properties.

Successively, the contact angles (CA) measured for electrospun fibers with the immo-
bilized bacteria were analyzed and they are presented in Figure 5. Additionally, calculated
values are collected in Table 1. Hydrophobicity of obtained material was characterized
based on a measurement of contact angle (DSA100E Drop Shape Analyzer, KRÜSS GmbH,
Hamburg, Germany). In general, materials with liquid drop CA on their surface greater
than 90◦ are hydrophobic, and with CA lower than 90◦ are hydrophilic. PS/Alg nanofibers
showed slightly hydrophobic (CA > 90◦) properties when a drop of water was applied.
This is directly connected to polystyrene hydrophobic properties and was not affected by
the presence of sodium alginate hydrogels. Moreover, the presence of alginate decreases
the CA in the material, as we can observe higher values of CA for PS than for PS/Alg.
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Figure 4. Infrared spectra of polystyrene nanofibers (PS) and polystyrene nanofibers with alginate
hydrogel immobilized bacteria (PS/Alg).

(a) (b) (c) 

Figure 5. Contact angles of electrospun nanofibers from polystyrene-alginate-L. plantarum 2675 obtained with: (a) water;
(b) MRS broth; (c) milk (2% fat).

Table 1. Contact angles values of tested materials with selected dietary liquids.

Material Medium Left Angle [◦] Right Angle [◦] Average Angle [◦]

PS
Water 97.10 ± 3.6 97.10 ± 3.6 97.10 ± 3.6
Broth 97.23 ± 1.0 97.23 ± 1.0 97.23 ± 1.0

Milk (2% fat) 77.24 ± 2.2 77.24 ± 2.2 77.24 ± 2.2

PS/Alg
Water 91.0 ± 2.9 90.9 ± 3.3 91.0 ± 3.1
Broth 83.0 ± 3.3 83.0 ± 4.1 83.0 ± 3.7

Milk (2% fat) 68.7 ± 0.3 75.8 ± 5.5 72.2 ± 2.9

These result correspond to results presented by Huan et al. who obtained water
CA 106 ± 1.5◦ and 90 ± 1.2◦ when electrospinning PS nanofibers from DMF and THF
respectively (Huan et al., 2015 [29]). The lower contact angle was obtained for broth and
milk and equals 83.0 ± 3.7◦ and 72.2 ± 2.89◦, respectively, which means that both liquids
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possess the higher wetting ability. This could be caused by the presence of additives
like proteins, sugars, and lipids, of which some are surface-active agents responsible for
increasing wetting ability (Lorentz, Rogers and Jones, 2007 [30]; Campos Bernardes et al.,
2012 [31]). A similar conclusion was drawn by Handojo et al. who reported that CA for
water was higher than for whole milk on a glass surface and was equal to 49.5 ± 3.1◦ and
21.0 ± 4.7◦, respectively (Handojo et al., 2009 [32]).

3.2. Bacterial Metabolic Activity

Probiotic bacteria cells’ survivability is challenged by heat processing methods, com-
promising their functionality. To enhance the thermal stability of cells, various immobi-
lization techniques are applied. For this purpose, the analysis of the metabolic activity
of bacteria immobilized into the produced polystyrene electrospun nanofibers/alginate
hydrogel was performed. The metabolic activity of the cells was measured based on
the MTT and alamarBlue assays, comparing the obtained results with traditionally pre-
served probiotics (lyophilized and encapsulated in sodium alginate). The results collected
in Figure 6a present a decrease of cells’ metabolic activity upon 24 h exposition to el-
evated temperature and UV radiation, regardless of preservation technique. However,
the electrospun-fibers immobilized cells possessing the highest metabolic activity of the
analyzed samples. The type of the factor influencing cells was also meaningless, which
proves good protective properties of the produced fibers.

 
(a) (b) 

Figure 6. Results of the measurements of: (a) cells’ metabolic activity, (b) growth inhibition of the cells, performed for
control (C), lyophilized (L), alginate hydrogel-encapsulated (EC), and electrospun fibers immobilized (ES) cells of L.
plantarum 2675 exposed to increased temperature (50 ◦C, 24 h) or UV radiation (λ = 253 nm, 30 min). Error bars represent
the standard error of the mean of the three replicates in three independent experiments. Different lowercase letters suggest
the significant differences among mean values for each treatment group (t-test; p < 0.05).

Moreover, these results are also in consistency with the alamarBlue test results which
measures cellular respiration during proliferation. In this case, the electrospun fibers
immobilized bacteria were characterized with low growth inhibition, equal to 40% and
48% by the applied temperature and UV light, respectively (Figure 6b). At the same time,
the growth of free cells was inhibited by 81% (exposure to higher temperature) and 64%
(exposure to UV radiation), and a significant decline in growth was observed for other
analyzed samples. The protective effect of the matrix surrounding the cells on bacterial
proliferation properties was especially visible when the UV light was applied. The free and
lyophilized cells showed over a 60% decline in growth, while for immobilized cells it was
around 10% lower.

The protection efficiency of L. plantarum 2675 cells by the produced membrane was
investigated proving increased cell metabolic activity and growth under heat and UV
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radiation treatment in bath, MTT, and alamarBlue tests. Better thermal stability of the
Lactobacillus cells encapsulated in the core–shell fiber mat (PVA) was noted by Feng et al.
(2020) [33], with the viability loss of 0.32 log(CFU mL−1) after 30 min in 70 ◦C. As suggested
earlier by Feng et al. (2018) [34], the high capacity of the produced PS nanofibers might
be related to the shielding effect of the nanomaterial, thus physically inhibiting the hot
diffusion into the material. The combination of polymer and hydrogel was successfully
applied by Gensheimer et al. (2011) [35]. They immobilized the E. coli and M. luteus cells
in PVA-hydrogel and obtained microparticles that were linked with PLA, PVB, or PCL
nanofibers. However, the authors tested only protection against organic solvents. Hence
it is hard to compare their results with ours. Moreover, it should be underlined, that the
review prepared by Stojanov and Barlec (2020) [36] includes the most frequently used
polymers used in nanofibers production for cell immobilization and does not mention
broader data about polystyrene. Our study can be considered as a valuable contribution to
the present state of knowledge as a proof of usability of the PS nanofibers with alginate
hydrogel to immobilize bacteria. The method can be applied mainly for Gram-positive
bacteria with cell structure similar to Lactobacillus cells. For other groups of bacteria, Gram-
negative, the effectiveness of the hybrid material should be similar. However, because of
the differences between cell walls of Gram-positive and Gram-negative bacteria, for the
second group additional experiments must be conducted.

4. Conclusions

Increasing demand for safe, efficient, and environmentally-safe solutions for pharma-
ceutical and food industries force researchers to look for new methods of bacteria storage.
We propose that composite polystyrene materials/alginate immobilized bacteria meets
mentioned expectations, since the research has proved the stability of the hybrid material.
Significant reduction of the toxic effect of UV radiation and the higher temperature (50 ◦C,
24 h) was observed when the bacteria were immobilized in composite in comparison with
free cells and cells in alginate only. Good wettability properties make the hybrid material a
promising tool for industrial applications.

Author Contributions: Conceptualization, A.Z., W.S., and A.G.; methodology, A.Z., K.J., and A.G.;
validation, A.B. and J.Z.; formal analysis, A.B., E.K. and T.J.; investigation, A.Z., K.J. and A.G.;
resources, A.Z. and A.G.; data curation, K.J.; writing—original draft preparation, A.Z. and A.G.;
writing—review and editing, A.Z. and W.S.; visualization, A.Z. and J.Z.; supervision, E.K. and T.J.;
project administration, W.S.; funding acquisition, W.S. All authors have read and agreed to the
published version of the manuscript.

Funding: The research was funded by Polish Ministry of Science and Higher Education (Grant No.
0912/SBAD/2015)—a subvention for Poznan University of Technology.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Thomas, E. Microbial growth and physiology: A call for better craftsmanship. Front. Microbiol. 2015, 6, 1–12.
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and uses of bacteriological media. Postępy Mikrobiol. 2016, 55, 320–329.
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Abstract: Fullerene derivatives offer great scope for modification of the basic molecule, often called a
buckyball. In recent years, they have been the subject of numerous studies, in particular in terms
of their applications, including in solar cells. Here, the properties of four recently synthesized
fullerene C60 derivatives were examined regarding their optical properties and the efficiency of
the charge transfer process, both in fullerene derivatives themselves and in their heterojunctions
with poly (3-hexylthiophene). Optical absorption, electron spin resonance (ESR), and time-resolved
photoluminescence (TRPL) techniques were applied to study the synthesized molecules. It was
shown that the absorption processes in fullerene derivatives are dominated by absorption of the
fullerene cage and do not significantly depend on the type of the derivative. It was also found by ESR
and TRPL studies that asymmetrical, dipole-like derivatives exhibit stronger light-induced charge
transfer properties than their symmetrical counterparts. The observed inhomogeneous broadening
of the ESR lines indicated a large disorder of all polymer–fullerene derivative blends. The density
functional theory was applied to explain the results of the optical absorption experiments.

Keywords: organic electronics; fullerene derivatives; LESR

1. Introduction

Fullerenes are one of the best known molecules and have been used as building blocks
for many various derivatives and larger structures with a wide range of applications,
primarily in biomedicine [1], redox flow batteries [2], organic transistors [3], and photo-
voltaic nanostructures [4,5]. Among their many derivatives, the commercially available
PC61BM ([6,6]-phenyl-C61-butyric acid methyl ester) and PC71BM (([6,6]-phenyl-C71-
butyric acid methyl ester) are the best known. Organic and perovskite photovoltaics takes
advantage of good electron conductivity and acceptor properties of fullerenes, enabling
an efficient transport of photo-excited electrons. In organic solar cells, an active layer
typically contains a blend with percolating regions of donor (polymer) and acceptor ma-
terials that together create the so-called bulk heterojunction (BHJ), schematically shown
in Figure 1. Fullerene derivatives are a traditional acceptor component of the active layer.
Although they currently face strong competition from non-fullerene organic acceptors,
exhibiting higher open-circuit voltages and up to 18% efficiency [6,7], they are still a strong
alternative to such non-fullerene acceptors, especially in terms of the charge carrier mo-
bility values. Recently, research has been underway on ternary blends containing both
fullerene and non-fullerene acceptors [8] to take advantage of the specific benefits of each.
Moreover, the use of fullerene derivatives in layered photovoltaic perovskite structures
as electron-transporting and hole-blocking layers is becoming very common. Solution
coating technologies of organic and perovskite photovoltaics require fullerene derivatives
with such a modification of the fullerene cage as to ensure suitable solubility in typical
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solvents used in layer processing. Moreover, fullerene derivatives should lead to the proper
ordering of the layers during the evaporation of the solvent to ensure high mobility of the
charge carriers and meeting the required electrical parameters of the fabricated solar cell.
Despite the unwavering interest and wide range of applications of fullerene derivatives,
the understanding of the effect of a particular fullerene modification on its solubility, ability
to organize the solidifying layer, along with charge transfer capability and absorption
spectrum, needs more in-depth research.

Figure 1. Schematic electron and hole separation in bulk heterojunction photogenerated after illu-
mination of the blend. The red and green arrows on the right scheme show the transport route for
photogenerated hole and electron, respectively.

In this study, four recently synthesized fullerene C60 derivatives (named [C60] P1,
[C60] P2, [C60] T1, [C60] T2) as such and in blends with conductive polymer
poly(3-hexylthiophene) (P3HT) were compared regarding their optical properties and light-
induced charge transfer ability and their behavior in exemplary solar cells constructed from
these mixtures. PC61BM and its blend with P3HT was used as an appropriate reference.

Together with optical absorption measurements, quantum mechanical calculations
were performed using the density functional theory (DFT) and time-dependent density
functional theory (TDDFT) methods to gain additional insight into the experimental re-
sults [9–11]. The energy levels and light absorption probability of the new fullerene
derivatives, as well as PC61BM, were determined. For studying the charge transfer process,
electron spin resonance (ESR) and time-resolved photoluminescence (TRPL) techniques
were applied. As has been shown in previous works, both of these techniques provide
crucial information regarding the generation and the separation mechanisms of the charge
carriers in polymer–fullerene blends [12]. During the illumination of the blend, the photo-
generation of strongly bound (0.3–1.0 eV) exciton (electron–hole pair) takes place. The pair
is then spatially separated, resulting in the hole being localized at P3HT and the electron at
the fullerene derivative [13–17]. Thanks to the ESR technique, it was possible to compare
the mixtures with various fullerene derivatives in terms of their efficiency of formation
and then dissociation of excitons. Moreover, the TRPL technique was applied to trace the
photo-carriers’ behavior in P3HT–fullerene blends. Radiative recombination and charge
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separation are two competing processes that lead to light emission and photocurrent gener-
ation, respectively. Therefore, the observation of the photoluminescence (PL) dumping in
the donor–acceptor mixture compared to the PL decay for the individual components of
the blend provides information on the effectiveness of charge separation.

2. Materials and Methods

2.1. Samples

Four differently functionalized fullerene derivatives (Figure 2) were chosen for the
presented studies. Two of them, 61-etyloxycarbonyl-[61-pyren-1-ylomethylo]-1,2-methano
[60]fullerene (called [C60]P1 in the paper) and bis-61-carbonyl [pyren-1-ylomethylo]-
1,2-methano [60]fullerene ([C60]P2), were functionalized with either one or two pyrene
moieties. Analogically, the other two, 61-etyloxycarbonyl-[61-(2-(thiophen-3-ylo)ethylo)]-
1,2-methano [60]fullerene ([C60]T1) and bis-61-carbonyl o [2-(thiophen-3-ylo)ethylo]-1,2-
methano [60]fullerene ([C60]T2), were functionalized with either one or two thiophene
rings. Additionally, the commercially available PC61BM purchased from Ossila was used
as reference material. Fullerene derivatives [C60]P1, [C60]P2, [C60]T1, and [C60]T2 were
synthesized using the modified Bingel method [18–20]. Details regarding the synthesis and
characterization of the obtained fullerene derivatives are reported for pyrene derivatives
in our previous publication [21], and those regarding thiophene functionalized fullerenes
can be found in Supplementary Materials. Two types of samples were prepared for the
purpose of ESR research: pure fullerene derivatives as such and their blends with P3HT.
Functionalized fullerenes were dissolved in chlorobenzene and stirred at a temperature of
50 ◦C for 3 h under an air atmosphere. The solution was then poured into a 3 mm diameter
quartz ESR tube and kept at an air atmosphere of 50 mbar pressure for two days to let the
solvent evaporate. The mass of all the studied samples was approximately 3 mg. In the
case of fullerene-derivative–P3HT blends, a slightly different procedure was used. Firstly,
the commercial regioregular P3HT (purchased at Sigma-Aldrich) and fullerene derivative
in the form of powders were mixed at a 3:2 molar ratio. Then, chlorobenzene was applied
to create a 25 mg/mL solution. The mixture was stirred at a temperature of 50 ◦C for 3 h
and subsequently poured into an ESR tube. Afterward, the sample was left for two days in
an air atmosphere of 50 mbar pressure to let the solvent evaporate to obtain thin and glossy
films on the inside wall of the ESR tube. The same solutions were used for the remaining
techniques (UV-Vis absorption, PL, and TRPL). However, in these cases, small droplets of
the solution were applied onto a glass substrate (UV-Vis) or copper foil (TRPL) and left to
dry at 60 ◦C to create a thin film.

Figure 2. Chemical structure of the studied fullerene derivatives.

2.2. Methods

UV-Vis absorption spectra were recorded at room temperature by means of a Varian
Cary 5000 UV-Vis-NIR spectrophotometer in the range of 300–800 nm at 1 nm resolution.
Deuterium and tungsten halogen lamps were used as a light source, and the signal was
collected using dual Si diode detectors.

The density functional theory (DFT) and time-dependent density functional theory
(TDDFT) calculations were employed using the B3LYP hybrid functional, which is consid-
ered a reliable tool for structures with extended conjugated double bonds that provides
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optimized geometries, corresponding energies, and related properties. The calculations
were performed with the implementation of the above methods in the Gaussian 09 pack-
age [22]. UV-VIS spectra were calculated by TDDFT, as implemented in the Gaussian
package. Computations were performed with the use of the B3LYP functional, in the
base 6-31 G(d). The number of excited states was 108. The geometry of all the studied
molecules was optimized, so that their energies corresponded to the minimum on the
potential energy surface.

Electron spin resonance (ESR) measurements were performed by a Bruker ELEXSYS
580 X-band (f ≈ 9.4 GHz) ESR spectrometer with TE102 resonance cavity coupled with
an Oxford continuous flow cryostat. During experiments, the modulation frequency and
modulation amplitude were 100 kHz and 1 G, respectively. The measurement routine was
as follows. The sample was cooled down to 2 K in darkness to avoid any photo-excitation
that might affect the intensity of ESR signals. Then, the ESR spectra at a wide range of
microwave powers (0.474 μW–0.474 mW) and temperatures up to 80 K were collected.
Afterward, the sample was cooled back again to 2 K, and the ESR spectrum was measured
under the illumination of the sample with a white LED. Subsequently, the whole series
of measurements for different microwave powers and temperatures was repeated for the
illuminated sample. In the case of low signals, averaging from 3 to 5 acquisitions was
performed to improve the signal-to-noise ratio. Due to residual dark signals of some
of the samples, the light-induced ESR (LESR) spectrum will further refer in this paper
to the difference in the intensity of the signal with and without illumination. Since the
ESR spectrometer measured the derivative of microwave absorption, the signal intensities
discussed later relate to a double integral of the measured signals. The fitting of the
spectrum was performed using the pepper function (for frozen solution) of the Matlab
toolbox–Easyspin [23]. The best fit of the spectra was usually obtained using a convolution
of Gaussian and Lorentzian curves. As mentioned before, all ESR experiments were
performed for the same amount (mass) of the samples. The ESR spectra of different samples,
which were compared for the purposes of the research, were produced under conditions
identical to the measurement temperature, microwave attenuation, and field modulation.

Time-resolved photoluminescence (TRPL) was measured at room temperature using
Ti:sapphire laser excitation at the third harmonic frequency (300 nm). The obtained spectra
were recorded in the wavelength range of 300–900 nm at 1 nm resolution by a Hamamatsu
C5680-24C streak camera. To ensure a low signal-to-noise ratio, the final spectra were
averaged over 120 measurements. The single transient duration was limited to 12 ns by the
laser frequency equal to 80 MHz.

3. Results

3.1. Optical Absorption Spectroscopy

The absorbance spectra of the studied fullerene derivatives were measured in order
to find possible differences regarding both their energy range and structure. Figure 3a
shows the absorbance normalized to the intensity of the 3.7 eV peak of pure fullerene
derivatives (including PC61BM) at room temperature in the energy range of 1.75 to 4.0 eV.
The spectra cover the entire measurement region and most likely extend further toward
higher energies. The energy range above 4 eV was not available for the measurement due
to strong absorption in a glass sample substrate. The absorption spectrum of unmodified
C60 fullerene molecule measured by other researchers [24] starts with a very weak band
(almost invisible in the case of the measured fullerene derivatives), which was identified as
a dipole-forbidden transition at a HOMO-LUMO gap of 1.85 eV (S0→S1 transition). It is
followed by the first strong band centered at about 2.7 eV and related to a dipole-allowed
transition to the higher excited state (S0→S2). The third, even stronger peak at 3.6 eV was
also ascribed to a dipole-allowed transition, from the lower level in the valence band to
the S1 level. All the studied fullerene derivatives had similar absorption bands to the ones
discussed above—however, with some exceptions. An evident difference was observed for
the [C60]P2 absorption, where an additional strong line appeared at about 3.4 eV energy.
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This line was also present in the [C60]P1 absorption spectrum but as a weaker structure
superimposed on the 3.6 eV transition. The line at 3.4 eV may be related to the internal
excitation within the pyrene molecule, since its intensity grows with the number of pyrenes
attached to the fullerene cage, and it has been found previously that the pyrene monomer
exhibits three sharp absorption peaks in the range of 310–340 nm [25], which corresponds
well to the energy region of the observed extra line. Further support for such identification
comes from the DFT calculations presented in Figure 4 and discussed later. On the other
hand, the absorption related to the excitation within the thiophene ring/rings present in
the [C60]T1 and [C60]T2 derivatives can be expected in the ultraviolet range, outside of the
measurement range [26]. Thus, the results of absorption measurements show only a slight
influence of the chemical functionalization of the synthesized fullerenes on the observed
spectra, proving the dominance of excitations within the fullerene cage.

Figure 3. Absorption spectra of (a) fullerene derivatives and (b) their blends with P3HT. The dashed
lines mark the respective transitions: the intra-pyrene transition is marked with the orange line,
fullerene transitions are marked with the dark blue lines and P3HT maximum absorption with the
green line.

Since fullerene absorption occurs in the area of higher energies than the maximum
of the solar spectrum, they are not an absorber in the solar cells; however, they can use
the high-energy part of the solar spectrum and enhance the operation of the cells. Among
the studied fullerenes, it can be noticed that the absorption capability shifts toward lower
energies for fullerenes with pyrene moiety, and the intensity of this absorption increases
with the number of pyrenes. For this reason, these fullerene derivatives have the potential
to be a better complement to solar cell absorbers than the commonly used PCBM and more
efficiently enhance solar energy harvesting by supporting the P3HT donor in the process of
carrier photogeneration.

In Figure 3b, the fullerene-derivative–P3HT blends and pure P3HT absorption spectra
are shown. As seen, P3HT absorption extended in the energy range of 2.0–2.8 eV, with a
maximum at 2.4 eV. The peak at 2.4 eV was present in the spectra of all blends. Interestingly,
the intensity of this peak in relation to the fullerene peak at 3.6 eV strongly varied depending
on the kind of fullerene derivative present in the blend, despite the preparation of all blends
at the same nominal ratio of P3HT to fullerene derivative. This behavior may result from
some differences in the solubility of the fullerene derivatives (Table S1).
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Figure 4. Calculated oscillatory strength of optical transitions for the studied fullerene derivatives
and C60 molecule. Note the broken scale in the ordinate axis for the [C60]P2 spectrum (strong
intra-pyrene transitions).

3.2. Density Functional Theory Calculations of Optical Transitions

For optimized geometries, one-electron energy levels, and among them, HOMO and
LUMO energies were calculated for all studied fullerene derivatives, including PC61BM.
The results along with the corresponding models of HOMO are presented in Table 1. The
already published data for the HOMO/LUMO energy levels of PC61BM using the same
basis set are consistent with ours within 0.1–0.2 eV [27–29].

Due to the size of the studied molecules, to optimize their geometry and calculate the
corresponding energies, we used a relatively small double-zeta basis sets 6-31G (d). To
compare whether the calculation using larger triple-zeta basis sets can qualitatively change
the conclusions resulting from HOMO and LUMO energy estimates, single-point calculations
for the optimized geometries were performed using triple-zeta basis sets, i.e., 6-311G (d, p).
The energy values obtained in this way for HOMO and LUMO are included in Table S4.
It can be seen that, in general, there is no change in the sequence of levels for all fullerene
derivatives, and the energies of the levels are shifted downward by about the same, −0.4 eV,
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energy. Therefore, the following discussion and conclusions also remain valid in the larger
basis sets.

Table 1. HOMO (also HOMO-1 and HOMO-2 for selected compounds) and LUMO energies of
the optimized fullerene derivatives obtained by DFT calculations. Additionally, spatial models of
corresponding HOMO and LUMO with yellow and purple lobes corresponding to positive, and
green and blue lobes to negative isosurface values.

Material PC61BM [C60]T1 [C60]P1

Spatial distribution of
HOMO/HOMO-1 and LUMO

isosurfaces

HOMO-1
LUMO [eV] −3.09 −3.12 −3.10
HOMO [eV] −5.66 −5.70 −5.50 −5.68

Frontier Molecular Orbital
gaps [eV] 2.57 2.58 2.40 2.58

Material [C60]T2 [C60]P2

Spatial distribution of
HOMO/HOMO-1/HOMO-2

and LUMO isosurfaces

HOMO-1 HOMO-2
LUMO [eV] −3.15 −3.06
HOMO [eV] −5.73 −5.48 −5.50 −5.65

Frontier Molecular Orbital
gaps [eV] 2.58 2.38 2.44 2.59

It is seen from Table 1 that the chemical modifications of fullerenes by pyrene sub-
stituent ([C60]P1 and [C60]P2 derivatives) resulted in significant changes in the energy of
HOMO levels. For the rest of the fullerene derivatives, the HOMO level was practically
at the same position as for PC61BM. Analysis of the corresponding orbitals revealed that
for the pyrene functionalized fullerenes, the HOMO respective orbital was located on
the pyrene moieties, whereas for the other studied molecules, it occupied the fullerene
cage. The LUMO energies were similar for all fullerene derivatives, and all the LUMO
(responsible for accepting electrons in solar cells) were located on the fullerene cage. One
can expect optically forbidden transitions between the orbitals localized at the pyrene
moiety and the ones localized at the fullerene cage, so the energies of lower levels (below
the HOMO level) for the [C60]P1 and [C60]P2 derivatives are also included in Table 1. In
the table, the energies of HOMO levels down to the level with the orbital located at the
fullerene cage are shown. The highest occupied molecular orbitals located at the fullerene
cage were determined as HOMO-1 for [C60]P1 and HOMO-2 for [C60]P2.

The energy positions of these latter levels are very close to the HOMO level of PC61BM
as well as fullerenes modified with thiophene rings. The LUMO-HOMO energy gaps of
the studied molecules differed by up to 0.21 eV (Table 1). Such a difference does not
correspond to the measured absorption spectra, which, according to Figure 3a, were very
similar and in the same energy range. To explain this discrepancy, the intensities of optical
transitions were calculated in the energy range of 1.5–4.5 eV. The calculated spectra for all
the studied fullerene derivatives along with the spectrum for the unmodified C60 fullerene
are presented in Figure 4. As can be seen, the spectra were dominated by several peaks
around 4 eV; those peaks originated from the splitting of a single line of C60 absorption
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observed at 4.0 eV. This line most probably corresponds to the mentioned dipole-allowed
transition from the lower level in the valence band to the S1 level (observed in the optical
absorption experiment at about 3.6 eV). Noteworthy are the additional structures appearing
in the calculated absorption spectra of fullerene derivatives with pyrene moieties, [C60]P1
and [C60]P2, at about 3.6 eV energy, and not visible for the other fullerene derivatives.
They are especially strong for [C60]P2, with two pyrene moieties, but are also seen for the
calculated absorption spectrum of the [C60]P1 derivative and can therefore be linked to
optical intra-pyrene excitations [25]. We relate this theoretical structure to the one observed
in the experimental absorption spectra for [C60]P1 and [C60]P2 at 3.4 eV already discussed
in the experimental part (Section 2). The calculated absorption threshold and the spectrum
at lower energies were much weaker than the structure at about 4 eV for all fullerene
derivatives; however, the positions of the lines and their intensities in the 1.9 to 3.5 eV
energy range were very similar for all of them. Therefore, it is possible to conclude that, in
this energy range, transitions within the fullerene cage were dominant and made the spectra
for all the fullerene derivatives very alike. Transitions from HOMO localized at the pyrene
moieties for [C60]P1 and [C60]P2 to LUMO localized at the fullerene cage were not visible
in the calculated spectrum. The reason for this absence is the weak overlap of HOMO
and LUMO wave functions, making the optical excitation very unlikely. Interestingly,
optical transitions from orbitals with energy levels below HOMO:HOMO-1 for [C60]P1 and
HOMO-2 for [C60]P2 were visible in the spectrum. These orbitals are the highest occupied
orbitals localized at the C60 fullerene cage and play the HOMO role in terms of optical
absorption. As a result, the effective energy gap of fullerene derivatives functionalized with
the pyrene is very close to the energy gap of the other functionalized fullerenes. As can
be seen from Table 1 (LUMO–HOMO energy differences marked in bold), such effective
energy gaps differ only by 0.02 eV.

The calculated transitions for all fullerene derivatives, as shown in Figure 4, seem-
ingly start at a lower energy than the LUMO–HOMO distance. This is related to the DFT
calculation method that takes into account the reconfiguration of the charge density dis-
tribution after electron excitation (e.g., from HOMO to LUMO). Therefore, the energies
corresponding to such reconfigured excited states may differ from those determined for
the original shape of the orbital. Additionally, in general, the calculated absorption struc-
tures are shifted to higher energies compared to the measured spectra. This, however, is
typical for the DFT/B3LYP/6-31G(d) method, mainly due to the overestimation of LUMO
energy [28,30]. It is worth noting that only the slightly different values of the HOMO and
LUMO levels of the studied fullerene derivatives reveal that all the fullerene derivatives
can work with the same donor materials in solar devices.

3.3. Electron Spin Resonance
3.3.1. Signal Analysis

As mentioned above, two kinds of samples were measured using the ESR technique:
pure fullerene derivatives and their blends with P3HT (Figure 5). In darkness, most
fullerene derivatives did not show any significant ESR signal (data in Supplementary
Materials). Some of them exhibited a persistent line of g = 2.0022, which has been attributed
earlier to either residual oxygen ions [31] or other intrinsic defects, which may give rise
to unpaired spins localized at deep traps [32,33]. Nevertheless, these signals were much
weaker than those obtained under illumination and were subtracted during the analysis.
As can be seen in Figure 5a, fullerene derivatives exhibited the LESR signal with two
lines of various intensities. The line of g = 2.0000 can be related to an electron localized
at the fullerene cage due to its similarity to the line identified as such and observed in
polymer–fullerene blends [34]. The other line of g = 2.0022 has been usually assigned to
a hole localized at the polymer chain in polymer–fullerene blends; however, in this case,
the signal might arise from a hole localized at the fullerene functional group. Symmetrical
molecules ([C60]P2, [C60]T2) demonstrated a much weaker signal at g = 2.0000 compared to
what was observed for asymmetrical ones ([C60]P1, [C60]T1, and also PC61BM). Regarding
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the line corresponding to the holes, it was weaker for molecules with a pyrene moiety
([C60]P1, [C60]P2), so they seem to be less likely to accumulate holes as compared to those
with the thiophene ring ([C60]T1, [C60]T2). The reference sample, PC61BM, exhibited a
very similar signal to [C60]T1, yet much more prominent.

Figure 5. LESR signal at 30 K and for 0.00474 mW of microwave power of (a) differently functionalized
fullerene derivatives; note that the reference signal of the PC61BM fullerene was divided by 10 due to
its high intensity, (b) fullerene derivative blends with P3HT. The signals are vertically shifted for
better clarity with the scale maintained.

Fullerene derivative blends with P3HT exhibited substantially different ESR spectra
than pure fullerene derivatives. In this case, blends with asymmetrical fullerene molecule
([C60]T1:P3HT, [C60]P1:P3HT) gave rise to a strong single line at g = 2.0025 under dark
conditions. This signal may be attributed to intrinsic defects inside the molecules [33]. For
symmetrical molecule blends ([C60]T2:P3HT, [C60]P2:P3HT), this dark signal was of much
lower intensity. Under illumination, two lines appeared in all blends, with g factors as those
observed for pure fullerene derivatives. The main noteworthy difference between pure
fullerene derivative spectra and those for blends with P3HT was significant signal intensity
growth in the case of the blends. Interestingly, for the asymmetric molecule blends, the
line intensities of the hole and the electron components gave stronger LESR signals than
for the symmetric molecule blends, with a dominant hole component for [C60]T1:P3HT,
[C60]P1:P3HT and almost equal intensities of both signals for PC61BM:P3HT. The blends
with symmetrical fullerene molecules ([C60]P2:P3HT, [C60]T2:P3HT), on the other hand,
exhibited generally lower but similar intensities of the electron and hole components. Thus,
the following correlation could be observed: the stronger the LESR signal detected for the
pure fullerene derivative, the stronger the LESR signal for its blend with P3HT. To make a
more quantitative comparison of the separated electrons and holes in the studied blends,
the LESR signals were fitted using the procedure described in Section 2.2.

For accurate fitting, an anisotropic g-tensor, which indicates the existence of some
preferential order inside the blends, causing differences in magnetic susceptibility along the
respective directions, was necessary. All components of the g-tensor along with the average
g-factor attributed to either the hole or the electron signal, (giso) are listed in Table 2. The
components of the g-tensor for a photo-generated hole in all P3HT blends with different
fullerene derivatives are consistent within the experimental uncertainty of ±0.0005 and
also agree with the literature values for the PC61BM:P3HT blend [13]. This indicates that
a photo-generated hole localized at the polymer backbone does not interact noticeably
with electrons localized at the fullerene cage. The absence of such interactions means that
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photo-induced electron–hole pairs inside these blends are quickly separated [15]. Indeed,
fast charge separation has been observed in a PC61BM:P3HT blend, with a reported time
of about 40 fs [35,36]. The g-tensor components of the photo-generated electron localized
at the fullerene cage in all blends with P3HT were very similar to those in pure fullerene
derivatives (data in Supplementary Materials), and all of them were well below the free
electron g-factor (g = 2.0023). Such negative deviation most probably results from the spin–
orbit coupling with the unoccupied π-orbital, while positive deviation has been considered
to arise from the spin–orbit coupling with the occupied orbitals [37,38]. The LESR signals of
electrons at the fullerene cage showed only slight differences between the various molecule
blends, indicating a rather weak influence of the different fullerene functional groups.
However, g-tensors exhibited a different degree of anisotropy. In the case of asymmetric
molecules, the highest and uniaxial anisotropy was observed for PC61BM, a little smaller
and still uniaxial for [C60]T1, followed by [C60]P1 with no axial symmetry. Interestingly, in
the case of symmetric molecules, the g-tensor for [C60]P2 showed very small anisotropy,
whereas for [C60]T2, it was completely isotropic. The g-factor anisotropy may indicate a
certain ordering of the fullerene molecules; therefore, the obtained results would indicate
the best order for the PC61BM:P3HT blend.

Table 2. g-tensor components obtained for all studied fullerene-derivative–P3HT blends.

gx gy gz giso

PC61BM− 2.0001 2.0001 1.9992 1.9998
P3HT+ 2.0026 2.0023 2.0012 2.0020

[C60]T1− 2.0005 2.0005 1.9998 2.0003
P3HT+ 2.0032 2.0022 2.0012 2.0022

[C60]P1− 2.0003 2.0001 1.9998 2.0000
P3HT+ 2.0031 2.0022 2.0011 2.0021

[C60]T2− 1.9999 1.9999 1.9999 1.9999
P3HT+ 2.0034 2.0022 2.0011 2.0022

[C60]P2− 2.0002 1.9999 1.9999 2.0000
P3HT+ 2.0034 2.0022 2.0011 2.0022

3.3.2. LESR Signal Saturation

In order to study the properties of the fullerene derivative with P3HT blends, the
LESR spectra as a function of microwave power were measured for the temperature range
5 K–60 K. In Figure 6, for clarity, only the data for the three selected temperatures are shown.
As can be seen, the LESR signals tended to saturate, and as the temperature increased, a
shift of the microwave power saturation point toward higher power values was observed.
At low temperatures, the LESR signals were quickly saturated both for the electrons and
the holes, indicating longer relaxation times than for higher temperatures. At 59 K, the
electron and hole signals started to saturate at the same microwave power, which was
about 0.05 mW.

I = A
√

P

[
1 +

(
2

1
ε − 1

) P
P1

2

]−ε

(1)

where A is the scaling factor, p is the microwave power, P1/2 is the microwave power at
which the first derivative amplitude is reduced to half of its unsaturated value, and ε is
the homogeneity factor. When the saturation originates from inhomogeneous broadening,
ε = 0.5, while for homogeneous broadening, ε = 1.5.
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Figure 6. LESR signal intensities as a function of microwave power shown in log–log scale. The indi-
cated fullerene derivatives were measured in blends with P3HT at different temperatures (the results
for three selected temperatures are presented). The dashed lines were fitted with the experimental
points using Formula (1).

A saturation of the ESR signal is often observed for higher microwave powers due to
the finite relaxation time of the excited electrons with spin reversal by microwaves [39]. Gen-
erally, spin may relax its polarization but also coherence through the so-called spin–lattice
or spin–spin interaction mechanisms. Spin–lattice relaxation involves the exchange of
energy with lattice vibrations, causes longitudinal (polarization) relaxation of the spin, and
its characteristic time is typically denoted as T1. On the other hand, spin–spin interaction
(with energy conservation) is effective in destroying coherence, and it is characterized by
T2 time. The saturation mechanism includes two extreme cases, called homogeneous and
inhomogeneous broadening. The source of homogenous broadening is fluctuating fields,
originating mostly from the electron and nuclear spin flips, occurring for an ensemble of
spin systems experiencing the same time-averaged local fields. Such situation is typical for
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paramagnetic centers in single crystals. The width of a homogenous line is given by 2/Tm,
and Tm means the phase relaxation time, and it is often identical to T2. On the other hand, in
an inhomogeneous case, the ESR signal is a superposition of lines from spin ensembles with
different Larmor frequencies and typically has a Gaussian shape with a width determined
by inhomogeneity. The important sources of inhomogeneous broadening are different
orientations of the grains, lack of a long-range order, or changes in the local environment of
the spin ensembles in disordered solids (powder, glass, amorphous materials, irradiated
or strained crystals), and the inhomogeneous broadening originates from the resulting
anisotropy or slight changes of the interaction tensors. Additionally, hyperfine interactions
cause inhomogeneous broadening. Whereas the ESR signal intensity is proportional to the
square root of microwave power for a low microwave power range in both cases [39], its
intensity reaches a maximum and then decreases with increasing microwave power in the
case of homogenous broadening. In turn, for inhomogeneous broadening, the ESR signal
intensity increases and remains almost at a constant value with increasing microwave
power. The following formula describes the changes in ESR signal intensity as a function of
microwave power [40,41].

To examine the source of the LESR line broadening, we fitted the experimental intensity
of the LESR signal (double integral of the collected signal) as a function of microwave
power using Formula (1) with ε as a fitting parameter. The fitted dashed curves are shown
in Figure 6, and they reproduce the observed dependencies very well. The obtained values
of the ε fitting parameter are presented in Table S3. As can be seen, for most of the curves,
the value of the ε parameter is close to 0.5 with an uncertainty of 0.1. Such estimated
error of fitting is mostly a result of experimental data processing—primarily the partial
overlapping of LESR signals from the electron and the hole, low intensity of the signals
in the low microwave powers range, as well as background subtraction. The obtained
value of the ε parameter indicates the inhomogeneous origin of the LESR signal broadening.
This is due to a significant disorder of the polymer–fullerene blend structure resulting
in dispersion of the g-tensor values. A slightly higher value of the ε parameter, reaching
0.7 in a few cases, but still far from 1.5 (characteristic value for homogenous broadening),
indicates the dominant contribution to the LESR line width from the disorder of the blend
structures, causing local changes in the g-tensor.

The inhomogeneous origin of the LESR signal broadening means that the T2 relaxation
time cannot be derived from the LESR line full width at half maximum (FWHM). The
FWHM size is rather a measure of the degree of variation in the local environments of
photo-excited carriers [42]. The smallest line widths for both the polymer and the fullerene
derivatives were recorded for the mixture of P3HT and PC61BM. This means the smallest
degree of differentiation around the corresponding paramagnetic centers and suggests the
best ordering of this mixture regarding both of its components. However, generally, the
ESR studies indicate a high degree of heterogeneity in the vicinity of the paramagnetic
centers, photo-generated electrons, and holes, which proves, in line with the intuition, a
high degree of disorder of the polymer–fullerene blends. In agreement with our conclusion
about inhomogeneous broadening in polymer–fullerene blends, the authors of Ref. [43]
have attributed the wide distribution in longitudinal relaxation times (T1) to the strong
heterogeneity of the blend and the presence of energetically distributed traps.

3.4. Photoluminescence

The kinetics of photoluminescence spectra, TRPL, were measured at room temper-
ature for pure P3HT, pure fullerene derivatives, and blends of P3HT with the fullerene
derivatives. Such studies allowed us to observe the influence of the blend components
on exciton recombination. The selected TRPL results (a complete set of spectra related
to the [C60]P1 fullerene derivative) are shown in Figure 7, while the TRPL spectra for all
compounds studied are presented in the Supplementary Materials (Figure S18). Radiative
recombination of charge carriers originating from excitonic excitation is mostly governed by
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first-order kinetics; therefore, the concentration of excitons (n) should decay exponentially
with time.

n(t) = Aexp
(
− t

τ

)
(2)

where A is a proportionality constant, and τ is the exciton decay time. The recombination
rate of the studied materials is dominated by an exponential decay, clearly visible in the
long time range (>0.5 ns) (in Figure 7, the contours are then approximately equidistant for
a fixed energy). P3HT has quite strong luminescence with a maximum at about 1.8–1.9 eV
and a decay time of about 0.2 ns. The [C60]P1 fullerene derivative has about 10 times
weaker luminescence intensity. It radiates briefly (0.05 ns) in a broad band of 1.6–2.1 eV
and then continues to emit a longer-lasting (ca. 0.5 ns decay time) signal at about 1.7 eV.
Figure 8 shows in-sequence time-integrated photoluminescence (PL) spectra of the studied
fullerene derivatives in comparison with the spectra of P3HT and the relevant fullerene-
derivative–P3HT blend. All fullerene derivatives exhibited a PL peak at 1.7 eV. The P3HT
spectrum was about an order of magnitude stronger than those of fullerene derivatives
when comparing their maxima (note the logarithmic scale of PL intensity) and consisted of
two broad lines at approximately 1.8 eV and 1.9 eV. In the PL spectrum of P3HT blends, it
was possible to distinguish structures originating from P3HT and the respective fullerene
derivative. In general, all spectra of the blends were attenuated compared to the spectra
of the pure components. This was particularly evident for the P3HT contribution, which
decayed almost equally strongly in all blends, and proved a fast transfer of electrons
from P3HT to the respective fullerene derivative before these electrons could recombine
radiatively within the exciton pairs in P3HT. Thus, the blends with all the fabricated
fullerene derivatives showed similarly efficient transport of photo-generated electrons from
P3HT to fullerenes through the LUMO states. What is worth noticing is that the blend
of PC61BM:P3HT exhibited strong and fastest decay of the whole PL spectrum, not only
in the part related to recombination within P3HT but also in the part related to PC61BM.
The analogous components of the blend spectra with fullerene derivatives fabricated in
this work showed generally weaker quenching of the PL spectrum related to fullerene
recombination. Such observation can be explained by the weaker transfer of holes from
the new fullerene derivatives to P3HT compared to the hole transfer from PC61BM. This
may indicate an existence of a barrier between the HOMO levels of the new fullerene
derivatives and P3HT, in contrast to the situation in the PC61BM: P3HT blend in which
this transport is smooth.

Figure 7. TRPL spectra of (a) P3HT, (b) [C60]P1, and (c) blend of [C60]P1 and P3HT at 3:2 molar ratio.
Apparently, the luminescence of the blend is weaker and decays faster than those of the components.
The plotted data are contour maps of luminescence intensity as a function of time (vertical scale) and
energy (horizontal scale). The intensity is plotted in a logarithmic scale, so the intensity from contour
to contour grows e times (where e is the Euler number).
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Figure 8. PL spectra of P3HT, fullerene derivative, and their blend.

A rather unusual TRPL spectrum was recorded for the [C60]P2: P3HT blend; it contained
a significantly greater P3HT contribution than in the other cases. This may be due to improper
phase separation inside the photosensitive layer, mainly due to the low solubility of the
fullerene derivative [C60] P2, which excludes part of the derivative [C60] P2 from forming a
relatively homogeneous blend phase. This is an issue, which was already discussed above in
the context of the absorption spectra for the blends. The solubility table in the Supplementary
Materials confirms these assumptions.

To analyze qualitatively the time-resolved luminescence of pure fullerene derivatives
and compare it with their luminescence decay in the respective blends with P3HT, all
TRPL spectra were integrated in the energy range corresponding to the spectral range of
fullerene luminescence (1.54–1.8 eV). The results are shown in Figure 9. In other words,
Figure 9 presents luminescence decays over time of the studied fullerene derivatives,
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both pure and in blends with P3HT. Data for [C60]P2 are not presented here due to the
solubility problems of this fullerene derivative, whereby the luminescence of the blend was
dominated by the P3HT luminescence (see Figure 8). It can be noticed that the decay of
luminescence in blends was faster than that of pure fullerene in all cases except [C60]T2,
for which both decays were the same. For pure fullerene derivatives, the TRPL curves
were exponential in the long time range (>0.5 ns), which is observed as a straight line in
Figure 9, with characteristic times of about 0.4 ns (estimated from fits created in this time
range, as shown in Figure 9). This time region can be assigned to radiative recombination
with recombination times typical for organic materials. For a short time range, up to about
0.3 ns, the photoluminescence decay occurred faster and was a result of the existence of
defect centers in fullerene derivatives trapping the carriers or causing their non-radiative
recombination and competing with radiation processes. The TRPL curves for the fullerene
derivatives in blends had a similar exponential decay in the long time range, only shifting
down in parallel to the curves for pure fullerene derivatives, with similar characteristic
times of about 0.4 ns. As mentioned, this long time region can be assigned to the typical
radiative recombination. The main difference between the decays of the curves for pure
fullerene derivatives and those derivatives in blends occurred in the area of short times, up
to about 0.4 ns. In this range, the decay of the photoluminescence occurred faster in the
case of blends, which had to be a result of the photo-excited hole transfer from fullerene to
P3HT. As can be seen, the hole transfer to P3HT occurred with greater or lesser efficiency
in different blends, except for [C60]T2, in which this transfer was imperceptible when
it came to TRPL curves. On the other hand, from Figure 9, it is obvious that the hole
transfer was most effective in the case of the blend with PC61BM. These results correspond
to LESR measurements where the most intensive signals were from the P3HT: PC61BM
blend, and symmetrical molecules exhibited the lowest signal intensities, proving a weaker
separation of the charges. To quantitatively describe the contribution of various processes
to the luminescence decay and to estimate the characteristic times associated with them,
we assumed that the decay rate of the exciton in a blend γ, reciprocal to its decay time
γ = 1/τblend, is a sum of radiative recombination (γRR) and carrier escape (γE) rates:
γ = γRR + γE. In the above, we approximated the radiative decay rate by the decay rate
for pure fullerene derivatives (and similar rate for fullerenes in blends) γRR ≈ 1/τpure in
the long time range as about 0.4 ns. The blend decay rate should therefore be equal to

1/τblend = 1/τpure + γE (3)

τblend was estimated from the 0–0.4 ns range of the TRPL transients by the fitting curve

I(t) = I0e−
t
τ + Iin f (4)

where Iinf represents an emission of lifetime so long, that it is infinite in this time range. The
obtained curves are plotted in Figure 9 in the respective fitting ranges.

For all the studied samples, it was about 40–80 ps. The calculated γE from Formula
(4) exhibited the highest value for PC61BM (22 ns−1), followed by the [C60]P1, [C60]T2,
and [C60]T1 fullerenes with values of about 8–17 ns−1 (detailed results are presented in
Table S4). This result quantitatively shows that the most efficient hole transfer takes place
in the PC61BM:P3HT reference sample.

3.5. Preliminary Solar Cells Construction with the Newly Synthesized Fullerenes

Organic solar cells with an active layer in the form of a bulk heterojunction with the
P3HT polymer were fabricated from the studied fullerene derivatives. The details regard-
ing the manufacturing process and electrical parameters of the cells are provided in the
Supplementary Materials, and they performed significantly worse than the reference cell
with the PC61BM acceptor. Among the new fullerene derivatives, the cells with fullerenes
functionalized with one aromatic substituent, i.e., [C60]P1 and [C60]T1, were better. How-
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ever, they were still characterized by substantially lower short circuit current density (JSC)
and open circuit voltage (VOC), and as a consequence, lower power conversion efficiency
(PCE) than the reference cell with PC61BM. The cells with symmetric fullerene derivatives,
functionalized with two aromatic substituents, [C60]T2 and [C60]P2, underperformed even
more. Some improvement in cell parameters could probably be achieved through dedicated
optimization for newly functionalized fullerenes; yet, this would require separate, in-depth
research, which was not our goal at the moment. Secondly, the differences in the solubility
of the synthesized fullerene derivatives certainly influenced the final structure of the active
layer, and thus, its charge transport properties. Insufficient solubility was observed mainly
for [C60] P2, where the PL signal was dominated by P3HT. This may be related to the
sediments observed in the active layer. The investigated fullerene derivatives seem to have
problems in forming a proper volumetric heterojunction due to their tendency to form
thick, impermeable clusters or their inability to easily blend with the conductive P3HT
polymer, the crucial factors influencing the final efficiency of the blend [44–46].

Figure 9. PL signal of the studied fullerene derivatives as integrated in the energy range of 1.54–1.8 eV
for pure fullerenes and for fullerene–P3HT blends. The fits with single exponential decays are depicted
with dashed lines.

The results of the presented research suggest that asymmetrical, dipole-like structures
are more likely to create a desired phase-separated active layer. Additionally, it is important
to note that the differences in PCE values were caused not only by the difference in
solubility. As shown by the presented research, in blends with the synthesized fullerene
derivatives, there was a problem in the transport of holes to P3HT, especially serious for
symmetric fullerenes.
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4. Conclusions

Four aromatic fullerene C60 derivatives were synthesized. They were studied to
determine the optical properties and the efficiency of charge separation in blends with
P3HT. The research showed that the applied chemical functionalization of the fullerene cage
leads to only slight changes in the absorption spectra, since the absorption was dominated
by excitations within the fullerene cage. Some additional absorption present in the visible
range for fullerene derivatives with pyrene moieties was related to the internal excitations
within the pyrene molecules. Its intensity increased with the number of pyrene substituents,
which functionalized fullerene. Such excitations seem to be a chance for a modification
of fullerene derivative absorption, so that the fullerenes can support the polymer as a
sunlight absorber.

Light-induced ESR studies revealed two prominent, overlapping lines—one from
a positive charge localized at the P3HT polymer and the other from a negative charge
localized at the fullerene cage for all the studied blends. The reference blend with PC61BM
showed the most intense LESR signal and PL quenching, which was a sign of efficient charge
transfer. PC61BM with its good performance was followed by asymmetrical [C60]P1 and
[C60]T1 derivatives, whereas the symmetrical [C60]P2 and [C60]T2 demonstrated a much
weaker charge separation in the blends. An interesting result of the research is therefore the
finding of stronger charge separation properties of asymmetrical derivatives in blends with
P3HT compared to the symmetrical ones. This suggests that the interaction and mixing of
materials are better in the case of molecules with a dipole moment. Detailed analysis of the
LESR spectra saturation demonstrated inhomogeneity of the environments of paramagnetic
centers in blends. However, the PC61BM: P3HT reference blend exhibited the lowest degree
of heterogeneity for both the photo-excited electron and the hole surroundings.

The above results were consistent with the performance of the preliminary solar
cells. The fullerenes functionalized with one aromatic substituent performed better in the
active layer than their symmetrical counterparts bearing two aromatic moieties. Thus, in
the case of asymmetric fullerene derivatives, their interfaces with P3HT and the overall
arrangement of the blends allowed for better charge transfer. An interesting observation is
also the inefficiency of the hole transfer from the synthesized fullerenes to P3HT, which
was most severe for the symmetric fullerene derivatives.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma15196908/s1. Figure S1. ESI-MS spectrum of ethyl(2-(thiophen-
3-yl)ethyl) malonate as a [M+Na]+ cation. Figure S2. IR spectrum of ethyl(2-(thiophen-3-yl)ethyl)
malonate (neat). Figure S3. 1H NMR spectrum of ethyl(2-(thiophen-3-yl)ethyl) malonate in CDCl3.
Figure S4. 13C NMR spectrum of ethyl(2-(thiophen-3-yl)ethyl) malonate in CDCl3. Figure S5. ESI-MS
spectrum of [C60]T1 as [M+Na]+ anion. Figure S6. IR spectrum of [C60]T1 in KBr disk. Figure S7.
1H NMR spectrum of [C60]T1 in CDCl3. Figure S8. 13C NMR spectrum of [C60]T1 in CDCl3.
Figure S9. ESI-MS spectrum of bis(2-(thiophen-3-yl)ethyl) malonate as a [M+Na]+ cation. Figure S10.
IR spectrum of bis(2-(thiophen-3-yl)ethyl) malonate (CCl4). Figure S11. 1H NMR spectrum of
bis(2-(thiophen-3-yl)ethyl) malonate in CDCl3. Figure S12. 13C NMR spectrum of bis(2-(thiophen-3-
yl)ethyl) malonate in CDCl3. Figure S13. ESI-MS spectrum of [C60]T2 as [M+Na]+ anion. Figure S14.
IR spectrum of [C60]T2 in KBr disk. Figure S15. 1H NMR spectrum of [C60]T2 in CDCl3. Figure S16.
13C NMR spectrum of [C60]T2 in CDCl3. Figure S17. ESR signal of C60 fullerene derivatives and
P3HT blends at 30 K and 0.0047 mW microwaves power. Figure S18. TRPL spectra of (a) P3HT and
(b–f) all studied C60 fullerene derivatives and their blend with P3HT. Figure S19. Spectrum of pyrene
calculated by DFT. Figure S20. Manufactured organic solar cell scheme. Figure S21. I–V curves
of studied solar cells with different active layers. Table S1. Approximate solubility of synthesized
fullerene derivatives. Table S2. g-tensor components for negative (−) and positive (+) polarons
located at fullerene sphere and functional group respectively during illumination. Table S3. The ε

parameter values obtained from fitting of LESR signal intensity as a function of microwave power
using Formula (1), and FWHM values of LESR signals. Table S4. Exciton decay time (τblend), radiative
recombination time (τpure) and escape rate calculated from TRPL spectra presented in Figure 9.
Table S5. HOMO (also HOMO-1 and HOMO-2 for selected compounds), LUMO energies, and
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HOMO–LUMO energy differences of the studied fullerene derivatives obtained by DFT calculations.
Table S6. Electrical parameters of manufactured solar cells.
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Abstract: The friction coefficient of articular cartilage (AC) is very low. A method of producing tailor-
made materials with even similar lubrication properties is still a challenge. The physicochemical
reasons for such excellent lubrication properties of AC are still not fully explained; however, a
crucial factor seems to be synergy between synovial fluid (SF) components. As a stepping stone
to being able to produce innovative materials characterized by a very low friction coefficient, we
studied the interactions between two important components of SF: human serum albumin (HSA) and
chondroitin sulfate (CS). The molecular dynamics method, preceded by docking, is used in the study.
Interactions of HSA with two types of CS (IV and VI), with the addition of three types of ions often
found in physiological solutions: Ca2+, Na+, and Mg2+, are compared. It was found that there were
differences in the energy of binding values and interaction maps between CS-4 and CS-6 complexes.
HSA:CS-4 complexes were bound stronger than in the case of HSA:CS-6 because more interactions
were formed across all types of interactions except one—the only difference was for ionic bridges,
which were more often found in HSA:CS-6 complexes. RMSD and RMSF indicated that complexes
HSA:CS-4 behave much more stably than HSA:CS-6. The type of ions added to the solution was also
very important and changed the interaction map. However, the biggest difference was caused by the
addition of Ca2+ ions which were prone to form ionic bridges.

Keywords: molecular dynamics simulations; human serum albumin; chondroitin sulfate; synovial
fluid; energy of binding; hydrophobic interactions; hydrogen bonds; ionic interactions

1. Introduction

Many novel materials were designed based on ideas that mimic Nature. The approach
became so common that a new interdisciplinary branch of science called biomimetics was
developed. It is sometimes hard to produce innovative materials with properties nearing or
matching the original naturally occurring biological systems. A great example of a natural
biosystem characterized by hard-to-mimic properties is articular cartilage (AC). The friction
coefficient of AC is very low—it is about ten times lower than ice on ice. Many experimental
attempts to characterize the rheological properties of AC were performed. However, they
have only been conducted in vitro, never taking into account all the components and
features of the system. Physical measurements of the friction coefficient in synovial joints
on standard industrial tribometers do not often give satisfactory results. The problems
are the complicated shapes of the articular surfaces, load, variable speed, and direction
of mutual movement of the surfaces or the variability of the roughness of cartilage [1].
In addition, during movement, the pressure inside the joint system also changes, resulting
from changes in the volume of the joint’s capsule resulting from the work of the muscles
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and ligaments surrounding the joint. In addition, during movement, a temporary local load
on the cartilage, and consequently, deformation of the articular surfaces appear. Because
a layer of AC is very thin, the trabecular bone supporting the cartilage is also elastically
deforming during load on bones under motion [2–4]. The mentioned factors make the
physical measurements of the friction coefficient very difficult because many different
aspects must be considered when planning the experiment. As a consequence, the results
of measurements do not always correspond to the real values.

In [5], the authors presented an example of experimental measurement of the friction
coefficient of a human shoulder’s joint during reciprocal loading in a pendulum testing
device at a wide range of sliding speeds. The authors found that the friction coefficient
remains very low (0.0015–0.006) for up to 24 hours of continuous loading. They claimed
that the low friction coefficients observed in incongruent joints represent rolling rather
than sliding friction. A possibility of lowering friction forces in the AC by altering the
characteristic action of its components (phospholipid micelles trapped in the network of
hyaluronic acid chains) from sliding to rolling was noted in [6]. Another example of friction
measurements was reported in [7] for ACs collected from bovine knees. Using sliding pin-
on-disc tribotester T-11 under physiological lubrication conditions, the authors measured
friction coefficients versus wettability and obtained values in a range of 0.005–0.025.

It is not clearly defined which lubrication model best describes the lubrication mecha-
nism of the AC. The phenomenon has been a subject of many theoretical
considerations [8–10]. AC properties depend on the lubrication regime, which depends,
in turn, on the amount of load on the system and the health of the joint [11]. Therefore, it
is hard to propose an experiment that can imitate the in vivo system, but the puzzle can
be solved by analyzing the interactions between system components. Because of all the
complexities mentioned above, computer experiment methods appear to be very helpful in
explaining many system behaviors [6,12–15].

A synovial fluid (SF) is present between the two opposite cartilages. It is composed
mainly of hyaluronic acid (HA), lubricin, phospholipids, and various proteins. SF plays
an essential role in synovial joint lubrication [16–18]. Changes in synovial fluid volume
and composition reflect changes within the joints [19,20]. This is very important from
the medical point of view because diseases can change the balance of the components
of synovial fluid. For example, due to various diseases, the concentration of phospho-
lipids and protein can be increased during the concentration, and the molecular weight
of the HA can be decreased [21]. These medically important observations point out that
the system should be studied as a whole; however, it is very hard due to its complex-
ity. Recently, many research studies focused on subsystems, investigating interactions in
pairs [12,13,22–24]. Following this approach, in the present paper, we study interactions
between two SF elements: human serum albumin (HSA) and chondroitin sulfate (CS) im-
mersed in a water environment. The importance of ions added to the solution is considered.

The first findings about the binding of CS to HSA were reported in [25]. The Authors
performed an experiment using a spectropolarimeter with a UV circular dichroism attachment.
Although they found that forces exist between the two molecules, the nature of the forces
remained unknown.

In the present research, the intermolecular interaction in the system was studied to
describe forces between HSA and CS. A computer simulation method using the molecular
dynamics approach was used. A computer model of two complexes was created: HSA:CS-4
and HSA:CS-6. The molecular system was first prepared using the molecular docking
(MDoc) method of dry molecules and next studied by molecular dynamics (MD) simula-
tions in an aqueous environment (resembling physiological conditions). The number of
intermolecular hydrogen bonds (HBo), hydrophobic–polar interactions (HP), ionic interac-
tions, bridges (water and ionic), and energy of binding (EoB) between HSA and CS-4/CS-6
were calculated to determine the system’s dynamics. Moreover, the exact maps of contact
were created to show the places of bindings.
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2. Materials and Methods

2.1. Characterisation of Simulated Materials

CS stands as a pivotal component of synovial fluid. It is a highly negatively charged un-
branched glycosaminoglycan (GAG) compound of N-acetylgalactosamine and glucuronic
acid [26]. Two variants of CS are found in human joints: chondroitin sulfate IV and VI
(denoted as CS-4 and CS-6, respectively). The difference between both CS types is presented
in Figure 1.

Figure 1. Schematic representation of the CS-4 (a) and CS-6 (b). The numbers of oxygen atoms and
functional groups involved in forming hydrogen bonds are labeled with red letters.

The relative concentration of CS-4 versus CS-6 in joints is associated with cartilage
calcification, while the calcification is related to histological degeneration of the joint [27]).
In healthy cartilage, the concentration of both components is similar. In contrast, fully
calcified cartilages usually have only CS-6 present in the synovial fluid [28]. An assessment
of the influence of CS on the frictional–compressive properties of articular cartilage was
presented in [29]. The authors deduced that the phenomenon of counter-ion condensation
onto the CS chains influences the thermodynamic and frictional-compressive properties of
the cartilage system.

This condensation tendency changes with the concentration of ions in the solution.
An increase in condensation decreases the electrostatic friction between the chains and their
resistance against gliding. Moreover, they demonstrated that the hydration shells of the
counter-ions become smaller, which diminishes the resistance of the chains against compres-
sion. Their study concluded that at the physiological salt concentration chondroitin sulfate
solutions possess optimal frictional–compressive properties. The CS molecules immersed
in the SF are exposed to contact not only with ions but also with other molecules, such
as proteins [30]. Therefore, the direct non-covalent intermolecular interactions appearing
in the system, and indirect ones created by water and ionic bridges, could be of great
importance for the rheological and tribological properties of the joint.

Experimental results indicate that CS is an effective lubricant for cartilage under
mixed-mode lubrication conditions [31,32]. In [32], the authors speculated that the cartilage
tissue might have a specific affinity for lubricants with negatively charged groups and
hydroxyl groups on GAG chains, which may help them adsorb better to the cartilage
surface, providing effective lubrication. Moreover, in [33], it was shown that HA or CS,
when used alone, significantly lower the friction torque and dissipated energy of the fretting
interface, which reduces the damage to the articular cartilage. It was also shown that HA
and CS combined provided even better cartilage layer protection.

HSA is the most abundant protein in the SF. It is built on a single chain of 585 amino
acids. It contains three homologous domains: I, II, and III [34]. Domains include residues
(amino acids) as follows: Domain I: 5–197, domain II: 198–382, and domain III: 383–569.
Each domain comprises two sub-domains termed A and B (IA: 5–107, IB: 108–197, IIA:
198–296, IIB: 297–382, IIIA: 383–494, and IIIB: 495–569), see Figure 2. The HSA regions
responsible for the binding of ligands are known as Sudlow’s Site I and II and are located
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in subdomain IIA and IIIA, respectively. The heme binding site is located in subdomain
IB [35–37].

Figure 2. Ribbon representation of albumin in YASARA. Albumin domains are colored as follows:
IA-pink, IB-violet, IIA-light green, IIB-green, IIIA-light blue,and IIIB-blue.

HSA shows characteristic binding and transporting properties with fatty acids [38,39],
steroids [40], bilirubin [41], ions, and many other molecules. It can also interact with HA.
The strength of the interactions depends on, e.g., the amount of ions provided in the system,
and affects the rheological and tribological properties of the cartilage [12]. HSA:HA-based
complexes are good lubricants, and they considerably lower the friction coefficient [42,43].
New thin-film materials based on albumin and HA have been proposed to be used in
biomedicine and cosmetics due to their adhesive properties [44]. Albumin-based nanomate-
rials are also proposed to be used in drug delivery and many other biomedical applications
because, as natural agents, they have high biosafety and biodegradability [45]. Despite
HSA and HA having a total negative charge under the physiological conditions, positively
charged amino acids in albumin favor interactions with the ionized carboxylic groups in the
HA [12]. On the other hand, CS is more negatively charged than HA due to the content of
the sulfate group; thus, information about the lubrication properties of HSA:CS complexes
could be valuable. Accordingly, to the author’s knowledge, no experiments study this
complex’s friction properties. Moreover, the information about the structural features of
HSA:CS molecular complexes and their intermolecular interaction characteristics [46] is
still limited.

2.2. Molecular Dynamic Simulation Details

All-atom computer simulations of the model biosystem consisting of HSA and CS-4 or
CS-6 molecules were performed. Thus, interactions inside two complexes (HSA:CS-4 and
HSA:CS-6) were studied and compared to determine if a place of the sulfate group in the
GAGs influences the binding properties.

In a first step, a molecular unbiased docking method was used to find the most
energetically optimal places where CS-4 and CS-6 attach to the HSA. Next, 10 from the
energetically best-docked structures (sorted from the strongest connection to the weakest
connection), with added water solution of chosen ions (Na+, Mg2+, Ca2+ and Cl−), were
subjected to MD simulations. Each realization had a system docked to a different part of
HSA; as such, it represented different initial conditions. Both simulations (MDoc and MD)
were performed using YASARA molecular modeling software [47].

Chemical structures of single units of CS-4 and CS-6 were obtained from Pubchem
and modified to obtain 24 unit chains (around 8 kDa—longest chain allowable to dock with
the modeling software used). The HSA structure was taken from the Protein Data Bank
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(PDB code: 1e78). Homological modeling using FASTA was performed before docking to
fill in atoms missing in the PDB file.

To obtain the most stable complexes of CS ligand docked to HSA, the VINA method [48]
was used with their default parameters and point-charge force field [49] initially assigned
according to the AMBER14 force field [50]. Next, the system was damped to mimic the less
polar Gasteiger charges used to optimize the AutoDock scoring function. A flexible receptor
and ligand approach was chosen while docking. In both cases (HSA:CS-4 and HSA:CS-6),
10 of the strongest bound distinctive complexes which differ in the position of GAG docked
to HSA with −10 kcal/mol free energy of binding were prepared for MD simulation.

Before MD simulations were conducted, optimization of the hydrogen bonding net-
work was performed to increase the solute stability and pKa prediction to fine-tune the
protonation states of the protein residues at the given pH= 7.4 [51,52]. Optimization
was based on three steps as follows: first, pKa prediction was carried out to consider the
influence of the pH on the hydrogen bonding network; next, nonstandard amino acids
and ligands were fully accounted for with the use of a chemical knowledge library in
SMILES format; finally, the SCWRL algorithm was used to help find the globally optimal
solution [53].

Both complexes were immersed in one of the three aqueous 2% salt solutions, NaCl,
CaCl2, or MgCl2. After necessary minimization of the model system to remove clashes,
the simulation was run for 140 ns using the AMBER14 force field [50] for the HSA,
GLYCAM06 [54] for CS-4 and CS-6, and TIP3P for water. The cut-off distance for the
van der Waals forces was set to 10 Å[55]. For computing long-range interactions (e.g.,
electrostatic interactions), the Particle Mesh Ewald algorithm was used [56]. Simula-
tions were performed in a temperature of 310 K and under the pressure of 1 atm (NPT
ensemble) [52]. A Berendsen barostat and thermostat were used to maintain constant
temperature and pressure (relaxation time of 1 fs) [57]. Periodic boundary conditions were
applied to a box of size equal to 120 × 110 × 110 Å3. The equations of motion were inte-
grated with multiple time steps of 1.25 fs for bonded interactions and 2.5 fs for non-bonded
interactions. The time step between stored states of the systems was equal to 100 ps. Thus,
the time series for 140 ns of simulations obtained 1400 save points.

In order to characterize the binding between the macromolecules, the energy of binding
and the number of intermolecular interactions (direct and via bridges) were computed.
The energy of binding, obtained using YASARA’s algorithm, is the value (negative in
principle) of the change of the energy of the system due to binding between the receptor
(HSA) and the ligand (CS). The lower the binding energy, the stronger interaction between
the components will be. The binding energy equation, which is the energy needed to
disassemble a whole system into separate parts (which is equal to the energy of binding
but with a reversed sign), has a form Equation (1)

Ebind = Er
p + El

p + Er
s + El

s − Ec
p − Ec

s , (1)

where Er
p and El

p are potential energies of separated compounds, i.e., receptor: HSA (r)
and ligand: CS (l), Er

s and El
s are their solvation energies, Ec

p and Ec
s are the potential and

solvation energies of receptor–ligand complex. The energy of binding was computed using
YASARA macro md_analyzebindenergy with the assumption that the cost of exposing one
Å2 to the solvent is 0.65 kJ/mol. According to the YASARA Manual, the energy of binding
may be shifted by an unknown constant that depends on the receptor (so on the value of
the parameter mentioned above); thus, this quantity can only be used to compare various
protein–ligand affinities rather than an absolute value.

3. Results and Discussion

In order to check whether the simulation times were long enough, the stability of the
simulation based on the root-mean-square deviation (RMSD) of modeled molecules was
computed. Exemplary RMSD results (for two best-bound complexes) are presented in
Figure 3, and the rest are included in the Supplementary Materials in Figures S1 and S2.
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Figure 3. RMSD of backbone atoms of HSA:CS complexes as a function of time for the strongest
bound complexes: (a) #2 for HSA:CS-6; and (b) #3 for HSA:CS-4 (cf., Table 1).

Table 1. Binding ranks of HSA-CS6 (up) and HSA-CS4 (down) complexes. The first column contains
two numbers: rank after MD simulations averaged over EoB, and in parenthesis, rank after docking
(and before MD simulations). The second column provides values of EoB with STD, averaged over
the part of the trajectory after equilibration (and for all ions). The strongest connected domains are
marked with bold letters.

HSA-CS6 Rank EoB (kJ/mol) HSA Binding Sites

1(2) −2522 ± 339 IA-IB-IIA-IIIA-IIIB

2(6) −2133± 301 IB-IIIA-IIIB

3(9) −1694± 665 IB-IIIA-IIIB

4(7) −1670± 388 IA-IIA-IIB-IIIA

5(1) −1628± 792 IA-IIA-IIIA-IIIB

6(5) −1542± 665 IA-IIA-IIIA-IIIB

7(4) −1498± 399 IA-IIA-IIIA-IIIB

8(3) −1472± 675 IA-IIA

9(10) −1363± 550 IIA-IIB

10(8) −1033± 453 IA-IB

HSA-CS4 Rank EoB (kJ/mol) HSA Binding Sites

1(3) −2755 ± 624 IB-IIIA-IIIB

2(9) −2737 ± 386 IB-IIA-IIIA-IIIB

3(8) −2194 ± 702 IA-IB-IIA

4(10) −1906 ± 556 IA-IB-IIA-IIIA

5(4) −1904 ± 441 IA-IB-IIA-IIB

6(5) −1641 ± 659 IB-IIA-IIB-IIIA-IIIB

7(7) −1639 ± 374 IA-IB-IIA-IIIA-IIIB

8(2) −1637 ± 674 IA-IB-IIIA-IIIB

9(1) −1613 ± 531 IB-IIA-IIIA-IIIB

10(6) −1516 ± 493 IB-IIIA-IIIB

In virtually every case, the RMSD oscillated around a value of 2.5–3 , indicating that the
system reached stability in the given simulation time. Furthermore, in most cases, systems
stabilized near 40 ns; thus, during intermolecular interactions analysis, the averaged results
in the range from 40 ns to 140 ns were taken.

Moreover, the HSA and CS mobility was analyzed by calculating the time-averaged
root mean square fluctuation (RMSF) values of HSA:CS-6 and HSA:CS-4 complexes.
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The RMSF as a function of a number of the atom is presented in the Supplementary Mate-
rials in Figures S3 and S4. In order to compare the stability of HSA:CS-6 and HSA:CS-4
complexes, a sum of the RMSF values over all atoms belonging to the specific parts of the
HSA and CS, and over all ten realizations for a specific complex in a specific solution, is
presented in Figure S5 of the Supplementary Materials. In the case of HSA, the parts are
the protein domains. In the case of CS, the 24 mers were divided into eight groups (each
group then has three mers) to simplify the presentation of the results. The behavior of the
RMSF maximums seen in Figure S3 of the Supplementary Materials is very similar to those
presented for pure HSA computed for the protein amino acids [58]. Comparison of the
results for HSA:CS-6 and HSA:CS-4 complexes in Figure S5 of the Supplementary Materials
has shown that sum of the RMSF is almost always greater for the case of CS-6 than for CS-4.
The greater difference can be seen in the case of the NaCl solution. This suggests that both
complexes immersed in NaCl solution are the most unstable because atoms fluctuated more
than in all other cases. In general, the peripheral parts of the molecules fluctuated more
than the middle ones, but it is mainly seen in the case of NaCl. The difference between the
two charts in Figure S5 for HSA atoms was greater for HSA:CS-6 complexes, especially
in the case of MgCl2. For CS, the difference in the fluctuation of CS-6 atoms was greater
than CS-4, especially in the case of NaCl solution (cf., Figure S5b). The most negligible
differences were noticed for CaCl2, which indicates more stable complexes.

In order to check the functionally important region and atoms fluctuations versus
ligand contacts, the RMSF of the atoms belonging to the best-bound domains (IIIA for
HSA:CS-6; Sudlow’s site II, and IIIB for HSA:CS-4) are presented in Figure 4.

In the figure, four of the strongest bound places are marked by arrows. The colors of
the arrows show which atom from HSA has bound to the atom coming from CS. In the
HSA:CS-6 complex, Pro (carbon atom) made HP interactions with the carbon atom of CS
(blue arrow). A single carbon atom from CS (red arrow) created a few HP interactions with
HSA bounding two different regions of HSA with CS. Carbon atoms from Glu and Asp
created Ca2+ bridges with carbon atoms of CS (yellow and orange arrows). The existence
of HP and HBo interactions of CS with Lys475 (marked with red letters) which is indicated
as the binding site of long-chain fatty acids can be very important [37]. In HSA:CS-4, Lys
had a few interactions with the carbon atom of CS (blue arrow). Glu ionic bridged with
carbon atoms of CS (orange and yellow arrows; C-Ca-C bridges). Aps ionic bridged with
the oxygen atom of CS (green arrow, C-Ca-O bridge). Usually, binding places from CS have
lower values of RMSF, but in the case of HSA, it was not a rule. Thus, a stabilizing effect
of CS on HSA cannot be reported. Note that in Figure 4, HP interactions, HBo, and ionic
bridges are shown, but water bridges have been omitted due to their very short duration.
At almost every MD step, other atoms took part in creating these bridges. In Figure S6 of
the Supplementary Materials, the RMSF for the IIIA domain for the HSA:CS-4 complex is
shown to compare the same fragments between the two best-bound complexes. It can be
seen that different parts of HSA interacted with CS-4 in a different place than with CS-6,
and mainly the interaction was with Lys and Glu. In general, RMSF values were lower for
CS-4 for both HSA and CS molecules.

In the present paper, the focus of the study was on specifying the bonding place of
CS to albumin. The changes in albumin conformations were not the subject of the present
study as it would need longer simulation times. However, a preliminary analysis of the
secondary structure of HSA was performed. Their oscillations as a function of time are
presented in Figure S7 of the Supplementary Materials. Moreover, the comparison of the
secondary structures at the end of the simulation (at 140 ns) for the two CS isomers in
different ionic solutions is shown in Figure S8 of the Supplementary Materials. Only a
slight difference can be seen in the percentage content of helices and turns. HSA bound to
CS-6 has more turns and fewer helices than in the case of the HSA:CS-4 complex.

Electrostatic interactions are essential for the binding mechanism of HSA and GAG
complexes [59]. Electrostatic potential maps of albumin (with and without the addition of
ions) are presented in [12] (cf., Figure 3 therein). The authors have shown that the presence
of Na+, Mg2+, and Ca2+ cations caused a much higher positive charge density that could
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be observed in the middle of the electrostatic potential map of the HSA. This way, a specific
cavity was formed to which GAGs’ negatively charged groups have a better chance to bind.
This cavity is larger for divalent ions Mg2+ and Ca2+ than for monovalent Na+. Some HSA
domains are more likely to bind to GAGs than others; however, the binding map can be
altered under the condition of a disease [59,60]. The binding mechanism is mainly due to
ionic bonding, hydrogen bonding, and hydrophobic interactions [59].

Figure 4. RMSF for best-bound domains of HSA (a,c) and CS (b,d) for complexes #2 HSA:CS-6
(a,b), and #3 HSA:CS-4 (c,d); the places of specific interactions are marked with dots. In the case
of HSA:CS-6, the best-bound domain was IIIA (a), and for HSA:CS-4, the best-bound domain was
IIIB (c).

3.1. Energy of Binding

The binding energies obtained from YASARA VINE for complexes after the MDoc
procedure are presented in Tables S1 and S2 of the Supplementary Materials. Based on the
table, a list of domains of HSA bound to CS-4 and CS-6 is presented in Table 1. The list of
complexes is ranked according to the increasing magnitude of the energies of binding after
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MD. Its values were averaged over time from 40 ns to 140 ns (40 ns is when stabilization
of the complexes was assumed based on the energy and RMSD of the whole system,
cf. Figure 3). While each of the ten best-docked complexes had undergone three separate
simulations in different solutions (with the addition of CaCl2, MgCl2, and NaCl) to obtain
one value of the energy of binding for comparison and sorting purposes, the three values
of energy of binding were averaged. The docking ranks of the complexes showing the
binding strength order before MD simulations are presented in parentheses in Table 1.

From the table, it can be concluded that in the case of the HSA:CS-6 complex, the
second best-docked structure (#2) turns out to be the best after MD simulations in the
solution. The CS-6 docked to a wide range of HSA domains, IA-IB-IIA-IIIA-IIIB, and the
greater amount of interactions were with the IIIA domain. In the case of the HSA:CS-4
complex, a third docked structure (#3) was bound strongest after MD, and in this case,
the CS-4 built contacts with IB, IIIA, and IIIB (the last one was the strongest). The IA,
IB, IIIA, and IIIB subdomains formed the characteristic binding center described in [12].
The albumin domains, IB, IIIA, and IIIB, were reported as very important for the albumin
transport function responsible for the heme binding site (IB), Sudlow’s site II (IIIA), and
the thyroxine-binding site (IIIB) [35]. In addition, all three domains were present in the two
first strongest bound complexes for both HSA:CS-4 and HSA:CS-6. A similar feature was
reported for HSA:HA complexes [12]. Comparing average MDoc binding energy for all
HSA:CS-6 and HSA:CS-4 complexes, the HSA:CS-6 was bound about 23% stronger than
HSA:CS-4. However, comparing HSA:CS-6 to HSA:HA, the binding in HSA:CS-6 was
about 11% weaker than for HSA:HA [12]. It is consistent with expectations because CS is
more negatively charged than HA (CS has two negative groups: COO- and sulfate groups,
but HA has only COO-); thus, also binding it with negatively charged albumin is weaker.

Snapshots of the HSA:CS-6 and HSA:CS-4 complexes in CaCl2 solution before and
after 140 ns of MD simulation for best-bound complexes (#2 for HSA:CS-6 and #3 for
HSA:CS-4) are presented in Figure 5. Similar Figures for MgCl2 and NaCl solutions are
presented in Figures S9 and S10 of the Supplementary Materials.

Figure 5. 3D structures of HSA:CS-6 (a,b) and HSA:CS-4 (c,d) complexes for the strongest bound
complexes after MD in CaCl2 solution (solution is transparent on the picture). HSA domains are
colored as follows: IA-pink, IB-violet, IIA-light green, IIB-green, IIIA-light blue, and IIIB-blue. In
CS-4 and CS-6, light blue atoms represent carbon; dark, blue nitrogen; red, oxygen; green, sulfur; and
white, hydrogen. Snapshots are taken using YASARA software (a,c) before and (b,d) after 140 ns
of MD simulations [47]. After a closer look at these pictures, green and pink lines can be observed,
which show HP and ionic intermolecular interactions, respectively, and also yellow lines, which show
intramolecular HBo inside CS.
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Generally, best-bound complexes after MDoc are not necessarily best-bound after MD
simulations. This statement can be explained by the influence of water solution, which
changes both docked molecules’ electrostatic map (and conformation). Adding ions into
the solution can provide charge inversion and ion-bridge formation [61,62].

In Figure 6, the energy of binding for different complexes is shown. The values are
averaged over time from 40 to 140 ns of MD simulation with a doubled standard deviation
that reflects fluctuations of the energy values.

Figure 6. Averaged energy of binding for different complexes for (a) HSA:CS-6 and (b) HSA:CS-4.
Complexes are sorted from lowest to highest averaged energy of binding after MD simulations; thus,
the strongest bound are first (cf. Table 1). Error bars present doubled STD.

After MD simulations, the energy of binding for HSA:CS-4 is definitely of lower
value than for HSA:CS-6; thus, the binding is more stable for the HSA:CS-4 complexes.
Computation of averages for all the energy values over HSA:CS-6 and HSA:CS-4 provides
the information that, after MD, complex HSA:CS-4 is about 15% stronger bound than
HSA:CS-6, thus the situation is opposite than before MD simulations (cf. Table S1 and S2 in
the Supplementary Materials). In about half of the cases (six for CS-6 and four for CS-4),
adding CaCl2 into the solution caused the most stable complexes. For 3 out of 10 CS-6
complexes, the highest affinity of CS to HSA was observed in the presence of Mg2+ ions
and only 1 in the presence of Na+ ions. In the CS-4 isomer, the energy of binding was the
lowest in three complexes for Mg2+ ions and in three complexes for Na+ ions. However,
complexes with the addition of NaCl usually created weaker bound systems than CaCl2
and MgCl2. It was also confirmed by RMSF analysis (cf. Figure 4).

The energy of binding as a function of time for best-bound complexes is shown in
Figure 7.

Figure 7. Energy of binding as a function of time for the strongest bound complexes: (a) #2 for
HSA:CS-6; and (b) #3 for HSA:CS-4 (cf., Table 1). The vertical lines represent the average over the last
100 ns of MD.

The charts were plotted for best-bound cases (#2 for HSA:CS-6 and #3 for HSA:CS-4).
The vertical lines show values averaged from 40 ns to 140 ns (thus, after stabilization of
structures in MD). In both cases, structures with the addition of Ca2+ to the solution are
bound stronger than in the rest of the cases. It is very interesting that for HSA:CS-6, all

90



Materials 2022, 15, 6935

averaged energies were similar. The trend is only seen for HSA:CS-4 and accords with
the expectation which considers the cavity’s role in the electrostatic potential map of the
HSA (described earlier in Section 3) and cations bridges formation in the macromolecules
binding. This confirms the prominent role of Ca2+ in the binding.

The binding of the complexes occurs through intermolecular interactions. The in-
teractions can be direct, when some forces appear between two atoms at a specific, close
distance, or indirect, when another atom mediates the binding (creating bridges).

3.2. Intermolecular Interactions

The numbers of HP interactions (between hydrophobic atoms) and HBo were calcu-
lated with the algorithm described previously [12,63]. According to the YASARA definition,
the HBo is formed when the hydrogen bond energy is greater than 25% of the optimum
value for interaction 25 kJ/mol and equals 6.25 kJ/mol. The exact formula is described in
the YASARA Manual [51] and previously in [12,63].

The numbers of intermolecular interactions between HSA and CS-6 or CS-4, also
averaged over 40–140 ns for complexes sorted by averaged energies of binding after MD
are shown in Figure 8. The numbers of the complexes correspond to the ones presented in
the first column of Table 1 (before parenthesis).

Figure 8. Intermolecular HBo, HP and ionic interactions for HSA:CS-6 (a,c,e) and HSA:CS-4 (b,d,f)
complexes. The complexes are sorted from lowest to highest averaged energy of binding after MD
simulations; thus, the strongest bound are first (cf., Table 1). Error bars present doubled STD.

The main observation from Figure 8 is that the charts are not much different. It can
be seen that the number of HBo is slightly greater for complexes characterized by lower
energy of binding, thus a stronger bound. The same can be seen for HP interactions in
HSA:CS-4 but not in HSA:CS-6. In general, HSA:CS-4 has created more HBo and HP
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interactions. It also has a more varied plot of ionic interactions than HSA:CS-6. The number
of ionic interactions is the lowest among the others. However, thanks to their electrostatic
origin (the electrostatic force of attraction governs them), they are the strongest, so they
are also important. HP interactions are also usually stronger than HBo. Thus, it is hard
to determine which of the three non-covalent interactions influences most of the HSA:CS
binding. An additional important observation is that the number of ionic interactions in
most complexes is greater for the NaCl solution (cf., Figure 8e,f). Analyzing the influence
of the ions added to the solution, the most visible is the prevalence of the number of HBo
in the case of best-bound complexes in NaCl solution. This can be caused by Na+ having
the lowest ionic strength among the three ionic solutions (NaCl, CaCl2, and MgCl2). As a
result, it does not have such strong adsorption properties on the surface. As a result, the
HBo are formed more often in NaCl than in ionic interactions or ion bridges preferentially
formed in divalent ion solutions.

All of the above observations confirm that the binding affinity cannot be related to
only one type of interaction but is a result of many different types of interactions.

3.3. Water and Ionic Bridges

The number of bridges created by water molecules and ions between HSA and CS for
different complexes HSA:CS-6 and HSA:CS-4 are shown in Figure 9. The water (or ion)
bridge is created when one water (or ion) molecule forms an HBo (or ionic interaction) to
HSA and another one to CS.

Figure 9. The number of hydrogen bonds mediated by water molecules (water bridges) and the
number of ionic interactions mediated by cations (ionic bridges) between HSA and CS-6 (a,c) and
between HSA and CS-4 (b,d). The complexes are sorted from lowest to highest averaged energy of
binding after MD simulations; thus, the first is the strongest bound (cf., Table 1). Error bars present
doubled STD.

By analyzing both Figures, it can be seen that HSA:CS-4 complexes characterize a
greater number of water bridges, while the HSA:CS-6 complexes have more ionic bridges.
Water bridges are very important for energy in binding. Their number usually decreases
with the rank of the complex. It can suggest that direct HBo (cf., Figure 8) and indirect ones
(i.e., mediated by water bridges) are the most important for HSA:CS binding. HSA:CS-4 has
more intermolecular HBo, HP, and ionic interactions than ionic bridges. In the HSA:CS-6
case, in contrast, there are much fewer HBo, HP, and ionic interactions than ionic bridges,
even though the greater number of ionic bridges could not make up for energy shortages
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caused by the lower number of HBo, HP, and ionic interactions. The ionic bridges built
by Ca2+ are usually created between sulfur and carbon atoms in the case of the HSA:CS-6
complex and between carbon and carbon in the case of the HSA:CS-4 complex.

An important observation should be made for CS-6 complex #1, in which every direct
intermolecular interaction type (HBo, HP, ionic) has a greater number of interactions in
the case of Na+ than Ca2+ and Mg2+. It also has slightly more water bridges, but at the
same time, it has a much smaller number of ionic bridges. Taking into account that the
energy of binding for Na+ is greater than for Ca2+ and Mg2+ and that the complex is
weaker bound for Na than for Ca and Mg, it can be stated that the ionic bridges are of great
importance for the stability of HSA:CS-6 complexes. The visible difference in the effect of
Ca2+ and Mg2+ for ionic bridge formation is suggested to be due to the lower hydration of
Ca2+ [12]. The influence of Ca2+ and Mg2+ on albumin binding can be explained by the
fact that albumin interacts with it. HSA has almost no interaction with Na+ ions [64].

While hydration properties are crucial for lubrication, a number of HBo created
between HSA:CS complexes and the water molecules was analyzed (see Figure S11 in
the Supplementary Materials). In nearly every case, HSA:CS-6 complexes created more
HBo with water thanHSA:CS-4 did. It confirms better binding between HSA and CS-4
(less space for water molecules to interact) than CS-6. A greater difference can be seen for
complexes immersed in CaCl2 solution when water created a lesser number of HBo with
both complex types. This, together with observations of a much higher number of ionic
bridges and smaller energy of binding in the case of Ca2+, is evidence of stronger binding.

3.4. Maps of Interactions

In Figure 10, the maps of HBo distribution between different groups or atoms are
presented. The results were summarized for all HBo interactions found between 40 and
140 ns of simulations.

Figure 10. HBo distribution between different oxygen classes in (a–c) CS-6 and (d–f) CS-4; and
different amino acids in HSA. Data were obtained in solutions containing: (a,d) NaCl; (b,e) CaCl2;
(c,f) MgCl2. The maps present a number of interactions. The denotation of the atoms and functional
groups is presented in Figure 1.
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In each case, most HBo interactions were created between SO−
4 and Arg or SO−

4 and
Lys, thus positive-charged amino acids. Moreover, the COO− group has bound to Lys. From
CS, most bindings had the group of SO−

4 and for HSA—Lys and Glu. In addition to these
expected results, a distinctive impact was noticed for: Gln, Asp, Tyr, and Ser. Moreover, O,
O3, and O14 interactions with Glu are also clearly visible in Figure 10. Interestingly, COO−
interacted with Arg using HBo in the case of NaCl water solution; also, O13-O14 with
Glu is better visible when NaCl is present (cf., Figure 10c,f). There are no clearly visible
differences between CS-6 and CS-4, except in the case of CS-6 + Na+ where interactions
between SO−

4 and Glu and His are noticeable.
In Figure 11, similar maps were created, but for the number of water bridges between

HSA and CS.

Figure 11. Water bridges distribution between different oxygen classes in (a–c) CS-6 and ((d–f) CS-4
and different amino acids in HSA. Data were obtained in solutions containing: (a,d) NaCl; (b,e)
CaCl2; (c,f) MgCl2. The maps present a number of interactions. The denotation of the atoms and
functional groups is presented in Figure 1.

The water bridges’ maps look different from those created for direct HBo interaction.
The leading roles of SO−

4 and Lys did not change, but in this case, interactions created by
Glu are much more visible. The role of Glu in building water bridges is similar to Lys. SO−

4
made interactions via water bridges with Lys, Glu, Asp, and Arg more frequent. A slight
difference can be seen in the case of the NaCl solution, where Glu+O14 is marked more
strongly than in the rest of the cases. Moreover, SO−

4 + Arg and Asp interactions are more
frequent for NaCl than for the rest. On the other hand, differences between CS-4 and CS-6
are not visible.

4. Conclusions

In the present paper, interactions between HSA and CS-4 and between HSA and
CS-6 were studied. In both cases, HSA can form stable complexes, but RMSD and RMSF
indicated HSA:CS-4 as behaving much more stably. The binding strength and interaction
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distribution also differed for HSA:CS-4 and HSA:CS-6 complexes. It can be explained by
different intramolecular interactions in the two isomeric forms of CS, which also causes
their different conformation in the water solution [65]. MD simulations have shown that
CS-4 has a greater affinity for binding to HSA than CS-6 does. Because the percentage
content of the two types of CS differs for healthy and ill cartilage, it can be deduced that
the lubrication properties of SF containing CS-6 and CS-4 will be different from the ill
ones which contain only CS-6. CS-6 is characterized by worse stability when interacting
with HSA. Additionally, it can be inferred [32] that the cartilage tissue may have a specific
affinity for lubricants with negatively charged groups and hydroxyl groups such as in CS.
This may help them adsorb better to the cartilage surface, providing effective lubrication.
Thus, the lack of stronger binding provided by the CS-4 type of CS isomer in ill cartilages
can explain worse lubrication properties.

The ions contained in the solution are also essential and change the interaction map
of the HSA:CS complexes. It is especially seen in the case of complex #1 of HSA:CS-6.
Despite having more HP and HBo interactions where a solution of NaCl was concerned, the
ionic (Ca) bridges balanced the energies of binding, indicating that HSA:CS-6 with NaCl
was weaker bound than with CaCl2. Thus, the availability of Ca2+ for ionic interaction
formation via bridges seems to be the most important. The presence of Ca2+ (and also
Mg2+, but less so) amplifies the binding mechanism in the case of HSA:CS, which was
mainly associated with the presence of locally positively charged sites (mainly Lys and
Glu). The three domains, very important for the albumin transport function, i.e., IB (heme
binding site), IIIA (Sudlow’s site II), and IIIB (thyroxine-binding site), were presented in
the binding in most of the complexes, especially in those characterized by the strongest
binding [35].

Analyzing the obtained results, the similarity of HSA:CS binding to HSA:HA binding
is evident. The interaction strength was slightly smaller for HSA:CS, but the influence
of ions on the binding was similar [12]. Because the addition of HSA and CS separately
decreases the friction coefficient [29,42], a complex of HSA:CS could give better results for
lubrication properties, similar in the case of HSA:HA [12,42].

To the authors’ knowledge, while writing the paper, the findings have not yet been
confirmed by experimental data. However, the authors hope that the presented study can
inspire other research groups to undertake such an endeavor.

Because understanding the nature of interactions between HSA and CS can be a
stepping stone to explaining the lubrication properties of AC, the information contained
in this work can be potentially applicable to designing new biomaterials characterized by
specific rheological properties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma15196935/s1, Table S1: Lists of the best binding energy obtained
in each cluster after molecular docking of CS-4 to HSA; Table S2: Lists of the best binding energy
obtained in each cluster after molecular docking of CS-6 to HSA; Figure S1: RMSD of backbone atoms
as a function of time for HSA:CS-6 complexes; Figure S2: RMSD of backbone atoms as a function of
time for HSA:CS-4 complexes; Figure S3: RMSF values for each atom of HSA for best-bound a) #2
HSA:CS-6, b) #3 HSA:CS-4 complexes; Figure S4: RMSF values for each atom of CS (1180 atoms) for
best-bound a) #2 HSA:CS-6, b) #3 HSA:CS-4 complexes; Figure S5: Sum of RMSF for HSA (top) and
CS (bottom) for complexes: a) HSA:CS-6, and b) for HSA:CS-4; Figure S6: RMSF for IIIA domain of
HSA (a) and CS-4 (b) for complex #3 HSA:CS-4. Places of specific interactions are marked with dots;
Figure S7: Secondary structure of HSA as a function of time for: a) #2 HSA:CS-6, b) #3 HSA:CS-4
complexes in CaCl2 solution; Figure S8: Secondary structure of HSA after 140 ns of MD simulations
for best-bound structures; Figure S9: 3D structures of HSA:CS-6 (a and b) and HSA:CS-4 (c and d) for
the strongest bound complexes after MD in MgCl2 solution (solution is transparent on the picture).
HSA domains are colored as follows: IA-pink, IB-violet, IIA-light green, IIB-green, IIIA-light blue,
IIIB-blue. In CS-4 and CS-6, light blue atoms represent carbon, dark blue nitrogen, red oxygen, green
sulfur and white hydrogen. Snapshots captured using YASARA software (a and c) before and (b and
d) after 140 ns of MD simulations; Figure S10: 3D structures of HSA:CS-6 (a and b) and HSA:CS-4
(c and d) for the strongest bound complexes after MD in NaCl solution (solution is transparent on the
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picture). HSA domains are colored as follows: IA-pink, IB-violet, IIA-light green, IIB-green, IIIA-light
blue, IIIB-blue. In CS-4 and CS-6, light blue atoms represent carbon; dark blue, nitrogen; red, oxygen;
green, sulfur; and white, hydrogen. Snapshots captured using YASARA software (a and c) before
and (b and d) after 140 ns of MD simulations; Figure S11: Number of HBo between a) HSA:CS-6 or
b)HSA:CS-4, and water molecules. Complexes are sorted from lowest to highest energy of binding
after MD simulations, thus first are strongest bound (cf. Table 1). Error bars present doubled STD.
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Abstract: In the presented research, we investigated Ammonium Nitrate Fuel Oil (ANFO), with the
addition of variously modified zeolite Y as an attractive explosive. Analysis of both blasting tests
and thermodynamic models of blasting properties led to the conclusion that the addition of zeolite Y
enhanced the detonation properties of such prepared ANFO via the growth of the detonation pressure,
temperature, compression energy, and heat of the explosion. Generally, the modification of ANFO with
variously prepared zeolite Y also reduced the volume of (COx + NOx) post-blast fumes. Furthermore,
it was found that the ANFO’s velocity of detonation (VOD) could be controlled by the choice of the
way of zeolite Y modification. Namely, for zeolite Y without Mg, as well as Mg-Y prepared via the
impregnation method, the VOD rose. The opposite effect was observed when ANFO was modified with
Mg-Y, obtained from the deposition of Mg over zeolite Y via the ultrasonic-assisted procedure.

Keywords: zeolite Y; ANFO; modifier; detonation; post-blast fumes

1. Introduction

Explosives are currently widely used both in the military industry and in civil works,
including mining, demolition works, or macro-leveling [1,2]. One of the most commonly
used explosives (especially in mining) is ANFO (Ammonium Nitrate Fuel Oil) due to its
easy and cheap procedure of production, as well as its good blasting properties [3,4].

ANFO is manufactured by the blending of ammonium nitrate(V) (AN) (oxygen-
bearing component) with fuel oil (FO) (combustible component) in an appropriate mass
ratio (usually 94:6). The ratio of 94:6 (AN:FO) provides a zero-oxygen balance, i.e., no
excess or deficiency of oxygen in the balance of the composition of the explosive, which is
responsible for the formation of maximal detonation energy with simultaneous low toxicity
of the post-blast fumes (a minimal content of NOx and CO), and reduced production of
CO2 being responsible for greenhouse effect [5]. ANFO is considered a non-ideal explosive
due to its non-ideal detonation behavior, which can be defined by the impossibility of the
reach of its theoretically calculated values, such as the velocity of detonation (VOD) [6].

In mixed-type explosives (like ANFO), the oxygen-bearing component should be charac-
terized by high porosity and low density. That allows to obtain a high value of the adsorption
coefficient between the solid phase (AN) and the liquid phase (FO). The presence of a com-
bustible component is necessary for the occurrence of explosive transformation [5–14].

Oxley et al. [15–17] reported a dual mechanism of the AN decomposition, i.e., accord-
ing to a radical and an ionic pathway. The former type of mechanism is characterized by
both a high rate and temperatures, whereas the latter route of reaction takes place at a
low temperature with a low rate. In turn, the application of modifiers allows preparing
explosives with optimized blasting properties, such as the velocity of detonation or ex-
plosion heat and strength. Furthermore, the addition of certain modifiers to ANFO may
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catalyze the decomposition of explosives, reduce the emission of post-blast fumes, and
influence explosive sensitivity. However, the addition of a new component (acting as either
a flammable ingredient or modifier) may cause a change in the oxygen balance [15–17].

Apart from FO [18–44], in the available bibliography, many examples of ANFO ad-
ditives have been reported, such as: charcoal; coal dust; activated carbon [18–26]; 2,4,6-
trinitrotoluene (TNT) [19]; nitromethane [27]; iron persulfide (II) [19]; pyrite [28,29]; alu-
minum, magnesium, copper and zinc dusts [5,20,21,30,31]; sugar [5,20,21]; lubricants [32];
polyolefin wastes [33–36]; polyethylene (PE) [37]; polypropylene (PP) [37]; sodium sul-
fate [38]; sodium decarbonate [16]; potassium carbonate [16]; ammonium sulfate [16];
calcium oxide [20,21]; dolomite [20,21]; anhydrite [20,21]; aluminum oxides [30,39]; and
silica [40,41].

So far, in the present works dedicated to ANFO, only results concerning physicochem-
ical and blasting properties of the systems consisting of AN mixed with oil, as well as with
other organic and inorganic modifiers mainly in the form of dust and inorganic salts, were
reported. However, the use of additives acting as a carrier for inorganic modifiers has not
been published. An example of this type of additive could be zeolite due to the presence of,
among others, silicon, and aluminum in the zeolite framework, and due to the possibility
of introducing a wide range of other elements to this group of minerals.

In the undertaken research, we investigate zeolite Y due to its low silicon-to-aluminum
molar ratio (2 < Si/Al < 5), which means that the zeolite with this topology contains
a lot of aluminum and therefore is characterized by a high ion exchange capacity, in
comparison with the majority of zeolites of other structures. Relative high aluminum
content (and automatically introduced metals to the zeolite) allows the use of this mineral
as representative support for inorganic ANFO modifiers. The introduced metal into zeolite
Y will be magnesium, due to the beneficial effect of this element on the blasting properties
of ANFO, which has been published in one of our previous works [31].

We also try to find an answer to the question of whether the choice between (a) ion
exchange, (b) impregnation, or (c) ultrasonic irradiation, as methods of the introduction
of magnesium to zeolite skeleton, may affect the usefulness of zeolite Y as the carrier of
inorganic modifiers in ANFO.

In the present paper, we reported the synthesis of ANFO consisting of AN, FO, and a
modifier being the Y-structure type zeolite containing magnesium, which was incorporated
to zeolite via three various routes (Mg-Y), or without magnesium. Separate studies are listed
for the bare ANFO sample (without zeolite additive), which plays the role of the reference
sample. The obtained explosives were subjected to physicochemical characterization
including crystallinity/structure (XRD, FT-IR), surface/morphology (AFM/SEM), thermal
properties (TG/DSC), and blasting properties (involving velocity of detonation, the heat of
the explosion, compression energy, oxygen balance and the analysis of post-blast fumes).

2. Materials and Methods

2.1. Materials and Sample Preparation

Ammonium Nitrate porous prill (UltrAN 70) was produced in 2021 by Yara’s Interna-
tional A SA (Szczecin, Poland). UltrAN 70 contained ca. 34.5% nitrogen. The prill diameter
and bulk density were in the range of 1.0–2.0 mm and 670–720 kg/m3, respectively. The
moisture did not exceed 0.3% wt. The product was characterized by a purity of 99.4%.

Fuel oil (FO) was manufactured in 2021 by Silesia Oil Sp. z o.o. (Łaziska Górne,
Poland) and consisted of C10-C20 hydrocarbons. The bulk density and kinetic viscosity of
FO at 40 ◦C were 800 kg/m3 and 13.6 mm2/s, respectively. The detailed characterization of
FO can be found in [42]. The reference sample ANFO (designated as “A”) was prepared by
a blending of UltrAN 70 with FO according to the weight ratio of 94.0:6.0 (Table 1). The
procedure was conducted by Yara’s International A SA.
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Table 1. Chemical composition of non-ideal explosives and their synthesis conditions. The total
sample mass was normalized to 5.00 g.

Sample
Chemical Composition [% wt.]

Description
Ammonium Nitrate Fuel Oil Zeolite Y

A 94.00 6.00 0.00 Commercial ANFO, reference sample (5.00 g)
B1 93.06 5.94 1.00 ANFO (4.95 g) + zeolite Y (0.05 g)
B2 92.12 5.88 2.00 ANFO (4.90 g) + zeolite Y (0.10 g)

C1 93.06 5.94 1.00
ANFO (4.95 g) + Mg-Y (0.05 g). Zeolite Y

containing Mg introduced via the
impregnation method.

C2 92.12 5.88 2.00
ANFO (4.90 g) + Mg-Y (0.10 g). Zeolite Y

containing Mg introduced via the
impregnation method.

D1 93.06 5.94 1.00
ANFO (4.95 g) + Mg-Y (0.05 g). Zeolite Y

containing Mg introduced via the
ion-exchange method.

D2 92.12 5.88 2.00
ANFO (4.90 g) + Mg-Y (0.10 g). Zeolite Y

containing Mg introduced via the
ion-exchange method.

E1 93.06 5.94 1.00
ANFO (4.95 g) + Mg-Y (0.05 g). Zeolite Y

containing Mg introduced via
ultrasonic-assisted impregnation method.

E2 92.12 5.88 2.00
ANFO (4.90 g) + Mg-Y (0.10 g). Zeolite Y

containing Mg introduced via
ultrasonic-assisted impregnation method.

The zeolite with Y-type structure (Si/Al = 2.65) was supplied by Mątwy (Inowrocław,
Poland). The parent zeolite was in sodium form. The zeolite Y was added to the ANFO via a
simple mixing and played the role of the enhancer of its blasting properties. Depending on
the weight loading of the zeolite in the resulting ANFO-type material (1% wt. vs. 2% wt.),
the sample was denoted as B1 and B2, respectively (Table 1).

The parent zeolite (Na-Y) was also modified with magnesium. The introduction of Mg
into zeolite Y was performed via wet impregnation (Mg-Yimpr), ion-exchange (Mg-Yion-exch), or
ultrasonic-assisted impregnation procedure (Mg-Yson), respectively. A detailed description of
the production of Mg-containing zeolites (Mg-Y) was given in Supplementary Materials.

ANFO-based materials, prepared via the addition of Mg-Yimpr, Mg-Yion-exch, and Mg-
Yson zeolites to ANFO (via the blending route), were designated as C1 or C2, D1 or D2, and
E1 or E2. Digits “1” and “2” refer to the percentage weight contribution of zeolite in the
obtained ANFO. Details on the ANFO’s synthesis procedure were summarized in Table 1.

2.2. Characterization Methods

The crystallinity of the ANFO samples in the granule form was measured using the
X-ray diffraction (XRD) phenomena with a PANalytical X’Pert PRO MPD diffractometer
(40 kV, 30 mA), equipped with a CuKα generator (λ = 1.5418 Å). The experiments were
conducted for a 2θ angle at 5–50◦ with a 0.033◦ step.

Structural analysis of the synthesized materials was performed using a Nicolet iS10
spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with an MCT detector
in the Attenuated Total Reflectance (ATR) mode. The FT-IR analysis was performed at
4000–650 cm−1, with a resolution of 4 cm−1 and the number of scans during a single
measurement was 64.

The morphology of the obtained ANFO was investigated using a Jeol JSM-7500F scanning
electron microscope (JEOL Ltd., Tokyo, Japan) equipped with the X-ray energy dispersive
(EDS) system INCAPentaFETx3 (JEOL Ltd., Tokyo, Japan). Two detectors were used, and the
images were recorded in two modes; the secondary electron detector provided SEI images
and the backscattered electron detector provided BSE (COMPO) micrographs. Directly before
SEM mapping, the samples were dried for 24 h and coated with chromium (20 nm).

The status of the surface of the studied samples was investigated using an atomic
force microscope (AFM) NT-MDT Solver BIO apparatus (Moscow, Russia) equipped with
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the SMENA SFC050L scanning head. All measurements were conducted in air and in
semicontact mode by the application of high-resolution silicon probes (NT-MDT ETALON
probes, HA NC series, polysilicon cantilevers with resonance frequencies 140 kHz +/− 10%
or, 240 kHz +/− 10% force constants 4.4 N/m +/− 20% or, 9.5 N/m +/− 20%, respectively,
a typical curvature radius of the tip was 10 nm and cone angle was less than 20◦). Obtained
images were referred to the randomly chosen areas over the substrate and within the scan
area suitable for the tested samples. All images were flattened and graphically developed
using specialized software supplied with the instrument.

Thermal analysis of the prepared samples included Thermogravimetry (TG) and Dif-
ferential Scanning Calorimetry (DSC). The measurements were performed using NETZSCH
STA 409 PC/PG equipment (Netzsch-Gerätebau, Selb, Germany) at 20–700 ◦C. The tem-
perature ramp was 10 ◦C/min. All studied samples were kept in airflow (30 mL/min)
both in the furnace and the balance chamber. Air functioned as a stimulator of detonation
conditions. For all measurements, the prepared sample (20 mg) was placed in the DSC
aluminum pan using a spatula. To obtain the correct TG baseline, the same heating profiles
were used for both the empty pan and the pan with a measured sample. The TG drift was
ca. 5 μg, which corresponds to 0.02 mass%.

The velocity of detonation (VOD) was determined according to the procedure reported
in [43]. Briefly, the ANFO charge (600 g) was placed in a glass tube of 46.4 mm inner diame-
ter. The Royal Demolition Explosive (RDX-based) charge (14 g) initiated the detonation.
Two short circuit probes were placed throughout the measured ANFO sample. The distance
between probes was 150 mm. Moreover, the distance between the primer and the first
probe was equal to twice the charge diameter (l). A crucial parameter in this measurement
was the time difference (t) between the first recorded signal change in each probe. VOD
can be defined according to Equation (1):

VOD = l/t (1)

Post-blast fumes analysis was conducted according to the procedure described in [44],
which was based on regulations reported in [45]. The description of blasting tests has also
been reported in our previous works [41,46,47]. In each experiment, 600 g of non-ideal
ANFO charge was placed inside the steel mortar locked in the blasting chamber. After
the sealing of the blasting chamber, the detonation of the explosive charge was performed.
After that, the homogenization of the post-blast fumes took place. The homogenization
duration was 3 min. Afterward, post-blast gases were collected in the ventilation system for
20 min. The COx (CO + CO2), as well as NOx volumes, were measured using IR (MIR 25e)
and chemiluminescent (TOPAZE 32M) analyzers, respectively. The measurement errors of
VOD and post-blast fumes analyses were 2% and 1%, respectively.

Thermodynamic calculations were conducted in the EXPLO5 software produced by
OZM Research with a calculation error of 5%. Calculations were made based on Becker-
Kwiatkowski-Wilson (BKW) equation state [48]. EXPLO5 software included the calculations
of parameters, among others, the explosion pressure and temperature, heat of the explosion,
compression energy, and oxygen balance.

3. Results and Discussion

3.1. Structure

From the appearance of XRD images given in Figure 1 for all studied samples, the
presence of Ammonium Nitrate in the orthorhombic crystal system and with a Pmmm
space group and two molecules per unit cell was confirmed. Based on bibliography, the
diffraction peaks at 2θ = 18◦, 23◦, 29◦, 31◦, 33◦, 36◦, 38◦, 40◦, 43◦, and 46◦ can be assigned
to (100), (011), (111), (002), (020), (102), (201), (112), (211), and (210) reflections in ANFO
crystallites, respectively [49–52].
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Figure 1. XRD patterns of the studied ANFO samples.

The addition of variously modified zeolite Y to ANFO altered the intensity of re-
flections coming from AN. Nevertheless, neither the appearance of new reflexes coming
from the zeolite phase nor apparent shift was found. Similar effects we observed when
we modified ANFO with microstructured charcoal (MC), which was reported in [18]. In
turn, other effects were reported by Xu et al. [51], who added organic potassium salts
to AN. They showed that the application of this type of additive influenced AN due to
the formation of hydrogen bonds by polar groups, which led to the interaction between
ammonium and nitrate ions. Based on the results reported by Xu et al. [51], we can expect
that the mixing of additives (in this case zeolite Y both in the form of Na-Y and Mg-Y) with
AN could result in structural changes in respect to the bare AN. On the other hand, when
we compare XRD patterns of variously modified zeolite Y (Figure S1) [53], we can see that
some reflexes overlap with the XRD pattern of AN, which can influence the intensity of the
reflections assigned to AN. Interestingly, the XRD signals coming from the zeolite phase
(Figure S1), and not overlapping with AN reflections, are absent in XRD images obtained
for the samples consisting of ANFO mixed with zeolite. At first sight, it could be explained
by a low content of zeolite in the prepared materials (not exceeding 2% wt.), but in our
previous work [41], we reported that the addition of 1 or 2% wt. of silica resulted in the
appearance of a weak signal attributed to this additive.

From FT-IR spectra recorded for all samples (Figure 2), the existence of the bands at
3260–2852 cm−1 is due to asymmetric vibrations of ammonium cation both in stretching and
deformation modes. The maxima at 1755 cm−1 can originate from a stretching vibration or
in-plane deformation of nitrate anion, or may result from a combination of an asymmetric
deformation of NH4

+ with a lattice mode. Apparent bands at 1410 and 1290 cm−1 can
be attributed to the triply degenerated deformation of ammonium cation and the doubly
degenerated NO3

− stretching vibration. In turn, the signals with the maxima at 1041 and
825 cm−1 reflect in-plane symmetric stretching and out-of-plane deformation of nitrate
ion [49,50,54–56]. The bands at 2951 and 2852 cm−1 can be also due to -CH2- and -CH3
stretching vibrations from Fuel Oil [57]. Probably, the bands assigned to FO and AN skeletal
vibrations overlapped each other.
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Figure 2. FT-IR spectra of the studied ANFO samples.

The bands attributed to zeolite Y powder (referring to both 1% wt. and 2% wt. of
the addition) were not detected. Direct comparison between the appearance of the FT-IR
spectra for the prepared ANFO samples depicted in Figure 2, and the FT-IR spectra given
in Figure S2 for variously modified zeolite Y samples, leads to the conclusion that the
bands typical of AN structure overlapped with the signals coming from zeolite phase.
Interestingly, the appearance of a small band at ca 1400 cm−1 for all Mg-Y samples can
evidence the presence of magnesium in the form of MgO [58,59].

3.2. Morphology and Surface

AFM analysis (Figures 3 and 4) indicated the presence of numerous surface deforma-
tions on AN prills in all studied samples. The presence of irregular-shaped AN grains are
also apparent. The surface of the tested samples was hilly and was characterized by the
existence of bulges. The height of the bulges was the highest for the ANFO without zeolite
(for sample A) and reached 5 μm. For the ANFO samples containing 2% wt. of zeolite
Y (either in Na-Y or Mg-Y forms)—samples B2, C2, D2, and E2—the occurrence of very
small zeolite grains was detected. Another effect was the lowering of the bulge height to
2–3.5 μm.

Zeolite Y was characterized by another character of surface in comparison with ANFO-
type materials (Figures S3 and S4). First of all, the surface of zeolite Y seemed to be much
more uniform in relation to AN. Furthermore, the variously modified zeolite Y grains were
small (with sizes of 1–3 μm and heigh below 1 μm) in respect to AN prills (with diameters
in the range of 2–30 μm—Figure 3). The state of the zeolite Y surface depended clearly on
the route of zeolite modification. The most uniform surface was found for Mg-Y prepared
via the ion-exchange procedure, whereas the most differentiated surface was found for
Mg-Y prepared using wet impregnation of zeolite Y with magnesium nitrate.
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Figure 3. AFM images of the surface of ANFO samples.

Figure 4. AFM visualization of the surface of ANFO samples in different projections.

SEM images of two magnifications (×1000 and ×10,000) illustrate the influence of
the zeolite additive on the morphology of ANFO samples (Figure 5). Ammonium nitrate
porous prill crystals mixed with Fuel Oil (sample A) are in the form of wrinkles, surface
deformations, and cracks. The morphology of sample A resembles Chinese Cabbage, which
is full of holes. The addition of zeolite Y (either with or without Mg) resulted in significant
changes in the morphology of the prepared samples. First of all, the appearance of irregular-

106



Materials 2022, 15, 5855

shaped crystals was found. This new crystalline phase undoubtedly comes from zeolite Y
(Samples B2 and C2). Unfortunately, due to the very high sensitivity of the ANFO surface
to the electron beam, we were not able to perform the SEM measurements for all prepared
samples (D2 and E2). It was caused by the impossibility of achieving a vacuum (probably
because of the decomposition of AN) and tearing the surface of the studied samples by the
electron beam. Hence, we mainly used the AFM technique to characterize the surface of
ANFO-type materials. However, the information obtained from SEM images is in line with
the results taken from AFM analysis.

Figure 5. SEM images of ANFO-based samples.

The influence of the way of the zeolite Y modification on its morphology was studied
(Figure S5). It was indicated that independently of the zeolite Y modification (both in Na-Y
and Mg-Y form), zeolite grains are of irregular shape with sizes smaller than 1 μm. No
apparent differences in morphology between variously prepared zeolites were found.

3.3. Thermal Properties

To investigate the influence of the addition of variously modified zeolite Y on the
thermal decomposition of ANFO, thermal analysis has been conducted. The TG mass loss
and DSC heat effects were measured for ANFO containing 2% wt. of variously prepared
zeolite Y (either without or with Mg introduced to zeolite via various techniques). The TG
and DSC results are depicted in Figure 6A,B, respectively.

TG data (Figure 6A) showed that for all ANFO samples, a small mass loss (at a
temperature lower than 250 ◦C) was caused by the evaporation of FO from crystalline
Ammonium Nitrate. The evaporation of FO took place initially from the surface pores, later
from the FO monolayer, and then continued from further FO layers [15].

A further increase of the temperature to the region at 250–300 ◦C led to the decompo-
sition of AN according to Equation (2):

NH4NO3→N2O + 2H2O (2)
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Figure 6. (A) TG and (B) DSC analysis of the ANFO samples.

That resulted in a total mass decrease of all measured samples. The effect was the
same independently of the modification of ANFO with zeolite Y (both in Na-Y form and
Mg-Y zeolite prepared via various routes).

For comparison, pure zeolite Y demonstrated high thermal stability. Observed mass
loss (22%) resulted from the desorption of water from the surface and then from internal
parts of zeolite grains. A relatively high amount of removed water from zeolite can be
explained by the high hydrophilicity of zeolite Y, which is typical of zeolites with a low
Si/Al molar ratio [60].

DSC curves, obtained at 20–700 ◦C for all prepared ANFO-type materials, are illus-
trated in Figure 6B. In order to facilitate interpretation, separated TG/DSC data given
for each studied sample were illustrated in Figures S6–S10. The DSC profiles indicate
four endothermic peaks at 60, 135, 175, and 287–293 ◦C. Two signals at ca. 60 and ca.
135 ◦C originate from the crystallographic transformation of AN III→II and AN II→I,
respectively [61]. A third endothermic signal at ca. 175 ◦C can be attributed to the AN
melting point. Furthermore, rising temperature led to the thermal decomposition of AN,
which was confirmed by the appearance of the fourth DSC peak with a maximum at
ca. 287–293 ◦C [46,61]. From the analysis of DSC profiles, it may be concluded that the
modification route of ANFO with zeolite Y has a small influence on the decomposition
temperature of prepared non-ideal explosives. For example, ANFO without zeolite (sample
A) undergoes decomposition at 287 ◦C with a −5.82 mW/mg thermal effect. The addition
of zeolite Y containing 2% wt. of Mg introduced via the ultrasonic treatment of aqueous Mg
precursor (sample E2) resulted in the decrease of DSC peak to −5.02 mW/mg without the
change of peak maximum (at 287 ◦C). When ANFO was modified with 2% wt. of zeolite
without Mg (B2), an energetic effect decreased to −4.25 mW/mg with the simultaneous
growth of decomposition temperature to 293 ◦C. Similar observations took place in the case
of the samples prepared via the blending of ANFO with 2% wt. of Mg-Y prepared via wet
impregnation (C2) and ion-exchange (D2), for which thermal effects were −4.32 mW/mg
and −4.20 mW/mg, respectively. In turn, DCS curve maxima were at 293 ◦C in both cases.

In our recent work [47], we reported that the maximum of DSC peak responsible for
the decomposition of AN can depend on both the size of the microstructured charcoal
(MC) grains and the chemical composition of the prepared samples. Generally, higher MC
content and smaller MC grains lowered ANFO decomposition temperature (from 292 to
272 ◦C). In our case, we did not investigate the influence of zeolite additive grains, because
we used zeolite in the form of powder.

In another work [62], we reported that the AN provenance (AN as fertilizer: AN-F
vs. AN porous prill used in the mining industry: AN-PP) has a profound impact on
the temperature of AN decomposition. AN-PP (applied in the undertaken research) is
characterized by a lower decomposition temperature.
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For comparison with another bibliography, not connected with our previous research,
Fedroff et al. [63] reported that AN undergoes decomposition above 230 ◦C. Nevertheless,
AN can deflagrate above 325 ◦C. Depending on the critical diameter, Ammonium Nitrate
can explode at 260–300 ◦C.

3.4. Detonation Properties

The results of a quantitative analysis of post-blast fumes and velocity of detonation
(VOD) measured for the prepared non-ideal explosive samples are summarized in Table 2.
Total COx and NOx post-blast volume was equal to 133.4 dm3 from 1 kg of tested charge
(sample A). Generally, the addition of zeolite caused a slight decrease of (COx + NOx)
volume to 126.0–131.6 dm3/kg depending on either the zeolite loading (% wt.) in the
ANFO sample or the route of zeolite preparation. One exception was sample E2, for which
cumulative (COx + NOx) volume was higher (133.8 dm3/kg) in respect to the sample
without zeolite additive (A).

Table 2. Post-blast fumes, the velocity of detonation (VOD), and density of non-ideal ANFO with the
addition of zeolite Y.

Sample CO2 [dm3/kg] CO [dm3/kg] NOx [dm3/kg]
COx and NOx Post-Blast

Volume [dm3/kg]
VOD [m/s] Density [kg/m3]

A 121.7 4.01 7.64 133.4 2024 695
B1 119.5 4.41 6.83 130.7 2129 683
B2 114.1 4.69 7.24 126.0 2176 672
C1 117.0 4.17 7.96 129.1 2096 676
C2 116.0 4.85 9.00 129.8 2122 671
D1 116.4 4.18 8.73 129.3 1947 684
D2 117.9 3.80 9.94 131.6 2078 676
E1 118.4 3.81 8.73 130.9 1945 686
E2 119.5 4.48 9.83 133.8 1981 686

The most apparent effects were observed for the ANFO containing 1% wt. (B1) and
2% wt. of zeolite Y in sodium form (B2), for which cumulative COx and NOx volumes
were equal to 130.7 dm3/kg and 126.0 dm3/kg, respectively. In this case, we can see
that a higher amount of zeolite additive in the ANFO sample caused a lowering in the
formation of COx and NOx. In the case of ANFO modified with the zeolite Y containing
Mg, we observed another effect. First of all, when we used the ANFO containing 2% wt.
of Mg-Y zeolite (samples C2, D2, and E2), we detected higher total emission of COx and
NOx (129.8 dm3/kg, 131.6 dm3/kg and 133.8 dm3/kg, respectively) than for the analogs
modified with 1% wt. of Mg-Y (sample C1—129.1 dm3/kg, sample D1—129.3 dm3/kg
and sample E1—130.9 dm3/kg). At first sight, the presented results seem to be ambiguous.
However, the analysis of EDS results (Table S1) allows us to notice that a rising weight
Mg/Na ratio resulted in higher production of COx and NOx from the detonation of 1 kg
of explosive. Hence, it seems that the presence of Na in zeolite additive has a positive
impact on the reduction of post-blast fumes during detonation of ANFO, whereas Mg
evokes an opposite effect. From the analysis of the data summarized in Table S1, we can
also establish that the weight ratio between Mg and Na in zeolite additive depends strictly
on the way of the preparation of Mg-Y zeolite. The modification of ANFO with Mg-Y, in
which Mg was introduced to zeolite via ion-exchange procedure (samples D1 and D2) or
sonochemical-assisted technique (samples E1 and E2) resulted in a higher Mg/Na weight
ratio followed by higher cumulative production of post-blast fumes.

When we focus only on the emission of CO2, we can see that for all zeolite-containing
samples (B1, B2, C1, C2, D1, D2, E1, and E2), the addition of Na-Y or Mg-Y zeolite re-
sulted in a slight reduction of CO2 among post-blast gases from 121.7 dm3/kg (sample
A) to 114.1–119.5 dm3/kg. The lowest emission of CO2 was found for sample B2 (ANFO
modified with 2% wt. of Na-Y zeolite).
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Our results on the blasting properties of the studied explosives were compared with
the research reported in the available bibliography. However, it was impossible to make a
direct comparison between our research described in the current work and other ANFO +
zeolite mixtures due to the lack of a bibliography dedicated to the application of zeolites in
the manufacturing of ANFO.

Maranda et al. [21] reported that increasing amounts of Al powder caused a distinct
reduction of the toxic fumes formed during detonation. In turn, in our recent work [41], we
reported that the application of silica affected the oxygen balance of the non-ideal explosive
towards positive values, which can be explained by the reduction of FO content and the
additional introduction of oxygen (existing in the silica). The shift towards positive oxygen
balance caused a high increase in the NOx and CO2 volume. It is worth emphasizing that
zeolites also belong to oxide materials, and thus should be a source of oxygen. Hence,
zeolites can influence the oxygen balance, and we observed an increase in NOx production
among post-blast fumes. On the other hand, minimal reduction of COx can be explained
by the presence of Al in the structure of the zeolite.

In another previous work [47], we reported the application of microstructure charcoal
(MC) powders. In this case, the addition of MC to ANFO also caused the growth of the
COX and NOX volume among post-blast gases due to the additional oxygen which was
present in the charcoal, and which was reported in the XPS analysis, but which was not
included in the calculations. Similar to zeolites and silica, in this case, the shifting oxygen
balance toward positive values also takes place. This shift is due to the occurrence of oxygen
in the MC chemical composition, which resulted in the MC oxygen balance being lower
than assumed at the beginning. That led to the changes in the chemical composition of the
studied ANFO + MC systems [47]. Muzyk and Topolnicka [64] indicated that oxygen content
decreased with the rank of coal. For example, in flame coal, coke, and anthracite, the oxygen
content was at 2–17%. In brown coals, the oxygen amount is in the range of 15–35%.

Our findings concerning the increase of NOx among post-blasting gases are in agree-
ment with the results reported by Bhattacharyya et al. [65]. Besides the excess of oxygen
in the explosive chemical composition or application of the additive which has a positive
oxygen balance, the production of NOx depends on the ANFO’s grain size, the amount
of FO added to Ammonium Nitrate, as well as the mixing between AN and FO [65–70].
Bhattacharyya et al. [65] indicated that detonation of finer-grained ANFO caused a higher
concentration of NOx in post-blast oxides in relation to the coarser-grained analog, which
may be explained by a faster reaction of finer-grained ANFO and a higher oxygen volume
available to the chemical reaction leading to a more intensive formation of NOx. Opposite
effects were observed by Sapko et al. [66], who reported that the use of powdered ANFO
limited the emission of NOx fourfold than usual ANFO. Observed phenomena can be
explained by a higher mix between fuel and powdered AN prill, leading to a fuller AN
decomposition and a higher VOD. On the other hand, it was shown that the application
of ANFO of lower FO content caused the growth of NOx in post-blast fumes, whereas an
excess of FO added to AN resulted in less NOx content among post-blast oxides due to a
better stoichiometric blending between AN and FO [67–70].

Experimental data concerning the velocity of detonation (VOD) indicated a clear
correlation between VOD values and the type of used ANFO. For ANFO without zeolite
(sample A), VOD was 2024 m/s. In the case of ANFO modified with Na-Y zeolite, VOD
grew from 2024 m/s to 2129 m/s (for sample B1) and to 2176 m/s (for sample B2). A notable
increase in VOD was also observed for ANFO samples modified with Mg-Y prepared via
the impregnation method, for which VOD increased to 2096 m/s (for sample C1) and
2122 m/s (for sample C2). An opposite effect was observed for the ANFO modified with
Mg-Y via the ultrasonic-assisted procedure. For samples E1 and E2, VOD decreased from
2024 m/s to 1945 m/s and 1981 m/s, respectively. An ambiguous effect was observed for
the ANFO modified with Mg-Y zeolite obtained via the ion-exchange procedure. In the
case of the sample containing 1% wt. of zeolite (D1), VOD was reduced from 2024 m/s to
1947 m/s, meanwhile, explosive containing 2% wt. of zeolite demonstrated VOD equaling
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to 2078 m/s. In all cases, VOD increased with the zeolite loading in the tested explosive.
Based on the presented results of the blasting properties of the prepared ANFO, it can be
concluded that the VOD values of the studied explosives can be easily controlled by both
the zeolite Y content and the choice of the zeolite Y modification way. The density of the
prepared ANFO samples depended weakly on their route of preparation. For the reference
sample (A), density was 695 kg/m3, while for the ANFO containing zeolite (B1, B2, C1, C2,
D1, D2, E1, and E2), density was slightly lower and was in the range of 671–686 kg/m3.

The results on the VOD values are comparable with our previous studies [71], however,
VOD should rise linearly with ANFO’s density. In turn, in our undertaken study, we have
a similar density of the prepared samples, thus the VOD values are also in a relatively
narrow range (1947–2176 m/s). The separate subject for a debate constitutes the influence
of the modifier content on the VOD values. As mentioned above, generally, the VOD values
increased with the zeolite content in ANFO. When we compared this tendency with the
results reported for our previous research [41], where a growing amount of silica in ANFO
caused ambiguous changes in VOD values, we stated the opposite effect. This discrepancy
can be explained by some fundamental differences between silica and zeolite-type additive.
Namely, silica is a typical inert component in ANFO, meanwhile, zeolite Y in the form of
both Na-Y and Mg-Y can play a multifunctional role. Zeolite Y can be a source of oxygen
(influencing oxygen balance), as well as it supports silicon, sodium, magnesium, and
aluminum, being fuel for ANFO. This explanation can be confirmed by Miyake et al. [6],
who investigated the velocity of detonation of explosives made of Ammonium Nitrate (AN)
blended with activated carbon (AC). They indicated that in AN:AC systems VOD raised
with AC content (AN:AC containing 5% wt. of AC was characterized by the VOD value
reaching 3400 m/s). Similar observations took place in the case of the mixture of ANFO
with microstructured charcoal (ANFO + MC), where the addition of MC to ANFO caused
the increase of VOD from 1586 m/s to 1617–2046 m/s depending on both the amount of
MC in (ANFO + MC) sample and the size of charcoal enhancer grain [47].

Calculated blasting properties are summarized in Table 3. Performed calculations
indicated the potential impact of zeolite additive on the tested ANFO’s properties. All
investigated parameters (detonation pressure, detonation temperature, heat of explosion,
and compression energy defined in [48] being effects of detonation) rose with the loading
of ANFO with variously modified zeolite Y. Detonation pressure grew from 3838 MPa for
reference AMFO (sample A) to 3844–3966 MPa and to 3954–4126 MPa for samples contain-
ing 1% wt. or 2% wt. of zeolite, respectively. For both zeolite contents (1 and 2% wt.), more
apparent growths in detonation pressure were indicated for the samples containing Mg-Y
zeolite prepared via the ion-exchange or ultrasonic-assisted procedure. The values exceed-
ing 4000 MPa were obtained only for ANFO blended with 2% wt. of zeolite containing
magnesium introduced into zeolite Y via ion-exchange process (4008 MPa—sample D2)
and using ultrasounds (4126 MPa—sample E2). When we compare our calculated detona-
tion pressure values with EDS results (Table S1), we can see that a rising weight Mg/Na
ratio favors a higher detonation pressure. Similar tendencies were found for the heat of the
explosion and compression energy. For the heat of the explosion, we obtained rising values
from 3913 kJ/kg (sample A) to 4352–4384 kJ/kg (samples B1–E1) and to 4785–4816 kJ/kg
(samples B2–E2). In turn, the simulated values of compression energy grew from 795 kJ/kg
(sample A) to 819–856 kJ/kg (samples B1–E1) and to 873–889 kJ/kg (samples B2–E2).

In the case of calculated detonation temperature, the addition of zeolite Y (both in
the form of Na-Y and Mg-Y) to ANFO resulted in the increase of values from 2970 K (for
sample A) to 3204–3224 K and to 3428–3443 K (for ANFO modified with 1% wt. and 2% wt.
of zeolite Y, respectively), and was independent of the way of zeolite modification. Only
one simulated parameter, which demonstrated such minor changes, was oxygen balance.
The addition of variously modified zeolite Y (both in the form of Na-Y and Mg-Y) to ANFO
caused very small shifts towards more positive values from −0.99% (for pure ANFO) to
−0.98% and −0.97% (when ANFO contained 1% wt. or 2% wt. of zeolite, respectively).
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Table 3. Calculated properties of non-ideal ANFO with the addition of variously modified zeolite Y.

Sample Detonation Pressure [MPa]
Detonation Temperature

[K]
Heat of Explosion [kJ/kg]

Compression Energy
[kJ/kg]

Oxygen Balance [%]

A 3838 2970 3913 795 −0.99
B1 3871 3204 4352 819 −0.98
B2 3954 3428 4785 873 −0.97
C1 3844 3220 4381 835 −0.98
C2 3961 3443 4811 877 −0.97
D1 3966 3224 4379 856 −0.98
D2 4008 3441 4813 878 −0.97
E1 3900 3211 4384 821 −0.98
E2 4126 3441 4816 889 −0.97

The obtained calculations correspond to our previous research [31], where we reported
that the addition of Al or Mg powder to ANFO resulted in significant growth of heat of
explosion from 3940 kJ/kg (for pure ANFO) to 4510 J/kg (for ANFO + Al) and to 4500 kJ/kg
(for ANFO + Mg), that can be explained by the role of Al and Mg as a fuel being an additional
resource of energy [5,20,21,30,31,39]. Another cause of the elevated values of the detonation
pressure, temperature, heat of the explosion, and compression energy, can be the afterburning
effect, which is a phenomenon resulting from the secondary reaction between unreacted FO
(and/or partially oxidized post-blast fumes coming from the primary reactions) with the
surrounding air [72,73]. On the other hand, higher values of those parameters are in line with
oxygen balance, which also increased and was close to zero.

In a total other view, when we treat zeolite as a system consisting of Si-O and Al-O
groups (i.e., semimetal subsystems), we could assume this type of additive introduced to
ANFO (being non-ideal composition) combusting behind the reaction front zone. That
could lead to the increase in detonation temperature and pressure due to the growth of the
surface being responsible for the heat exchange between the zeolite grains and the specific
product formed during the reaction of the ANFO decomposition [39].

4. Conclusions

• In the present work, we presented the assessment of the blasting properties of Am-
monium Nitrate Fuel Oil (ANFO) with the addition of variously modified zeolite
Y.

• The presence of zeolite Y in ANFO did not change the structure, but altered ANFO’s
surface, morphology, and influenced slightly thermal properties of such synthesized
ANFO.

• The addition of zeolite Y to ANFO led to the growth of the detonation pressure,
temperature, and heat of the explosion.

• We can control the VOD of ANFO by the choice of the way of the modification
of zeolite Y additive. For bare zeolite Y and Mg-Y prepared via the impregnation
method, the velocity of detonation (VOD) rose. The opposite effect was observed for
ANFO modified with Mg-Y obtained from the deposition of Mg over zeolite Y via the
ultrasonic-assisted procedure.

• The utilization of variously modified zeolite Y as an ANFO modifier generally reduced
the volume of (COx + NOx) post-blast fumes, which is desired from an ecological point
of view.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma15175855/s1, Figure S1: XRD patterns of the variously modified
Y-type zeolites; Figure S2: FT-IR spectra of the variously modified Y-type zeolites; Figure S3: AFM
images of the surface of variously modified Y-type zeolites; Figure S4: AFM visualization of the
surface of variously modified Y-type zeolites in different projections; Figure S5: SEM images of
variously modified Y-type zeolites; Figure S6: TG/DSC profiles for sample A; Figure S7: TG/DSC
profiles for sample B2; Figure S8: TG/DSC profiles for sample C2; Figure S9: TG/DSC profiles
for sample D2; Figure S10: TG/DSC profiles for sample E2; Table S1: EDS (Energy Dispersive
Spectroscopy) chemical analysis of variously modified zeolite Y.
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Abstract: This work presents the results of the numerical and physical modelling of the hot torsion
of a hardly deformable 5XXX series aluminium alloy. Studies were conducted on constrained torsion
with the use of the STD 812 torsion plastometer. The main purpose of the numerical tests was
to determine the influence of the accuracy of the mathematical model describing the changes in
the yield stress of the tested material on the distribution of strain parameters and on the stress
intensity. According to the preliminary studies, in the case of numerical modelling of the torsion
test, the accuracy of the applied mathematical model describing the changes in the rheological
properties of the tested material and the correct definition of the initial and boundary conditions had
a particularly significant impact on the correctness of the determination of the strain parameters and
the intensity of stresses. As part of the experimental tests, physical modelling of the hot torsion test
was conducted. The aim of this part of the work was to determine the influence of the applied strain
parameters on the distribution and size of grain as well as the microhardness of the tested aluminium
alloy. Metallographic analyses were performed using light microscopy and the electron backscatter
diffraction method. Due to the large inhomogeneity of the deformation parameters and the stress
intensity in the torsion test, such tests were necessary for the correct determination of the so-called
representative area for metallographic analyses. These types of studies are particularly important in
the case of the so-called complex deformation patterns. The paper also briefly presents the results
of preliminary research and future directions in which it is planned to use complex deformation
patterns for physical modelling of selected processes combining various materials.

Keywords: hot torsion test; strain and stress state; numerical modelling; physical modelling; metal-
lographic examinations; EBSD analysis; microhardness; inhomogeneity of microstructure; hardly
deformable materials

1. Introduction

There are many research methods to determine the value of yield stress as a function
of strain parameters and temperature. These methods include tensile, compression, and
torsion tests. The methods have been described in detail in other works including [1–5].
According to many authors, the most convenient way of determining the flow curves
in high temperature is a hot torsion test. It enables the determination of the yield stress
indirectly, using the hypothesis of material effort. This test is widely used in plastometric
tests due to the unchanging stress state during the tests, corresponding with high accuracy
to pure shear and lack of friction as well as the possibility of obtaining large deformations,
significantly exceeding deformations achievable in the tensile or compression test [1,2,6].
The hot torsion method is particularly advantageous when assessing the plasticity of hardly
deformable and brittle materials for the conditions of hot plastic working. The advantage
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of this method is also the fact that during the tests, it is possible to create more secure
conditions to obtain a constant strain rate and to model sequential (multistage) deformation
patterns in the best possible way [1,7].

The main areas of application of the torsion test are determination of the value of yield
stress at a given temperature and for a given stain value and strain rate, assessment of
the limit deformability of the tested materials, testing (in conjunction with metallographic
analyses) of structural changes in the material caused by the deformation process or
physical modelling of plastic working processes [6].

There are many examples of the use of the hot torsion test in basic research in the
literature [8–14]. In these works, the authors investigated, for example, the influence of the
applied conditions of the deformation process on the yield stress, the development of the
microstructure and its gradient in the cross-section, or the influence of the applied condi-
tions on the deformability of the tested materials. While analysing the available literature,
numerous papers can also be found in which hot torsion tests have been successfully used
to physically copy the actual technological processes of rolling, extrusion or combining
materials [15–21].

However, it should be noted that the hot torsion test is marked by an uneven strain
distribution, strain rate, and temperature on the cross-section and longitudinal section of
the torsion material. In the cross-section, all the parameters mentioned above reach their
maximum values on the sample surface, while the lowest values of strain parameters occur
in the material axis. The influence of this unevenness should be taken into account through
calculating the strain parameters for the so-called representative radius, in which the
values of the strain parameters correspond to the average values in the cross-section. The
diversity of the strain value and the strain rate depending on the analytical relationships
used, linking the equivalent strain with the non-dilatational strain, result in the assumption
of different values, the so-called equivalent radius [2]. The projected equivalent radius
values are: 0.6 r, 0.67 r, 0.724 r or 0.75 r, where r is the radius of the torsion sample [2,3,22].

Numerical modelling of the torsion test, conducted in accordance with the actual
conditions of experimental tests, enables, for example, to determine the representative area
for possible metallographic tests. On the basis of the obtained results, it is also possible to
analyse the state of strain and stresses in the entire volume of the material. This is especially
important for complex deformation patterns (e.g., simultaneous torsion with tension or
simultaneous torsion with compression). As the preliminary tests conducted in this area
show, the applied strain pattern affects the value of strain parameters (strain intensity and
strain rate intensity) and the yield stress of the material. This is especially visible during
simultaneous torsion and tension. It was initially determined that this is the result of the
necking down formation and, consequently, a strong location (concentration) of the strain
in this area. On the basis of the results of many experimental and theoretical studies, it has
been proved that the strain rate in the neck during the tensile test is an order higher than
the average strain rate calculated on the basis of changes in the measuring length of the
samples [1].

Numerical analysis of the torsion test also enables the determination of the degree of
unevenness of the strain parameters for different materials and different dimensions of the
work part of the torsion samples in a wide range of strain parameters and temperature.
However, the necessary condition for the correct determination of the strain and stress
parameters during numerical modelling of the hot torsion test is the precise definition of
the rheological properties of the tested material and the correct determination of the initial
and boundary conditions, in accordance with the experimental tests.

An equally important problem during the theoretical and experimental analysis of the
hot torsion test is the determination of the influence of the applied strain parameters, for
example, on the distribution and size of the grain as well as the microhardness of the tested
material. As shown in the literature, both the grain size and its distribution, as well as the
microhardness distribution, depend primarily on the properties of the material itself, as
well as on the parameters of the deformation process (caused strain value, strain rate and
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temperature) and the mechanisms (processes) of rebuilding microstructures [10,11,23–25].
The description of the most common mechanisms of remodelling the microstructure and
the behaviour of various materials during hot forming can be found, for example, in the
works [26–31]. This applies not only to the torsion processes but also to high-pressure
torsion [32–34].

On the basis of the conducted numerical analyses, it was found that the condition
for the correct determination of the strain parameters distribution and the stress intensity
in the torsion test is high accuracy of the mathematical model describing the rheological
properties of the material tested.

No studies have been found in the analysed literature that would comprehensively
describe both the influence of the accuracy of the mathematical model of rheological
properties on the values and nature of changes in the strain parameters and the yield stress
as well as the influence of the applied strain parameters on the nature of the grain size
distribution and the microhardness of 5xxx series aluminium alloy. Therefore, according to
the authors, the issues raised in the work are topical, especially in the context of complex
deformation patterns.

2. Materials and Methods

2.1. Materials and Process Parameters

The tests presented in the paper were conducted for the hardly deformable 5019 alu-
minium alloy, with the chemical composition compatible with the standard EN 573-3
presentedin details in the paper [35]. Plastometric tests were conducted up to the true
strain value equal to 5, for the true strain rate value 0.05, 0.25 and 0.5 s−1, at the temperature
360, 400, 440 480 and 520 ◦C [35].

2.2. Methods

The methods for the numerical and physical modelling were used for the research. Nu-
merical modelling was performed with the use of commercial FORGE 2011 software [36],
while physical modelling was performed with the use of the STD 812 torsion plastome-
ter [14]. Metallographic studies were conducted using light microscopy (Olympus GX
51 microscope, Tokyo, Japan) and electron backscatter diffraction (EBSD) (Hitachi S-3400N
microscope, Tokyo, Japan). The microhardness measurements were carried out using
the Innovatest Nexus 4000 microhardness tester (INNOVATEST Europe BV, Maastricht,
The Netherlands).

2.2.1. Numerical Research: Mathematical Model Using FORGE 2011® Software

The aim of the numerical tests was to determine the influence of the accuracy of
defining the rheological properties of the 5019 aluminium alloy on the strain intensity
distribution, strain rate intensity, and stress intensity in the hot torsion test. In the first
stage, plastometric tests of the analysed aluminium alloy were conducted in constrained
torsion tests, the results of which are described closely in the paper [35]. These tests were
carried out for conditions characteristic of the extrusion process. The obtained results were
approximated with different accuracies (variants no. 1 and 2), determining mathematical
models of the rheological properties of the tested material in the analysed range of strain
and temperature parameters. In the next stage of the research, numerical modelling of
the hot torsion test was conducted with the use of the developed models of changes in
the rheological properties of the tested alloy, in accordance with the conditions occurring
during experimental tests. These studies were carried out with the use of the FORGE 2011®

program [36].
In the FORGE 2011® program [36], the properties of the deformed material were

described according to the Norton–Hoff [37–40] conservation law written in the following
Equation (1):

Sij = 2K(T,
.
εi, εi)(

√
3

.
εi)

mm−1 .
εij (1)
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where Sij is the deviatoric stress tensor,
.
εi is the strain rate intensity

.
εij is the strain rate

tensor, εi is the strain intensity, T is the temperature, K is the consistency depending on
the yield stress σp, and mm is the coefficient characterizing hot deformation of the metal
(0 < mm < 1).

For the determination of the temperature field, a differential equation is used, which
describes variations in temperature with transient heat flow. This is a quasi-harmonic
equation in the following Equation (2) [41–44]:

∂

∂x

(
kx

∂Ts

∂x

)
+

∂

∂y

(
ky

∂Ts

∂y

)
+

∂

∂z

(
kz

∂Ts

∂z

)
+

(
Q − cpρ

∂Ts

∂t

)
= 0 (2)

where kx,ky and kz are functions of the distribution of anisotropic thermal conductivities in
the directions x, y and z, Ts is the function that describes temperature in the investigated
area,Q is the function of the distribution of deformation heat generation speed, cp is
the function of the distribution of metal-specific heat and ρ is the function of the metal
density distribution.

When a die is rotating, the solver computes the torque obtained around the rotation
axis. The rolling torque is equivalent to a force multiplied by a distance. So, the solver
computes on every surface element the vector force multiplied with the distance to the
axis of rotation. The sum of all these local torques provides the total torque as shown in
Equation (3) [41,42]:

Mw =
∫
S

rσydS =
Ne

∑
e=1

∫
Se

reσyelydSe (3)

where r is the distance between a point on the material surface and the rotation axis, σy is
the stress component, Se is the surface area of a finite element in contact with the tool, e is a
finite element in contact with the tool, Ne is the number of finite elements that remain in
contact with the tool, σye is a component of the stress acting on the element in contact with
the rotating tools and ly is the directional cosine of the normal to the contact area of the
current element with the rotating tool.

The initial and boundary conditions for the numerical modelling of the hot torsion
test were the same as for the experimental tests using the STD 812 torsion plastometer
(Sections 2.1 and 2.2.2). Friction conditions between the sample and the tools were set to
bilateral sticking. To obtain a constant temperature distribution on the sample length, the
thermal exchange was set as adiabatic.

In order to describe the changes in the value of the yield stress during the approxima-
tion of the results of the experimental tests, Equation (4) [43] was adopted:

σp = A · em1·T · Tm9 · εm2 · e
m4
ε · (1 + ε)m5·T · em7·ε · .

ε
m3 · .

ε
m8·T (4)

where σp is yield stress, T is temperature, ε is true strain,
.
ε is strain rate and A and m1÷m9

are function coefficients.
The approximation of the results of the experimental tests was performed with the

use of software developed at the Department of Metal Forming and Safety Engineering at
the Częstochowa University of Technology.

2.2.2. Experimental Research

As part of the experimental tests, physical modelling of the hot torsion test was
conducted. The STD 812 torsion plastometer was used for the tests [14]. The general view
of the test chamber and the main parameters of the device are shown in Figure 1.
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Figure 1. STD 812 torsion plastometer: (a) device chamber: 1—specimen, 2—holders, 3—thermocouples type S, 4—
induction solenoid, 5—cooling system jets, 6—pyrometer and 7—sensors for laser measurement of specimen diameter;
(b) basic specification.

Both the experimental and numerical tests were conducted to obtain the true strain
value equal to 5, at a constant temperature of the deformed sample and with a constant
strain rate. Round samples with a diameter of d = 8 mm and a measuring base length of
l = 20 mm were used for the tests (Figure 2). A K-type thermocouple (NiCr–Ni), welded to
the side surface of the sample, was used to register and control changes in temperature.
The tested material was heated with a heating rate 5 ◦C/s to the desired temperature, held
for 10 s, then deformed and cooled freely.

Figure 2. The 5019 aluminium alloy sample’s technical specification.

Equation (5) was used to determine the true strain, the true strain rate was determined
based on Equation (6), while the yield stress was calculated according to Equation (7) [2,22].

ε =
2 · π · r · N√

3 · L
(5)
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•
ε =

2 · π · r · •
N√

3 · 60 · L
(6)

σp =

√
3 · 3 · M

2 · π · r3 (7)

where r is the sample radius, L is the sample length, N is the number of sample twists

(revolutions),
•
N is the torsion speed (rpm), and M is the torque.

2.2.3. Metallographic Analysis and Microhardness Measurements

As part of the experimental work, metallographic tests and microhardness mea-
surements of the tested 5019 aluminium alloy in the initial state were conducted after
homogenisation before deformation and after the deformation process. The purpose of this
part of the study was to determine the influence of the applied strain parameters on the
distribution and size of the grain as well as the microhardness of the tested aluminium
alloy for the selected temperature and strain rate. Observations of the microstructure
were carried out using an Olympus GX51 light microscope equipped with digital image
recording. Additionally, the grain size measurements on the cross-section were performed
using the secant method.

Microhardness measurements were conducted using the Vickers method with the
use of the Innovatest Nexus 4000 hardness tester, applying a 100 gramme load. Both the
measurements of grain size and microhardness were carried out in two perpendicular
directions on the cross-sections of samples made of the 5019 aluminium alloy (according to
Figure 15). The test samples were mechanically polished according to the procedure of the
Struers company. To reveal the microstructure, the samples were etched in Barker reagent
with the composition of 2 mL HBF4 + 100 mL of H2O, and the observations were made
under polarized light.

Metallographic analyses using the electron backscatter diffraction (EBSD) method
were performed using a Hitachi S-3400N scanning electron microscope. An accelerating
voltage of 15 kV was used for the tests. The sample was tilted at an angle of 70◦ at a
distance of approximately 20 mm from the column. The detector and the software used
for the EBSD analysis were from the HKL company. The electron backscatter diffraction
analysis was performed to obtain maps of the crystal lattice orientation distribution on the
surface of the test sample with a 1 μm step at a magnification of 200×. The colours obtained
were assigned to the obtained orientations according to the basic IPF triangle. The results
are presented both in the form of a map of the crystallographic orientation distribution on
the sample surface and in the form of pole figures (PFs) along with inverse pole figures
(IPFs). The texture results were also calculated for orientation intensity to both PF and
IPF with 10 × 10◦ clustering. The disorientation map was also determined, considering
the grain boundaries above 15◦ (marked in black) and the sub-grain boundaries above
5◦ (marked in blue). Measurements were made in three areas: (1) the centre of the sample,
(2) at 0.67 r (2.68 mm from the centre), and (3) at 0.724 r (2.9 mm from the centre), where r
is the sample’s radius.

3. Results

In order to determine the actual temperature distribution along the sample’s length,
temperature measurements were performed using the contact method with the use of three
K-type thermocouples (NiCr–NiAl) (Figure 3). Examples of the results obtained during
the tests at the temperature of 480 ◦C are presented in Figure 4. It was stated that the
highest temperature value (480 ◦C) appeared in the centre of the sample. At the end of the
measurement base, the temperature was only slightly lower (below 3%) at 466 ◦C. On this
basis, it was found that the heating and temperature control system of the STD 812 torsion
plastometer ensured an even temperature distribution along the length of the measurement
base of the torsion samples.
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Figure 3. Example specimen during welding of the thermocouple with a lateral surface.

Figure 4. Actual temperature distribution along the sample’s length determined by the con-
tact method.

By analysing the temperature changes outside the working part of the samples, a
much larger drop in temperature can be found. The main reason for the rapid decrease
in temperature was the increasing cross-section of the samples and the change in heat
exchange conditions. The test area of the samples was located in the centre of the induction
coil heated to the set temperature, while the rest of the samples was outside the area of
heat influence caused by the induction field. Additionally, heat was conducted towards the
cold grips of the torsion plastometer.

3.1. Analysis of the Numerical Research Results: Problem with the Mathematical Model’s Accuracy

Table 1 presents the values of the equation coefficients (4), approximating the test
results of the 5019 aluminium alloy obtained in the tested range of the strain and tempera-
ture parameters.

Table 1. Coefficients of Equation (4) used to determine σp values of the 5019 aluminium alloy (Variant 1) [45].

A m1 m2 m3 m4 m5 m7 m8 m9

0.271553 −0.00957753 −0.0823773 −0.246413 −0.000573716 0.000622463 −0.164103 0.00101501 1.65143

Sample diagrams of the course of yield stress during the torsion of samples at the
temperatures of 440 ◦C, 480 ◦C, and 520 ◦C are presented in Figure 5.

By analysing the course of the actual and approximate hardening curves of the anal-
ysed aluminium alloy, it can be stated that the values of yield stress, approximated by
Equation (4) using the coefficients in Table 1, were close to the values of yield stress
determined experimentally.
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Figure 5. Flow curves of the 5019 aluminium alloy at temperatures of (a) 440 ◦C; (b) 480 ◦C; (c) 520 ◦C; empty symbols—
plastometric test data; full symbols—results after approximation using coefficients from Table 1 (Variant 1).

Despite the small range of the strain rate (0.05–0.5), it can be noticed that during the
torsion of the tested alloy with a strain rate of 0.05 s−1, at the temperatures of 440 and
480 ◦C, the values of yield stress obtained as a result of the approximation, above the actual
strain value of about three, are lower than the values determined experimentally. During
the torsion of the tested alloy with a strain rate of 0.05 s−1, at the temperature of 440 ◦C, the
maximum differences between the values of yield stress determined experimentally and
obtained as a result of the approximation occurred at the true strain of five and amounted
to over 23%. When deforming samples with a strain rate of 0.05 s−1, at a temperature of
480 ◦C, the maximum differences between the values of yield stress determined in torsion
tests and the approximated values were about 21% (also for true strain of five). Similar
differences between the actual and approximate values of yield stress were found on the
basis of the analysis of the test results obtained during the torsion of the samples with a
strain rate of 0.25 s−1 at temperatures of 480 and 520 ◦C. Moreover, in this case, the greatest
differences between the actual and approximate values of the yield stress were noted for
the true strain equal to five. During the deformation of the tested 5019 aluminium alloy
at a temperature of 480 ◦C, they were approximately 22%, while during the torsion at a
temperature of 520 ◦C, they were approximately 19%.

After implementing the determined coefficients of the mathematical model of changes
in the rheological properties of the 5019 aluminium alloy to the material base of the FORGE
2011® program, numerical modelling of torsion tests (Variant 1) was performed in the
next stage of the research. Examples of the results obtained during the torsion of samples
with a strain rate of 0.25 s−1 at a temperature of 480 ◦C are presented in Figures 6–9. The
analysis covers the temperature distribution, strain intensity, strain rate intensity and
stress intensity.

Figure 6 shows the temperature distribution in the tested aluminium alloy, deter-
mined numerically.

By analysing the data presented in Figure 6, it was found that the initial temperature
distribution in the material set at the beginning of the torsion test (Figure 6a) does not
change during the entire hot torsion process (Figure 6b). The obtained distribution is
consistent with the results obtained experimentally (Figure 4). By analysing the temperature
distribution in the central part of the sample, on the cross-section (Figure 6c), it was found
that the highest temperature values caused by the highest strain value occurred on the
surface. In the tested case, the temperature difference on the cross-section of the tested
alloy was 5 ◦C. Based on the analysis of the results of the temperature distribution, it can
be stated that the conditions for conducting the tests at a constant temperature were met.
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Figure 6. Temperature distribution of the 5019 aluminium alloy calculated numerically using coefficients from Table 1: (a) at
the beginning of the torsion—longitudinal section, (b) at the end of the torsion—longitudinal section, (c) at the end of the
torsion—cross-section in the centre of the working part of the sample and (d) at the end of the torsion—perspective.

Figure 7. Distribution of the strain intensity of the 5019 aluminium alloy calculated numerically using coefficients from
Table 1: (a) longitudinal section, (b) cross-section—centre of the working part and (c) perspective.

124



Materials 2021, 14, 3508

Figure 8. Distribution of the strain rate intensity of the 5019 aluminium alloy calculated numerically using coefficients from
Table 1: (a) longitudinal section, (b) cross-section—centre of the working part and (c) perspective.

Figure 9. Distribution of the stress intensity of the 5019 aluminium alloy calculated numerically using coefficients from
Table 1: (a) longitudinal section, (b) cross-section—centre of the working part and (c) perspective.

The distribution of strain intensity, strain rate intensity, and stress intensity in the
entire volume of the working part of the tested material is presented in Figures 7–9.

On the basis of the data presented in Figures 7–9, inhomogeneity of the analysed
parameters can be observed both on the cross-section and longitudinal sections of the
deformed samples. The numerically determined values of the strain intensity and strain
rate intensity were higher than the values obtained in the experimental tests for all the
equivalent analysed radii. In the analysed case, the numerically calculated values of the
strain intensity ranged from 6 (for the equivalent radius of the 0.6 r sample) to 7.2 (for
the radius of 0.75 r), while in the experimental tests, the true strain was equal to five. The
values of the strain rate intensity ranged from 0.6 s−1 (for the equivalent radius of the
0.6 r sample) to 0.78 s−1 (for the radius of 0.75 r), while in the experimental tests, the
strain rate was 0.25 s−1. By analysing the results of the stress intensity distribution, it
was found that the nature of its distribution was incorrect. The highest values of this
parameter occurred for the equivalent sample radius of 0.6 r and not on the surface, which
is inconsistent with the data published in the literature. On the basis of the obtained
test results, it was found that the direct cause of incorrectly calculated strain intensity
distributions, strain rate intensity and stress intensity as well as higher values of these
parameters compared to the experimental tests may be an inaccurate description of the
rheological properties of the tested alloy with the use of the coefficients presented in Table 1.
For the analysed case (strain rate of 0.25 s−1, temperature of 480 ◦C), the approximated
values of the yield stress used in the numerical tests were lower than the values obtained
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in the experimental tests. Consequently, the plastic deformation resistance was also lower.
As a result, the numerically determined values of strain intensity and strain rate intensity
were overestimated in relation to the values obtained in actual torsion tests.

Therefore, in the next stage of the work, the results of plastometric tests were re-
approximated using the equation coefficients (4), obtained by approximation for a narrow
temperature range (Table 2, Variant 2). The obtained results are presented graphically in
Figure 10.

Table 2. Coefficients of Equation (4) used to determine σp values of the 5019 aluminium alloy (Variant 2) [45,46].

A m1 m2 m3 m4 m5 m7 m8 m9

0.271553 −0.00957753 −0.0823773 −0.2465 −0.002 0.0001 −0.032 0.00101501 1.65143

Figure 10. Flow curves of the 5019 aluminium alloy at temperatures of (a) 440 ◦C; (b) 480 ◦C; (c) 520 ◦C; empty symbols—
plastometric test data; full symbols—results after approximation using coefficients from Table 2 (Variant 2).

Based on the analysis of the data presented in Figure 10, it can be found that by
increasing the accuracy of the approximation (coefficients m3, m4, m5 and m7 of the
approximating Equation (4)), the accuracy of the mathematical description (model) of the
rheological properties of the tested aluminium alloy was increased. In the diagrams, no
differences were observed between the approximated and true values of yield stress for
a strain rate of 0.05 s−1 during the torsion at the temperatures of 440 and 480 ◦C and for
a strain rate of 0.25 s−1 during the torsion at the temperatures of 480 and 520 ◦C, which
were observed using the coefficients of the mathematical model of rheological properties
presented in Table 1.

In the next stage of the research, numerical modelling of the torsion tests was con-
ducted again using the coefficients of the mathematical model of the rheological properties
presented in Table 2. Similar to the previous case, the results obtained during the torsion
of the samples with a strain rate of 0.25 s−1 at the temperature of 480 ◦C are shown in
Figures 11–13. As the results of the temperature distribution were similar to those pre-
sented in Figure 6, only the results concerning the strain intensity distribution, strain rate
intensity and stress intensity in the entire volume of the working part of the tested alloy
are presented below.
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Figure 11. Distribution of the strain intensity of the 5019 aluminium alloy calculated numerically using coefficients from
Table 2: (a) longitudinal section, (b) cross-section—centre of the working part and (c) perspective.

Figure 12. Distribution of the strain rate intensity of the 5019 aluminium alloy calculated numerically using coefficients
from Table 2: (a) longitudinal section, (b) cross-section—centre of the working part and (c) perspective.

Figure 13. Distribution of the stress intensity of the 5019 aluminium alloy calculated numerically using coefficients from
Table 2: (a) longitudinal section, (b) cross-section—centre of the working part and (c) perspective.

Based on the analysis of the data presented in Figure 11, it can be found that during
the torsion of samples from the tested aluminium alloy with a strain rate of 0.25 s−1 at the
temperature of 480 ◦C and up to the true strain value of five, the numerically determined
values of the strain intensity changed from 4.3 (for the equivalent sample radius of 0.6 r)
up to 5.1 (for the radius of 0.75 r). The highest accuracy between the values determined
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numerically and those obtained in experimental tests was obtained for the equivalent radii
of the 0.67 r and 0.724 r samples.

Figure 12 presents that for the analysed case (strain rate of 0.25 s−1, temperature of
480 ◦C, true strain of five), numerically determined values of strain rate intensity ranged
from 0.25 s−1 (for the equivalent sample radius of 0.6 r) to 0.3 s−1 (for the radius of 0.75 r).
The highest accuracy between the numerically determined values and those obtained in
the experimental tests was obtained for the equivalent sample radius of 0.6 r. For the
remaining equivalent radii, the numerically determined value of the strain rate intensity
was slightly higher than the value obtained in the experimental tests. For the analysed case,
during the experimental tests, the speed of the moving tool (grip), after reaching the value
of 20.5 rpm, was slightly fluctuating, while during the numerical tests it was at a constant
level. This could cause a slight overestimation of the numerically determined intensity of
the strain rate.

By analysing the data on the stress intensity distribution (Figure 13), it can be found
that during the torsion of the samples from the tested material with a strain rate of 0.25 s−1,
at the temperature of 480 ◦C, up to the true strain value equal to five, the numerically
determined values of the stress intensity ranged from 44 MPa (for the equivalent sample
radius of 0.6 r) to 47 (for the radius of 0.75 r). The highest accuracy between the numerically
determined values and those obtained in the experimental tests was obtained for the
equivalent sample radius of 0.6 r. For the remaining equivalent radii, the numerically
determined stress intensity values only slightly differed from the yield stress obtained
during the torsion tests. The reason for this, as before, may be the way of defining the
rotational speed of the movable tool (grip) during numerical calculations. The numerically
higher value of the strain rate intensity resulted in a slight increase in the stress intensity of
the tested alloy.

By analysing the obtained results, it can be found that after applying the coefficients
of the mathematical model of the rheological properties listed in Table 2, the numerically
determined values of the analysed parameters corresponded with high accuracy to the
values obtained in the true torsion tests. This confirms the significant influence of the
accuracy of the mathematical model of the rheological properties on the distribution of the
analysed parameters.

The correctness of the conclusions of the authors is also confirmed by the results of
the experimentally and numerically calculated torsion moment as well as the results of
the course of the yield stress (experimental and calculated on the basis of the numerically
determined torsion moment values, using the dependency (7)), which are presented in
Figure 14.

By analysing the data presented in Figure 14, it is possible to observe a characteristic
peak in the value of the torsion moment and yield stress at the beginning of the torsion
process, and then their decrease along with the increase in the deformation. Based on the
analysis of the results of the torsion moment and yield stress, it was found that greater
consistency between the values calculated and recorded during torsion tests was obtained
by using the coefficients of the rheological properties model presented in Table 2 (Variant 2).

Based on the analysis of the results of the numerical tests, it was found that as
representative radii, marking the area in which the values of strain and stress parameters
corresponded to the average values on the cross-section of the torsion samples and, at the
same time, to the values obtained in the experimental tests, the radii equal to 0.67 r and
0.724 r should be taken.
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Figure 14. Changes in the torque and yield stress of the 5019 aluminium alloy—true and calcu-
lated values.

3.2. Analysis of the Experimental Research Results

Figure 15 shows the general diagram of the sample with the directions marked on
the cross-section in which metallographic tests and microhardness measurements were
carried out.

Figure 15. Cross-section of the sample with marked directions in which metallographic tests and
microhardness measurements were carried out (general diagram).

Figure 16 presents photos showing the microstructure of the tested alloy in its initial
state, before the deformation process. Figure 17 presents sample photos of the microstruc-
ture showing the centre (Figure 17a) and the edge (Figure 17b) of the sample.

Figure 18 presents a graph showing the changes in grain size on the cross-section of
the tested samples in their initial state.

On the basis of the metallographic analysis, it was found that the tested alloy in its
initial state (after the homogenisation process) had a homogeneous microstructure, both on
the cross-section and longitudinal section. The revealed grains had a regular shape. The
determined average grain diameter for the initial material before the deformation process
was approximately 68 μm (Figure 18).

129



Materials 2021, 14, 3508

Figure 16. Microstructure of the 5019 aluminium alloy in initial state, after the homogenisation
process (before the deformation process): (a) cross-section; (b) longitudinal section.

Figure 17. Microstructure of the 5019 aluminium alloy in the initial state, after the homogenisation process (before the
deformation process): (a) sample centre; (b) sample edge; cross-section, magnification 200×.

Figure 18. Changes in the grain size on the cross-section of the sample made of the 5019 aluminium
alloy; the measurements were performed in two perpendicular directions (as shown in Figure 15);
P0—the initial state of the material (after homogenisation).

Figures 19 and 20 present sample photos showing the microstructure of the tested
aluminium alloy after plastic deformation at the temperature of 480 ◦C with a strain rate of
0.25 s−1.
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Figure 19. Microstructure of the 5019 aluminium alloy after plastic deformation: (a) cross-section;
(b) longitudinal section.

Figure 20. Microstructure of the 5019 aluminium alloy after plastic deformation: (a) centre of the sample; (b) edge of the
sample; cross-section, magnification 200×.

Figure 21 presents a graph showing the changes in the grain size on the cross-section
of the tested 5019 aluminium alloy samples after the deformation process.

Figure 21. Changes in the grain size on the cross-section of a sample from the 5019 aluminium alloy
after the deformation process; the measurements were made in two perpendicular directions (as
shown in Figure 15); P1—material condition after hot torsion.

On the basis of the metallographic analysis, a large diversity of the microstructure
on the cross-section and longitudinal section of the tested material was found. While
analysing the results of the measurements of the grain size of the tested aluminium alloy
on the cross-section after the hot torsion process at the temperature of 480 ◦C with a strain
rate of 0.25 s−1, its typical distribution for the torsion test was found. The largest grains
were located in the central area (sample axis), where the strain intensity value was the
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smallest (3.20). The size of single grains in this area reached even 120–140 μm, while the
average grain size was approximately 47 μm. For the radius of 0.67, the average grain size
was about 27 μm, and for the radius of 0.724, the average grain size was approximately
26 μm. In the surface area, where the value of the strain intensity was the highest (6.65),
small recrystallised grains with an average size of approximately 18 μm were visible.
Additionally, in this area, coagulated separations arranged in stripes were observed. It
was found that as a result of the deformation, the average grain size of the tested alloy
decreased by approximately 21 μm (31%) in the sample axis, 41 μm (60%) for the 0.67 r
radius and 42 μm (62%) for the 0.724 r radius. The average grain size of the 5019 aluminium
alloy decreased by 50 μm (74%).

In turn, the determined average grain diameter of the tested alloy after the cross-
sectional deformation was approx. approximately 32 μm.

On the basis of the conducted metallographic analyses, it was shown that the structure
was highly diversified on the cross-section of the sample of the tested material after the
hot torsion, mainly due to the high inhomogeneity of the deformation parameters (strain
intensity, strain rate intensity). The obtained results of metallographic analyses confirm the
necessity to define the so-called representative area for the assessment of the microstructure
of the material after the torsion process. The presented results also indicate the need to
analyse the microstructure of twisted samples in a strictly defined zone for which the value
of local strain should be determined.

In the next stage of the research, microhardness measurements were performed on the
cross-section of the samples. Exemplary results of the microhardness measurement on the
cross-section of the samples of the tested aluminium alloy before and after the deformation
process are presented in Figure 22.

Figure 22. Changes in microhardness on the cross-section of the 5019 aluminium alloy samples (measurements made in two
perpendicular directions—according to Figure 14): (a) undeformed material; (b) material after plastic deformation.

The obtained results did not show any differences in the level of microhardness for
the material after homogenisation and after the hot torsion process, despite significant
differences in the grain size on the cross-section. The average measured microhardness
was approximately 76 HV0.1 (Figure 22).

However, diversity in microhardness on the cross-section of the tested samples were
noted. The material after the plastic deformation process was marked by greater inhomo-
geneity of the microhardness distribution on the cross-section, which was mainly caused
by a greater differentiation of the grain size on the cross-section. The nature of the micro-
hardness distribution is consistent with the results of the grain size measurement. In the
deformed axis of the sample, where the grain is the largest, the tested material had the
lowest microhardness. On the other hand, in the surface areas, where the average grain
size was the smallest, the average values of the microhardness of the tested alloy were
the highest.
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In the conditions of hot deformation of aluminium alloys, the strengthening effect
resulting from deformation is counteracted by softening as a result of structural renewal
processes. Therefore, despite the significant fragmentation of the microstructure, especially
outside the centre, no increase in the level of microhardness was found.

During thermomechanical processing, mechanical properties of materials are affected
by strain history, chemical composition and the microstructure. When aluminium alloys
are strained at the elevated temperatures, they may experience work hardening and flow
softening which result from dynamic recovery (DRV), dynamic recrystallisation (DRX)
or dynamic precipitation transformations [47–49]. Due to the high stacking fault energy
of aluminium alloys, dynamic recovery (DRV) was more likely to occur than dynamic
recrystallisation (DRX) [50].

In order to characterize the microstructure of the samples more fully, studies were
conducted using the EBSD. Since the radii assumed that the representative radii were equal
to 0.67 r and 0.724 r, EBSD analyses were performed in these areas and additionally along
the axis of the samples.

The EBSD analyses for the sample after homogenisation (starting material before the
deformation process), as presented in Figure 23, were similar for each of the analysed
areas. Basic triangles indicate the dominance of directions around the <101> pole, and
the maximum intensity of the texture was 2.32–2.84. Pictures presenting the types of edge
indicate the dominance of large angles, above 15◦, while in the axis of the sample, large
angles of disorientation constitute 85% of the studied population, and at a distance of
0.67 r and 0.724 r—over 90%. The size of grains/sub-grains in the area covered by the
study determined on the basis of EBSD tests was 57 μm, and the average surface area was
3528 μm2. The determined grain size at a distance of 0.67 r and 0.724 r was slightly smaller,
and it was approximately 55 μm for both distances.

Figure 23. Cont.
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Figure 23. EBSD analysis results of the sample after homogenisation; (a,b,c) centre of the sample, (d,e,f) distance from
the centre = 0.67 r, (g,h,i) distance of the centre = 0.72 r; (a,d,g) EBSD maps showing changes in orientation, (b,e,h) maps
showing the types of edges (the edges of a large angle are marked in black, and the edges of a small angle are marked in
blue) and a (c,f,i) basic triangle—orientation intensity.

The results of the EBSD analysis of the samples after hot torsion confirmed the earlier
observations about the significant diversity of the microstructure on the cross-section
(Figures 24 and 25).

Figure 24. Cont.
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Figure 24. EBSD analysis results of the sample after deformation: (a,b,c) centre of the sample, (d,e,f) distance from the
centre = 0.67 r, (g,h,i) distance of the centre = 0.72 r; (a,d,g) EBSD maps showing changes in orientation, (b,e,h) maps
showing the types of edges (the edges of a large angle are marked in black, and the edges of a small angle are marked in
blue) and a (c,f,i) basic triangle—orientation intensity.

Figure 25. Changes in disorientation angles after hot torsion: (a) sample centre, (b) at a distance from the centre of 0.67 r
and (c) at a distance from the centre of 0.72 r.

In the case of analyses performed on the axis of the sample, the directions around the
<001> pole were found to be dominant. The maximum texture intensity was 4.18. Almost
40% of the measured grain edge population were small disorientation angles below 15◦.

In the distance from the sample axis 0.67 and 0.724 r, fine, almost equiaxial grains
were observed. Compared to the central part of the sample, the proportion of the large
angle edges was above 15◦; it was much larger and represented more than 75% of the
measured grain edge population. At a distance of 2.68 mm (0.67 r) from the centre of the
sample, the texture intensity distribution was centred around the <111> pole, the maximum
intensity was 1.65. In turn, at a distance of 2.9 mm (0.724 r) from the centre, the intensity
distributions were concentrated around the <112> and <111> poles, and the maximum
intensity was 1.25.

The average size of grains and sub-grains measured along the axis of the sample using
the EBSD method was approximately 20 μm (cross-sectional area, respectively: 840 μm2).
At a distance of 0.67 and 0.724 r from the axis of the sample, the size of grains/sub-grains
was comparable and amounted to approximately 9 μm, and the cross-sectional area was
approximately 90 μm2.

The differences in the obtained results of the grain size measurements with the use of
photos taken using light microscopy techniques and determined using the EBSD method
were largely due to the fact that in the set of the results obtained with the EBSD technique,
there were also sub-grains with limits below 15◦. Low-angle edges were not distinguished
while observing using the light microscopy technique.
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4. Directions of Future Studies

Knowledge of the exact distribution of strain and stress parameters in the material is
of particular importance in the case of the so-called complex deformation diagrams that are
planned in the future for the physical modelling of selected combining processes of various
materials. Figure 26 presents the preliminary results of the research on the applicability of
complex deformation states for physical modelling of combining materials.

Figure 26. 6XXX series aluminium alloy sample: (a) before the friction welding process; (b) after the
friction welding process.

The test parameters were similar to those occurring during the friction welding process.
The combining process was conducted in two stages at a temperature of 400 ◦C. In the first
stage of the research, the material was twisted with compression for 3 s.

Sample diagrams of changes in parameters during the first stage of the friction welding
process are presented in Figures 27–29.

Figure 27. Temperature, length and angle of rotation changes over time in the first stage of friction
welding of the aluminium 6XXX series—simultaneous torsion with compression.

Figure 28. Changes in the true strain torsion, true stress torsion and true strain rate torsion over
time in the first stage of friction welding of the 6XXX series aluminium—simultaneous torsion with
compression components resulting from torsion.
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Figure 29. Changes in the true strain deformation, true stress deformation and force over time in the
first stage of friction welding of the aluminium 6XXX series—simultaneous torsion with compression
components resulting from compression.

As can be seen from the data presented in Figures 27–29, during this stage of the tests,
the temperature of the tested material increased by approximately 40 ◦C, caused mainly by
friction between the surfaces of the combined parts of the samples. The displacement along
the sample axis was 2 mm, while the torsion angle was 8640◦ (24 turns). The strain caused
by torsion was, in this case, approximately 45, while the strain rate was approximately
15 s−1. By analysing the course of changes in stress caused by simultaneous torsion and
compression, its rapid increase in the initial phase of this stage can be observed. In the
further part of the simultaneous compression and torsion, the stress increase was small
or remains constant. The reason for this may be additional slip mechanisms (shear lines)
caused by a complex load pattern (surely, it requires additional metallographic tests). As
shown in the research, the complex load condition also reduced the pressure force at this
stage of the friction welding process.

In the second stage of the combining process, the tested aluminium alloy was subjected
to compression (3 mm) as shown in Figures 30 and 31.

At this stage, a slight decrease in the temperature of the tested material was also
observed. The reason for lowering the temperature at this stage of the friction welding
process may be a low value of the true strain and the lack of friction. On the other hand, an
increase in both the stress and the pressure force was observed. The increase in the pressure
force at this stage results from the fact that, in this stage, the sample was only compressed;
there were no additional slip lines lowering the energy and strength parameters.

Figure 30. Temperature and length changes over time in the second stage of the friction welding of
the 6XXX series aluminium—compression.
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Figure 31. Changes in the true strain deformation, true stress deformation and force over time in the
second stage of the friction welding of the 6XXX series aluminium—compression.

The parameters used enabled a permanent combination of the material. Therefore,
it was found that it is possible to physically model the process of combining materials
using complex deformation patterns using the STD 812 plastometer. However, in order to
develop an accurate methodology for combining materials and physical modelling of actual
technological processes (e.g., friction welding, rolling of bimetallic materials), numerical
and physical modelling tests should be conducted in a wide range of strain parameters. It
is necessary to study, for example, the distribution of strain components depending on the
applied load condition (strain state) and the influence of the parameters used on the plastic
flow of the material and, thus, on the microstructure and mechanical properties (deriving
from the quality of the combination). Then, the possibility of adapting the obtained results
to actual technological processes should be checked. It may also be necessary to plan a
different geometry of the samples.

According to the knowledge of the author, this type of research has not been conducted
in Poland so far. Developing the theoretical and experimental methodology of joining
various materials with the use of complex load states will enable an accurate prediction of
process parameters that guarantee a permanent combination of individual components,
which will significantly reduce costs and accelerate the implementation of the technology
of combining new materials in industrial conditions.

5. Discussion and Conclusions

The obtained test results showed a significant impact of the accuracy of the mathe-
matical model of rheological properties on the distribution and values of strain parameters
and on the stress intensity of the tested aluminium alloy. The correct determination of the
strain parameters and the stress intensity in the material is particularly important during
the numerical analysis of complex strain states and, in the case of tests, the parameters of
which exceed the scope of the research possibilities of the used equipment.

After conducting the research and after analysing the obtained results, the following
conclusions can be drawn:

1. The condition for the correct determination of the strain parameters’ distribution
and the stress intensity in the torsion test is the high accuracy of the mathematical
model describing the rheological properties of the tested material and the correct
determination of the initial and boundary conditions, consistent with the experimental
tests;

2. As representative radii, defining the area in which the values of strain and stress
parameters correspond to the average values on the cross-section of the torsion
samples and, at the same time, to the values obtained in experimental tests, radii
equal to 0.67 r and 0.724 r can be taken;

3. Using the coefficients of the rheological properties model presented in Table 2, a high
agreement was obtained between the recorded and the calculated values of the torsion
moment and the yield stress;
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4. The heating and temperature control system installed in the STD 812 torsion plas-
tometer ensures an even temperature distribution along the length and cross-section
of the measurement base of the torsion samples;

5. As a result of deformation in the hot torsion process, a significant fragmentation of
the microstructure of the tested alloy was obtained. It was proved that the grain size
distribution on the sample cross-section was inhomogeneous and typical for a torsion
test. The diversity of the microstructure on the cross-section after the hot torsion
results from the inhomogeneity of the strain parameters such as strain intensity, strain
rate intensity and stress inhomogeneity. The largest grains occurred in the sample
axis, where the strain intensity value was the smallest, and the smallest in the surface
area, where the strain intensity value reached its maximum value;

6. No significant differences were found in the level of the microhardness of the material
after homogenisation and after the hot torsion process. However, it has been shown
that the distribution of microhardness on the sample cross-section after the hot torsion
was more inhomogeneous, which is caused by a greater differentiation of the grain
size on the cross-section. The lack of diversity in the level of microhardness is related
to the fact that under the conditions of hot deformation of aluminium alloys, the
strengthening effect caused by plastic deformation was eliminated by softening as a
consequence of the structural renewal processes;

7. The results of the EBSD analysis after the hot torsion present that the sample axis was
dominated by the directions around the <001> pole. At a distance of 2.68 mm from
the centre of the sample (0.67 r), the distribution of the texture intensity was focused
around the <111> pole, while at a distance of 2.9 mm from the centre (0.724 r), the
intensity distributions were centred around the <112> and <111> poles. In addition,
it was proved that the fraction of large disorientation angles increased along with
the distance from the sample axis, and the share of large disorientation angles above
15◦ was comparable for the distance from the sample axis of 2.68 mm (0.67 r) and
2.9 mm (0.724 r) and amounted to about 75% in the axis of the sample, large angles of
disorientation constituted 60% of the studied population;

8. The obtained results of metallographic analyses confirm the necessity to define a
representative area for the assessment of the microstructure of the material after the
torsion process as well as indicate the need to analyse the microstructure of the torsion
samples in a strictly defined zone, for which local values of the strain intensity, strain
rate intensity and stress intensity should be determined.
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Przewodowe (Basics of the Technology for the Production of Low-Carbon Steel Plates with Micro-Additives for Line Pipes); Czestochowa
University of Technology: Czestochowa, Poland, 2016; ISBN 9788363989361. ISSN 2391-632X.

42. Mróz, S. Teoretyczno-Technologiczne Podstawy Walcowania Prętów Bimetalowych w Wykrojach (Theoretical and Technological Ba-
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Abstract: Materials science gives theoretical and practical tools, while new modeling methods and
platforms provide rapid and efficient development, improvement, and optimization of old and new
technologies. Recently, impressive progress has been made in the development of computer software
and systems. The frontal cellular automata (FCA), lattice Boltzmann method (LBM), and modeling
platforms based on them are considered in the paper. The paper presents basic information on
these methods and their application for modeling phenomena and processes in materials science.
Recrystallization, crystallization, phase transformation, processes such as flat and shape rolling,
additive manufacturing technologies (Selective Laser Sintering (SLS)/ Selective Laser Melting (SLM)),
and others are examples of comprehensive and effective modeling by the developed systems. Selected
modeling results are also presented.

Keywords: recrystallization; phase transformation; rolling; additive manufacturing technologies;
frontal cellular automata; lattice Boltzmann method

1. Introduction

Materials science and engineering are focused on creating new substances or changing
the physical and chemical composition of existing materials to improve their properties.
The important manufacturing techniques of product manufacturing are forming and addi-
tive manufacturing. Forming processes are important for the production of lightweight
components made of metallic materials with defined geometric parameters and mechanical
properties. Additive technologies have been introduced in many facilities in the prepa-
ration of short-term production (parts with complex geometry), and their use allows for
saving materials, time, and production costs of various components. The preparation of
forming processes and additive manufacturing using a trial-and-error method is a thing
of the past. Today, methods that include computer-aided design systems (CAD) are more
effective. The application of different numerical methods for the simulation of different
phenomena in materials has become incredibly important in the last few years. The first
method that is often used for such simulations is the phase field (PF) method. PF was
recently used, for example, for the morphological and microstructural evolution of metallic
materials under environmental attack [1]. DeWitt and Thornton presented a brief intro-
duction to phase-field modeling and possible applications for simulations of precipitate
evolution, grain growth, solidification, phase separation in battery electrodes, and de-
position [2]. Recent applications of phase-field simulations of solid-state microstructure
evolution and solidification that have been compared and/or validated with experiments
were described by Tourret et al. [3]. The level-set (LS) method can be used, for example,
to simulate grain growth with an evolving population of second phase particles [4] and
for modeling multiphase thermo-fluid flow in additive manufacturing processes [5]. A
review of level-set methods and some recent applications can be found elsewhere [6]. The
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Monte Carlo (MC)–Potts model was used to model the primary recrystallization and grain
growth in cold-rolled single-phase Al alloy [7] and grain growth simulation of single-
phase systems [8]. The finite element method (FEM) was recently used for the analysis
of microstructure evolution and mechanical properties during compression of open-cell
Ni-foams with hollow struts [9], for simulations of microstructure evolution in single crystal
and polycrystal shape memory alloys under uniaxial tension and compression [10], and
for predicting phase transformations and microhardness for directed energy deposition
of Ti6Al4V [11]. The cellular automata (CA) [12–14] method can be used, for example, for
simulation of dynamic recrystallization behavior under hot isothermal compressions for
as-extruded 3Cr20Ni10W2 heat-resistant alloy [12], modeling of solidification microstruc-
ture evolution in laser powder bed fusion-fabricated 316L stainless steel [13], simulation
of coupled hydrogen porosity, and microstructure during solidification of ternary alu-
minum alloys [14]. Other examples of used numerical methods to model the evolution of
microstructure in materials are analysis of metal extrusion by the finite volume method
(FVM) [15], prediction of multidirectional forging microstructure evolution of GH4169
superalloy by the neural network [16], and prediction of microstructure evolution with
convolutional recurrent neural networks [17]. Multiscale models, which are a combination
of several methods (for example, finite element and cellular automata or cellular automata
and finite volume), are also used. FE and CA methods were recently used for numerical
prediction of microstructure for selective electron beam melting [18], while CA and FVM
were used to predict the grain structure of an alloy, e.g., Inconel 718, fabricated by additive
manufacturing [19].

Considering the use of a given method to model a given phenomenon or process,
its advantages and disadvantages are always important. The phase-field method auto-
matically takes into account changes in front topology and generalizes easily to 3D areas;
however, there is a complicated theoretical side of the model, small model volumes, and
the need for fine discretization in the front area. The level-set method allows for a direct
representation of the interface and curvature of the grain boundary, and there is also no
need to discretize explicitly the interface. LS has an inability to track the evolution of
the texture, which can be solved by combining LS with the theory of crystal plasticity.
The numerical implementation of the Monte Carlo algorithm is quite simple, and good
computational performance can be achieved using parallel calculations; however, the MC
solutions depend on the type of mesh used, a good representation of the curvature of the
grain boundary, the proper determination of the simulation length, and the time scale.
Taking into account the finite element method, it can be seen that complex shapes can be
approximated with high accuracy, the sizes of the elements can be different, and nonlinear
boundary conditions can be defined. FEM needs to control the numerical error because
it depends on discretization parameters, material properties, and boundary conditions.
CAs provide very high computing performance and a better accounting of many factors,
including local, e.g., crystallographic orientation, or dislocation density. The simple rules
and synchronous updating of cell states on the grid introduce additional simplifications
in the modeled reality, and the calculation time is the main preference for the use of 2D
solutions compared to 3D.

Recently, one of the most effective methods for simulations of different phenomena
and processes in materials science is the frontal cellular automata (FCA) and the lattice
Boltzmann method (LBM). FCA is a modified CA algorithm that allows for algorithmic
acceleration of calculations with the same level of accuracy. The calculation time of the
3D FCA calculations is similar to the time of classical 2D CA. LBM is very feasible for
modeling the flow of liquids, gases, mixtures, heat flow, and transfer as well as diffusion
occurring simultaneously with the liquid (gas) flow. The wide application of the LBM
method was limited by some of its features. The main disadvantages were the high memory
volume requirements and a large number of iterations, i.e., the computation time even in
two-dimensional and especially in three-dimensional calculations. The development of
computer and computational technology related to the possibility of using parallel comput-
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ing with the use of graphics cards has changed the perception of the LBM method from
being a little useful to very effective. LBM was recently used, for example, for modeling the
evolution of coherent vortices and periodic flow in a continuous casting mold [20], simulat-
ing fluid flow in multi-scale porous media [21], and simulating fluid flow in multi-scale
porous media [22]. LBM comes from the CA, so a combination of these two methods in
comprehensive solutions can be considered natural. Taking into account their algorith-
mic structure, these methods are almost ideal for a parallel programming environment
involving CUDA (Compute Unified Device Architecture) graphics cards. Models based on
LBM and FCA do not need a complicated interface. The solution can be implemented in a
common domain, while the number of processes and phenomena modeled simultaneously
depends on the number of variables associated with a point, cell, or node in the same model
volume. Extending the model with a new process or phenomenon consists of adding vari-
ables and an algorithm without developing additional communication between different
parts of the model. This is an undeniable advantage compared to multiscale models. FCA
and LBM can be the base methods for the development of comprehensive platforms to
model various technological processes.

A frontal cellular automata (FCA) algorithm was developed by Svyetlichnyy and for
the first time was successfully applied to model microstructure evolution in 2010 [23]. Over
the next years, the method has been successfully used to model different phenomena and
processes in materials science. Crystallization, recrystallization, phase transformations, se-
vere plastic deformation, and technological processes such as rolling or continuous casting
were successfully modeled. Universal frontal cellular automata can be used for practically
all possible processes consisting of nucleation and grain growth. Closed-transition circuits
make the FCA suitable for modeling multiple nucleation and grain growth.

The introduction of the lattice Boltzmann equation to lattice gas automata (LGA)
applied to viscosity calculations can be regarded as the first of the milestone steps leading
to the LBM method. The next steps were the replacement of particles by the continuous
Fermi–Dirac distribution for the equilibrium distribution, linearization of the collision
operator, application of the Boltzmann distribution instead of the Fermi–Dirac distribu-
tion, and replacement of the collision operator with the BGK (Bhatnagar–Gross–Krook)
approximation. After 1992, the LBM method can be considered as developed. Its further
development is primarily related to the expansion of application areas and the development
of new principles, methods, etc. Materials science and engineering are now important areas
of FCA and LBM application, and further dynamic growth of interest in these methods is
expected soon.

The paper presents the new modeling platforms that allow for the simulation of
different phenomena and processes in materials science as well as forming processes (for
example, rolling processes) and additive manufacturing technology. Basic information
on the FCA and LBM methods, which are the basis of these platforms, is shown. The
principles of calculations carried out with the use of these methods are presented. Finally,
examples of modeling results of phenomena within the considered processes and the results
of simulation of industrial processes in the general aspect obtained by using the developed
platforms are shown. The presented computing platforms are based on their software
developed based on FCA and LBM methods. Calculations can be performed on Windows
8, 10, and 11 and Linux operating systems. Some of the new algorithms developed include
the possibility of parallel computing with the use of CUDA (Compute Unified Device
Architecture), i.e., the universal architecture of multicore processors on Nvidia cards and
the programming environment based on the C and C++ programming language, which is
an integral part of this architecture. Some of the developed software is also a CPU-based
sequential computing version, written in C++ or Fortran. For parallel calculations, graphics
cards (GeForce RTX 2080 Ti, GeForce TITAN 6GB, TITAN Z 12 GB, GeForce 1080Ti, GeForce
1060, NVIDIA, Santa Clara, California, USA) are used. Processing and presentation of the
results are carried out primarily with the use of OpenGL technology.
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2. Frontal Cellular Automata

Frontal cellular automata (FCA) are a modernization of the classical cellular automata
and their development began in the 2000s. FCA is very efficient The method is very
effective for a certain class of tasks, in which changes can be presented and described as
the movement of boundaries or the movement of the front of changes, while the rest, a
significantly larger part of the space, remains unchanged. This principle can be applied, for
example, to modeling the evolution of microstructure. The principle of considering only
the front of changes gave the name to the modified method.

There are several differences between the classical CA and the FCA. Three of the
most important modifications are increasing the number of states (multiple states), inverse
information transfer, and using linked lists. The increasing number of states differentiates
the processing procedures of cells in different states. The inverted transfer allows sending
only critical information at an appropriate moment to the neighboring cell that influences
its states rather than collecting mainly unused information from the whole neighborhood
in each iteration. Figure 1 presents the direction of information transfer considering the
Moore and von Neumann neighborhoods. The linked lists allow cells to proceed only in
“active” states on the front of changes. These and other means exclude a huge number of
cells from calculations in every iteration, reducing overall computation time by hundreds
and even thousands of times.

   
(a)                                      (b) 

Figure 1. FCA communication direction using the Moore (a) and von Neumann (b) neighborhoods.

Figure 2 shows a fragment of the space with cells in three states. The initial state of the
cell does not change if there are no changes in its neighborhood and changes if a cell in the
frontal state appears in its neighborhood. The cell in the frontal state changes its state in the
final state immediately or with delay, depending on a modeling phenomenon or process.
The final state never changes. As a result, only frontal cells are used for calculations. The
introduction of the frontal state allowed us to resign from exploring the entire space and to
concentrate activities on cells in which changes take place.

The described modifications reduce the computation time but increase the complexity
of the algorithm. FCA creates, among other things, the possibility to take into account
changes in shape and sizes of the cells, reorganize space, and introduce new structures
that connect cells in the group of the same state, in the same grain, or according to other
arbitrary features. In FCA, linked lists usually unite cells in the same state by adding and
removing elements. It is a central point in the acceleration of calculation, especially for
sequence programming. Reducing the calculation time of the frontal automata compared
with the classical one is significant in the 2D models, and it is radical in the 3D models. More
detailed information on FCA can be found elsewhere [23]. However, it should be noted
that the advantage of FCA over classic CA is slightly smaller for parallel computations
because there are no effective methods of linked-list maintenance.
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Figure 2. The front of the growing grain with cells in the state: 1, initial; 2,frontal (transitional);
3, final.

3. Lattice Boltzmann Method

The lattice Boltzmann method (LBM) is very feasible for modeling the flow of liquids,
gases, mixtures, heat flow, and transfer as well as diffusion occurring simultaneously with
the liquid (gas) flow. LBM is derived from a variant of the CA method, which can be
regarded as a simplified model of molecular dynamics that implements the discretization
of space, time, particle velocity, and the statistical Boltzmann equation. The basis of the
method is the solution of the transport Boltzmann equation:

∂ f
∂t

+
∂ f
∂x

·ξ + F
m

· ∂ f
∂u

= Ω (1)

where f —particle distribution function; x and ξ—phase space variables (coordinate and
velocities); t—time; F—external force (for example gravity); m—mass; u—macroscopic
velocity; Ω—the collision operator.

The particle distribution function along the directions and velocities is a Maxwell
function, so along any direction of space, particles have velocities according to the Gaus-
sian distribution:

f =
ρ

(2πRT)D/2 exp

(
− (ξ − u)2

2RT

)
(2)

where ξ—microscopic velocities; R—gas constant; D—space dimension; ρ—gas density;
T—temperature.

The particles velocities space ξ can be reduced to a finite (discrete) velocity system
{ei, i = 1, . . . ,b}, and a grid can be built on which calculations can be made. Therefore, the
equation is approximated for the characteristic velocities of the determined grid and the
selected directions:

fi(x + ei, t + 1) = fi(x, t) + Ωi (3)

Equation (3) is called the lattice Boltzmann equation (LBE) and is the basis of the LBM
method. An important element of this equation is the collision operator. One of the first
and possibly the simplest and most frequently used is the operator proposed by Bhatnagar,
Gross, and Krook (named after BGK), which has the following form:

Ωi( f ) =
Δt
τ

[
fi(x, t)− f eq

i (x, t)
]

(4)

where Δt = 1—time step; τ—relaxation time; feq—the distribution function in the appropri-
ate direction in the equilibrium state.
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The solution of Equation (3) with the collision operator (4) is divided into two stages:
collision and advection (streaming). Calculations for the collision stage are preceded by the
calculation of macroscopic variables: density ρ and velocity u (through momentum ρu):

ρ =
b

∑
i=0

fi (5)

ρu =
b

∑
i=0

fiei (6)

and the equilibrium distribution feq:

f eq
i (x, t) = wiρ

(
1 +

u · ei

c2
s

+
(u · ei)

2

2c4
s

−+
u · u
2c2

s

)
(7)

where cs—sound speed in the modeled flow; wi—directional weights.
The output distribution function after the collision has the following form:

f out
i (x, t) = f in

i (x, t)− 1
τ

[
f in
i (x, t)− f eq

i (x, t)
]
+ Fi (8)

On the other hand, at the advection stage, a simple transfer of the distribution function
to neighboring nodes takes place:

f in
i (x + ei, t + 1) = f out

i (x, t) (9)

An additional stage of the calculations is considering the boundary conditions.
The same LBM algorithm is used for all issues, including cyclically repeating steps

(Figure 3):

1. Calculation of macroscopic values: density ρ, velocity u, temperature T, concentration
C, etc.;

2. Determination of the equilibrium distribution function feq for the modeled variable;
3. Collision operation, determination of the output distribution function fout;
4. Streaming operation, transfer of the distribution function to the appropriate cells, site,

or nodes;
5. Consideration of boundary conditions.

Some of these stages can be combined (for example, 1 + 2 + 3 or 4 + 5). The cycle can
be started from anywhere although it starts with the determination of macroscopic values,
the determination of equilibrium distributions functions, and the assignment of output
functions not according to the collision operator but with the equal equilibrium distribution
fout = feq. In this way, the computation starts from the local equilibrium state in all nodes,
and changes occur due to the global imbalance.

The basis of the method is the discretization of space and time. A regular square (two-
dimensional) or cubic (three-dimensional) grid with a distance between adjacent nodes
equal to one is superimposed on the space. The length of the time step is equal to one. An
important element of the system is the selection of the velocity model. In one-dimensional
space, the models D1Q2 and D1Q3 are used; in a two-dimensional space, D2Q4, D2Q5, and
D2Q9 are used. For three-dimensional problems. D3Q6, D3Q7, D3Q15, D3Q19, and others
are used. D indicates the dimensionality, while Q indicates the number of velocities.

More information on the LBM method can be found elsewhere [24].
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Figure 3. Structure of the LBM calculation algorithm.

4. Platform Based on Frontal Cellular Automata for Modeling the Microstructural
Phenomena in Technological Processes

The use of any method, including cellular automata, to model a specific technolog-
ical process requires formalization and solving several problems directly related to the
limitations of its applicability. The accurate analysis allows for adequate and effective use
of a given modeling method. By determining and accurately describing selected issues,
microstructural phenomena, and processes, it is possible to develop an appropriate scheme
of numerical modeling.

Choosing as a goal to create a universal tool for modeling microstructure evolution
in various technological processes, e.g., casting, forming, heat treatment, etc., a platform
based on frontal cellular automata was developed (Figure 4). This FCA platform was
created as a hierarchical system and used for the study of microstructural phenomena to
design, improve, and optimization of technological processes, including crystallization,
recrystallization, grain growth, and phase transformation. The basis of the platform (first
level) is frontal cellular automata (FCA) augmented with the transformation and reorgani-
zation of cells. The models creating the second level and responsible for the simulation of
basic microstructural phenomena are based on FCA. The third level of the system includes
models of technological processes and uses the models of the second level as building
blocks. An additional element that complements the system is the material database.
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Figure 4. Structure of the platform for modeling microstructure evolution in technological processes.

The development of the platform included several stages according to its hierarchical
structure, from the development of FCA algorithms and models of individual phenomena
to the final comprehensive model of the technological process. In the beginning, the second-
level models (Figure 4) were simplified, schematically reflecting real phenomena. Then,
all elements of the platform were constantly expanded after a wide range of experimental
and theoretical research. Models of the second level can be divided into two groups. The
models of the first group create the original structure. They are the model of the «real»
crystallization phenomenon (solidification) [25] and the «unreal» process of creating the
initial microstructure. Both models do not require the initial microstructure, and the results
of their simulation, i.e., the initial microstructure, can be used by the models of the second
group. Models in the second group require initial microstructure, and the group includes
models of recrystallization, phase transformations, and microstructure refinement. The
phenomena modeled on the second level can be divided into two stages: nucleation and
grain growth (crystals, crystallites, and a new phase), so they can be realized using the
same FCA (considering the relevant details).

4.1. FCA Deformation and Reorganization

During the modeling by FCA, it is very important to define the space geometry and
boundary conditions as one of the most important parameters. Under certain conditions
of deformation, CA space may be distorted, and it may be necessary to reorganize it.
It directly affects the boundary conditions, which should be changed. Calculations are
optimal with cells of cubic shape, but then, the shape of the cells can be deformed. If the
strain accumulated in the material is not large enough, the CA cells change shape and
size. When the deformation reaches a predetermined level, the space of the CA should
be reorganized to obtain the cubic shape of the cells. Reorganization in CA is similar to
“remeshing”, widely used in FEM codes. Different space reorganization methods have been
developed (Figure 5). A detailed description of the solutions and algorithms developed in
this area can be found elsewhere [26].
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Reorganization Method 
Microstructure 

Before Reorganization After Reorganization 

Halving 

  

Cutting and Bonding 

  

Doubling 

  

Straightening 

  

Figure 5. Space reorganization methods.

4.2. Initial Microstructure

Considering the modeling of microstructure evolution in any process, an initial mi-
crostructure is necessary, which under certain modeling conditions will be closest to the
initial real structure. The developed model of universal frontal cellular automata makes it
possible to obtain the initial microstructure, which is the result of two processes or stages:
nucleation of grains and their growth. Figure 6 shows the general scheme for modeling the
initial microstructure.

The first step in modeling the initial microstructure, based on the three-dimensional
model of cellular automata, is the determination of the geometry of the cellular automata
by defining the sizes of the three-dimensional space used. This parameter is directly related
to the definition of the number of cells for each axis of the system and the actual sizes. An
additional factor that is also considered is the shape of the FCA space. The developed
model allows using the cuboid or cylinder space. The next step in the process of creating
the initial microstructure is to apply the boundary conditions, which may be different in
different directions. Information on nucleation is collected and stored by specifying the
time and place of appearance of each nuclei and its spatial orientation. This information is
ordered according to the time of nucleation. The orientation of the growing grains is also an
element that should be considered during the process of creating the initial microstructure.
The model considers two types of orientation, i.e., crystallographic orientation and spatial
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orientation of grain other than spherical. These orientations are combined when modeling
the initial microstructure. The model allows for both random selections of the orientation
for each grain and allocation of the same orientation for all grains, whose orientation can
be chosen randomly or strictly defined. Taking into account all of the factors described
above, the model allows modeling of the initial microstructure, which may be different by
considering different modeling conditions.

Figure 6. The modeling scheme of the initial microstructure.

Figure 7 presents the results of the initial microstructure simulation for the spherical
shape of the growing grains and open and periodic boundary conditions, with the assumed
space of 400 × 400 × 400 cells, the dimensions of the space 500 × 500 × 500 μm, the number
of nuclei equal to 600; in each simulation, the nuclei were distributed in the same places in
the cell space.

   

(a)                           (b) 

Figure 7. Initial microstructure under different boundary conditions: (a) open and (b) periodic.

The selection of the boundary conditions and the shape of the growing grains is a pre-
liminary stage preparatory to obtaining the initial microstructure for the given parameters.
Such a microstructure, apart from the grain shape, should also meet other requirements
concerning, e.g., average grain size, grain size distribution, texture, and others. Obtaining
the required grain size distribution in the microstructure can be done in two ways: either by
correcting the existing microstructure or by modeling a new microstructure with a matching
of the nucleation rate and grain growth. Figure 8 shows schematically the algorithm that
allows to obtain a microstructure with a given distribution.
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Figure 8. The algorithm for modeling the initial microstructure with a given grain size distribution.

The steps of the algorithm for creating a microstructure with a given grain size distri-
bution are as follows:

1. Representation of the theoretical particle size distribution using a distributive series;
2. Determining the number of grains in a representative model volume and checking

the size of the cell space;
3. Defining the nucleation conditions;
4. Modeling the microstructure and determining its empirical distribution;
5. Determining the error of fit by comparing the obtained empirical distribution with

the theoretical one;
6. Return to point 3 and perform correction of nucleation conditions in case of failure to

meet the matching criterion.

The fulfillment of the matching condition becomes tantamount to obtaining a digital
representation of the microstructure with a given grain size distribution and determination
of the nucleation conditions. In the case of correction of the existing microstructure, only
the first three steps of the algorithm are carried out.

The description of the algorithm that allows obtaining a microstructure with given
parameters and examples of simulation results can be found elsewhere [27,28].

4.3. Recrystallization

An important factor that influences the microstructure and properties of the material,
without which it is impossible to comprehensively consider the processes that take place in
many materials, is the phenomenon of recrystallization. In hot-deformed materials, one of
the dominant microstructure-reconstruction processes is static recrystallization.

The developed FCA-based model for recrystallization contains several submodels:
dislocation density and flow stress model, nucleation model, and grain growth model.

The main assumptions of the recrystallization model are the following:

1. The dislocation density is assigned to the grain, and the initial dislocation density is
the same for all grains and equal to a minimal value for current thermal conditions.

2. Nucleation begins when the dislocation density reaches a critical value ρc.
3. The nucleation rate depends on the dislocation density, strain, strain rate, and temperature.
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4. The migration rate of the grain boundaries is a function of temperature, dislocation
density, crystallographic orientation, and other parameters.

Table 1 shows the basic relationships used in the submodels of the recrystallization
model. A detailed description of the recrystallization model developed can be found
elsewhere [29,30].

Table 1. Recrystallization model.

Submodels Dependencies

Dislocation Density and Flow Stress Model σ = σ0 + αμb
√

ρav (10)
.
ρ = U(ε)

.
ε − Ω(ρ)

.
ε − R(ρ) (11)

Nucleation Model

.
nV = aNεlN−1D−kN

0
.
ε (12)

Δ
.
nV = aNεlN−1D−kN

0
.
ε(NVmd − NV)Δt (13)

NVmd = amd
.
ε
−mexp

(
Q
RT

)−m
(14)

Dsrx = AεaDb
0Zc (15)

Z =
.
εexp

(
Q
RT

)
(16)

Grain Growth Model

v = M f (θ)F (17)⎧⎪⎪⎨⎪⎪⎩
f = 0 dla θ < 7

◦

f = 3.72 ∗ 10−4exp
{

8 ∗
[
1 − exp

(
− θ

2.2

)]10
}

dla 7
◦
< θ < 15

◦

f = 1 dla θ > 15
◦

(18)

Figure 9 shows the initial microstructure and an example of the final microstructure
after deformation at T = 1100 ◦C and complete static recrystallization. The microstructure
was obtained for the following conditions: space sizes of 500 × 500 × 500 cells, the
dimensions of the space 400 × 400 × 400 μm, and strain rate and strain equal to 1 s−1 and
0.18, respectively. The final average grain size was dav = 75 μm (measured 78.5 μm). The
calculations were made for C 45 steel.

  
(a)       (b) 

Figure 9. Initial microstructure with an average grain size dav = 100 μm (a) and final microstructure
dav = 75 μm (b).

Figure 10 shows the results of the dynamic and metadynamic recrystallization model-
ing considering the geometry of the deformation. The initial microstructure before deforma-
tion (Figure 10a) and after deformation without recrystallization (Figure 10b) with partial
dynamic recrystallization (Figure 10c) and after metadynamic recrystallization (Figure 10d)
is shown. Cellular automata with dimensions nx × ny × nz = 200 × 300 × 400 cells and
space dimensions ax × ay × az = 400 × 600 × 800 μm were used for the simulation. The
number of grains was 250. The deformation temperature T = 1000 ◦C, the deformation
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time t = 0.5 s, and the nonzero components of the strain rate tensor:
.
εx = 1.0,

.
εz = −1.0,

and
.
εxz = 0.07. The shape of the space and each cell is not a cube in this case but a cuboid.

Figure 10b shows the changes in the shape of the space and microstructure with uniform
deformation. Figure 10c shows the microstructure with the dynamic recrystallization pro-
cess that occurs after deformation in 0.5 s. Figure 10d shows the microstructure after full
metadynamic recrystallization. The model assumes that nucleation occurs only during
deformation, and Figure 10d shows the microstructure after metadynamic recrystallization
as an effect of grain growth after dynamic recrystallization.

      
 (a)       (b) 

    
 (c)       (d) 

Figure 10. Microstructure before deformation (a) and after deformation: without recrystallization (b),
with dynamic recrystallization (c), and after metadynamic recrystallization (d).

4.4. Phase Transformation

The main tools for the modeling of phase transformations are cellular automata, often
combined with the finite difference method (CA+FDM), phase-field (PF), or multi-phase-
field method (MPF). The structure of the hybrid model of diffusion phase transformations
developed in carbon steels is shown in Figure 11. The model is based on two modeling
methods: FCA and LBM. The model is developed to simulate the evolution of microstruc-
tures (FCA), carbon diffusion, and heat flow (LBM).
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Figure 11. Structure of the hybrid model for modeling diffusional phase transformations.

The model was developed in several stages, from the 1D variant to the 3D variant. At
the final stage of model development, the 3D Fourier equation in the following form was
used in the calculations:

1
α

∂T
∂t

=

(
∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)
+ Q(x, y, z, t);

∂c
∂t

= D
(

∂2c
∂x2 +

∂2c
∂y2 +

∂2c
∂z2

)
(19)

where T—temperature; c—carbon concentration; α—thermal diffusivity; Q(x,y,z,t)—the
source of thermal energy; D—diffusion coefficient.

The BGK (Bhatnagar–Gross–Krook) model was used for simulations:

fk(x + Δx, y + Δy, z + Δz, t + Δt)− fk(x, y, z, t) =−Δt
τ

[
fk(x, y, z, t)− f eq

k (x, y, z, t)
]
+ ΔtwkS (20)

fk(x + Δx, y + Δy, z + Δz, t + Δt)− fk(x, y, z, t) = −Δt
τ

[
fk(x, y, z, t)− f eq

k (x, y, z, t)
]

(21)

where fk(x, y, z, t), f eq
k (x, y, z, t)—the particle and equilibrium distribution functions; τ—

the single-relaxation-time parameter; S—the source term; wk—weighting factor in the
direction k.

The equilibrium distribution function f eq
k :

f eq
k = wk ϕ(x, y, z, t) (22)

where φ—the dependent variable (temperature T, concentration c).
Two steps can be considered in LBM calculations:
Collision:

fi(x, y, z, t + Δt) = fk(x, y, z, t)[1 − ω] + ω f eq
k (x, y, z, t) (23)

where ω = Δt/τ.
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Streaming:

fi(x + Δx, y + Δy, z + Δz, t + Δt) = fk(x, y, z, t + Δt) (24)

Table 2 shows the developed numerical algorithms that are used in the 3D heat flow
and diffusion models. (Steps 2–7 are repeated cyclically).

Table 2. Algorithms for 3D simulation of heat flow and carbon diffusion.

Heat Flow Diffusion

Initial parameters (1)

Number of nodes: nx, ny, and nz, node position: x, y, z, number of time steps: tsteps, grid step: Δx,
Δy, Δz, time step: Δt, austenite and ferrite fractions in interface node: ϕIA = 1, ϕIF = 0 (1a)

Velocity and specific enthalpy coefficients: kv
and kq, temperatures of phase transformation,
in the interface, and in the node: TP, TI, and

Tx,y,z (1b)

Carbon concentration in nodes: ci, diffusion
coefficient: Dcf (1b)

Calculations of a boundary velocity, the quantity, mass, or volume of the transformed material in
the interface node; fraction of the new phase in the interface node; fraction checking (2)

v = kv(Tp − TI) (2a) v = Δc; (2a)

ΔϕI = vΔt; ϕIF,t = ϕIF,t−1 + ΔϕI (2b)

If ϕIF,t < 1 ⇒ go to step (2e) (heat source) (2c) if ϕIF,t < 1 ⇒ go to step (3) (c calculation) (2c)

If ϕIF,t ≥ 1 then: φIF,t’ = 1, change the state of node from interface to ferrite and the neighboring
nodes from austenite to interface (according to neighborhood), set the value of the fraction for the

new interface: ΔϕnI = (ϕIF,t − ϕIF,t’)/numA = ϕIF,nI; numA—the number of nodes in phase
austenite in the neighborhood of old interface, the Δϕ for the old interface (new ferrite) node:

ΔϕoI = 1 − ϕIF,t−1; ϕIF,oI = 1; ϕIA,oI = 0 (2d)

Heat source calculation:
if ϕt < 1 ⇒ QI = kqΔϕI

if ϕt ≥ 1 ⇒ QnI = kqΔϕnI; QoI = kqΔϕoI (2e)

Determination of new temperature:
Tx,y,z = Σfi + Qx,y,z (3) Determination of new concentration: c = Σfi (3)

feq calculations (4)

Collision (5)

Streaming (6)

Boundary conditions (7)

Figure 12 presents the examples of modeling results for the selected values of the
parameters defined in the heat flow algorithm developed: kv and kq values. As can be seen,
these parameters have a direct impact on the rate of transformation. The kv is used directly
for boundary velocity calculations, while kq determines the rate of temperature increase in
the interface and has an impact on the boundary velocity. The growth of the grain placed in
the center of the grid was modelled with the use of the Moore neighborhood and the vector
normal to the surface. The calculations were performed on the NVIDIA GeForce GTX
1060 graphics card with the use of CUDA parallel programming. D3Q19 LBM scheme was
used for the calculations. The main simulation parameters are as follows: Tx,y,z = 750 ◦C,
TP = 800 ◦C, nx × ny × nz = 128 × 128 × 128, steps = 100, Δx = 1, Δy = 1, Δz = 1, Δt = 1,
τ = 1, kv = 0.003, kq = 15, and the bounce-back boundary conditions.
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 (a)       (b) 

Figure 12. Growth of the new phase in the selected plane: (a) CA states and (b) temperature distribution.

The concept of the model and the first 1D modeling results of carbon diffusion and
heat flow can be found elsewhere [31,32]. The results of 2D modeling can be found in
subsequent work carried out in this area [33].

4.5. Modeling of Technological Processes—Rolling Processes

The search for modern technological solutions for the rolling process, which refers to
the acquisition of higher-quality rolled products and reducing the cost of their production,
becomes a necessity in the modern stage of development of this technological process.
Often, during rolling, it is difficult to simultaneously ensure product dimensions and shape
and the required microstructure, which is responsible for the final mechanical properties.
The intensive development of computer technology makes it easier to use modern numeri-
cal methods for the simulation of complex forming processes. The developed modeling
system can be applied effectively to model microstructure evolution in the rolling processes
of various materials. General characteristics of flat rolling is required for the modeling
of the process (Figure 13). Analytical solutions and advanced numerical models can be
used to obtain the process parameters and their average values. FCA modeling is based on
the information about the duration of plastic deformation, the time intervals between the
deformations, temperature, strain rate, etc.

Figure 13. Flat rolling scheme.

The developed modeling system can be adapted to model various materials. The
overall model of this process has been comprehensively verified, for example, for modeling
the evolution of the microstructure in AISI 304L stainless steel [34].

Simulations of microstructure evolution can be a part of more complex modeling
system or performed independently. It can be realized in three modeling stages (Figure 14):
design of rolling schedule, finite element method simulation, and frontal cellular automata
simulation of microstructure evolution. The second and third stages can be repeated
several times.
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Design of rolling schedule 
(shape and sizes) 

Finite Element Method simu-
lation (process parameters: T, 

ε, etc.) 

Frontal Cellular Automata 
simulation of microstructure 
evolution (microstructure im-
ages, average grain size, flow 

stress changes, etc.) 

Figure 14. The general scheme of shape rolling modeling.

A detailed description of first stage and the designed schedule can be found else-
where [35]. The examples of simulation results of the second stage can be found in detail
elsewhere [36]. The third stage includes the FCA simulation of the microstructure evolution,
which can be performed for any representative point (for which data can be obtained) using
any FEM code. For the calculation, information on the time, temperature, and strain rate
tensor are used. More information on this stage can be found elsewhere [37]. The developed
shape rolling scheme can be applied, in principle, to any material. Simulation, prediction,
and validation of the evolution of microstructures in AISI 304L stainless steel during the
shape rolling process were presented in one of the unpublished works [38]. Other results
can be found elsewhere [39].

4.6. Grain Refinement and Modeling of Severe Plastic Deformation

The main principles of severe plastic deformation (SPD) modeling based on grain
refinement using the presented FCA platform are described in [40] and their references.
Then, several SPDs were modeled: accumulative roll bonding process and MaxStrain
technology [41,42].

Another innovative combined metal forming process, which can be treated as one of
the SPD techniques, consists of three different modes of deformation: asymmetric drawing
with bending, namely accumulated angular drawing, wire drawing, and wire flattening,
which was also modeled on the FCA platform [43].
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The evolution around highly reactive interfaces in the processing of nanocrystallized
multilayered metallic materials has been investigated and discussed in [44].

5. LBM-Based Platform for Modeling of Advanced Additive Manufacturing
Characterized by the Changes of State of Matter

Authors took part in a development of a new modeling platform presented firstly
in [45]. Additive manufacturing (AM) technologies that contain phase transitions are a
main subject for the three-dimensional simulation on the platform. It is based on LBM with
CA elements and was primarily oriented on selective laser melting (SLM). An example
of calculation of the model parameters for the real material (Ti-6Al-4V alloy) and the real
process is presented in [45]. It contains also the first quantitative results. It can be used
for analysis of new multipasses and multimaterials SLM processes and can be served
for computer-aided design. The principles and evolution of the development platform
can be found by tracking previous publications presented in the references of the cited
publications [45]. Other aspects of this LBM-CA platform can be found elsewhere [46,47].
Some essential details of the platform are presented below.

Figure 15 represents the proposed scheme, where the process is divided into dif-
ferent stages according to the associated physical phenomena, which are related to the
corresponding mathematical models.

 

Figure 15. Schematic representation of interconnection between analyzed process physical phenom-
ena and models [45].

The powder bed generation (PBG) model with some results was published in [46,48].
The first a simplified model of heat transfer was presented in [48,49]. The CA method was
the basis of these two models. For the other models, the LBM was used [45,47,49].

In this paper, we present a model of powder particles removal that was developed on
the general principles of the platform with the use of LBM, as in Section 3. It can be also
used for optimization of micro vacuum material removal system. The main LBM blocks
for gas flow in this model are the same (Figure 3). The same velocity model (D2Q9) is
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applied. The model contains equations that describe the particles motion in the gas. The
new horizontal vx and vertical vy velocity components are calculated as follows:

vp
x(t + 1) = mvp

x(t) + (1 − m)vx(t) (25)

vp
y (t + 1) = mvp

y (t) + (1 − m)vx(t)− g (26)

where m—particle mass; g—gravity. The mass m and gravity g are dimensionless in the
models. The mass m varies from zero ( m = 0, very small, light particles) to unity (m = 1, a
very heavy particle). The gravity g depends on the modeling parameters: lattice size, time
step, and particle size. For very small particles, when the gas resistance is high, g = 0. For
big, very heavy particles, the lattice size and time step define the gravity, g = gmax.

The location of a particle is a continuous variable, while the velocity field is discretized.
A new position is calculated according to simple Euler’s integration scheme:

xp(t + 1) = xp(t) +
up

x(t + 1) + up
x(t)

2
(27)

yp(t + 1) = yp(t) +
up

y (t + 1) + up
y (t)

2
(28)

An analysis of simulation results shows that particle removal with the use of only a
vacuum function is highly dependent on the gap. When the gap is wider, the effectiveness
is lesser, and the control of the gap is difficult. To enforce movement in the opposite
direction and turbulences, an additional inflow channel with much higher gas pressure
was proposed. An example of a simulation result is presented in Figure 16. The modelling
space was 128 × 128 cells or nodes. To make this scheme more effective, strong gas stream
is forced in the horizontal direction. Other designs of removal systems can be analyzed by
this model.

 

Figure 16. Modeling results showing inflows and outflows in the removal equipment.

In Figure 17, examples of two cases of SLM simulation are presented. The modeling
space was 128 × 80 nodes. The presented results were obtained with the use of sequential
FORTRAN code on PC with Intel Core i7-3930 K, and calculations lasted about 3 h. The
similar simulations with parallel computations on GPU with CUDA technology using
the graphic card GeForce 1060 with 1280 CUDA cores lasted about 1.5 min, that is, about
100 times faster. The solid material is presented in gray and black, while the liquid material
is blue. The laser beam is shown by the green color. The intensity of heat transfer from the
laser beam to the materials is correspondent to intensity of pink and red colors. The case
of one material is presented in Figure 17a, whereas the case of two different materials is
presented in Figure 17b. It can be seen that the processing of two materials with a significant
difference in material properties is accompanied by the problem of melting the material
with a higher melting temperature, and solving this problem is one of the main goals of
here-presented development platform.
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(a)       (b) 

Figure 17. Simulation results of the SLM process: (a) one material and (b) two different materials.

An example of modeling a 3D selective laser melting is presented in Figure 18. The
following conditions were assumed for the calculations: the average particle size is about
35–40 μm, the model space is x × y × z = 256 × 128 × 64 cells, the laser travel velocity is
1 m/s, and the laser power was equal to 200 W. Three passes are presented. The gray color
represents particles of powder and solidified material. The blue color corresponds to the
liquid phase of the material. The laser beam is shown in green. Other examples can be
found elsewhere [45].

      

Figure 18. 3D perspective views of the modeled SLM process with three passes: (a) the first, (b) the
second, and (c) the third.

6. Conclusions

The paper presents basic information about modeling platforms based on relatively
new and little-known methods for modeling phenomena and processes in materials science
and engineering FCA and LBM.

The first platform for modeling microstructure evolution was first based on FCA,
which is very suitable for modeling processes of multiple nucleations and grain growth
in materials and allows for algorithmic acceleration of calculations with maintaining high
accuracy. Then, this platform was supplemented by the LBM, which is widely used not
only in hydrodynamics but also for modeling heat flow or diffusion processes. LBM can
also become the basic method for modeling complex processes and phenomena containing
not only flows but also different transformations of both the first and second type: both
state and phase transformations, including flow, diffusion, heat transfer, latent heat, and
many other phenomena that are difficult to consider with the use of other methods. The
components of the systems and their role in the comprehensive modeling of various
processes are shown. The first platform allows modeling of recrystallization, crystallization,
and phase transformation, and it is mainly oriented to model forming processes (flat, shape
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rolling, drawing, SPD, etc.). The performance of the systems was verified in application to
specific materials and process parameters, and the selected modeling results are presented.

The large variety of modeling phenomena creates opportunities for the expansion
of complex models that are homogeneous and do not need multiscale modeling with
a complex slow-acting interface between different methods. This aspect eliminates the
possibility of efficient and fast modeling. An advantage of using FCA and LBM is the ease
of parallelization of calculations on modern GPUs using, for example, CUDA software. The
use of several or tens of thousands of GPU processors allows accelerating the calculations
several hundred times. The developed systems also take into account solutions based on
parallel calculations, and examples of the results are shown.

The second platform for the modeling, design, and optimization of additive manu-
facturing is in development and is based on LBM and CA. Elimination of complicated
interfaces allows for modeling of the manufacturing process within the single integrated
platform. The platform is ready to be used for computer-aided analysis, optimization, and
design of multimaterial, multipass SLM cycles.

The second platform can be adapted for several other additive manufacturing (AM)
technologies that contain phase transitions (melting-solidification). Mainly, they are in-
cluded in the group of powder bed fusion techniques (PBF): DMLS (direct metal laser
sintering), SLS (selective laser sintering), MJF (multi-jet fusion), and EBM (electron beam
melting). It can be used for modeling other AM, for example, WAAM (wire arc additive
manufacturing) and FFF (fused filament fabrication), also known as FDM (fused deposition
modeling), etc. However, it requires additional efforts for the adaptation of existing models
and the development of missed ones.

The second platform can be expanded with modeling by CA (FCA) of microstructure
formation and evolution during the solidification.
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Abstract: Oxidized mesoporous carbon CSBA-15, obtained by the hard method, was applied to remove
rhodamine B from the aqueous system. The process of carbon oxidation was performed using 0.5 and
5 M of nitric (V) acid solution at 70 and 100 ◦C. Functionalization of mesoporous carbon with HNO3

solutions led to reduction in the surface area, pore volume, and micropore area, however, it also led to
an increased number of oxygen functional groups of acidic character. The functional groups probably
are located at the entrance of micropores, in this way, reducing the values of textural parameters.
Isotherms of rhodamine B adsorption indicate that the oxidation of mesoporous carbons resulted
in an increase in the effectiveness of the removal of this dye from aqueous solutions. The influence
of temperature, pH, and contact time of mesoporous material/rhodamine B on the effectiveness of
dye removal was tested. The process of dye adsorption on the surfaces of the materials studied was
established to be most effective at pH 12 and at 60 ◦C. Kinetic studies of the process of adsorption
proved that the equilibrium state between the dye molecules and mesoporous carbon materials is
reached after about 1 h. The adsorption kinetics were well fitted using a pseudo-second-order model.
The most effective in rhodamine B removal was the sample CSBA-15-5-100, containing the greatest
number of oxygen functional groups of acidic character. The Langmuir model best represented
equilibrium data.

Keywords: ordered mesoporous carbons; hexagonal structure; hard template method; oxidation by
nitric acid; cationic dye; adsorption

1. Introduction

Water, which is the element necessary to support all forms of life, covers most of
Earth’s surface. Its pollution is negative to human health and the entire hydrosphere [1–5].
There is a constant increase in the content of organic compounds in wastewater, especially
in post-production waste produced by different types of industry [6,7], such as the textile
industry, reaching several thousand tons a year, of which 10–20% is lost in the process of
production [8–10]. Dyes are usually well soluble in water and resistant to degradation
by various methods (biological, physical, and chemical) [9–12]. Therefore, they must be
removed from the wastewater. At present, a few methods are used to remove organic
compounds [12–14]. From among newly proposed methods, very attractive seems to be
the method of membrane separation, offering simplicity of operation and low energy
consumption [15]. On the other hand, membrane efficiency decreases with time because
of the fouling of pollutant particles on the membrane surface and inside membrane pores.
Moreover, molecules of many organic compounds are smaller than the membrane pores
and the process of membrane separation is ineffective [16–18]. Currently, the most effective
are the adsorption methods that can be used for the removal of organic and inorganic
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compounds from water solutions. The properties and quality of the adsorbent influence
the adsorption efficiency. Many materials, for example, silica gels [19], alumina [20], and
zeolite molecular sieves [21,22] are rather ineffective in the adsorption process. Activated
carbons are used as organic pollutant adsorbents, although the presence of micropores in
their structure limits the penetration of larger dye molecules into the pores. Recently, much
attention was paid to ordered mesoporous carbon materials, as they show unique properties,
such as thermal and mechanical stability, as well as good textural parameters [23]. These
materials are easily modified, which allows for improved adsorption properties towards a
range of pollutants [23–26]. Many methods for carbon material modification were proposed,
but the most effective is that of wet oxidation, in which oxygen functional groups are
introduced on the carbon surface [27]. A number of authors studied the adsorption of
organic compounds on carbon materials, for instance, Liu et al. [28] proposed the removal
of Acid Red 73 and Reactive Black 5 by CMK-3, CMK-5, and its carbon/silica composite
Si-CMK-5, with different pore structures. The greatest sorption capacity towards these
dyes was shown by CMK-5, which was related to double pore systems and large specific
surface area. Asouhidou et al. [29] obtained mesoporous carbons, a highly ordered CMK-3
sample with hexagonal structure and a disordered mesoporous carbon (DMC), and tested
them in the removal of Remazol Red 3BS, comparing their performance with that of
commercial products (Takeda 5A, Calgon, and Norit SAE-2) and a HMS mesoporous
silica with a wormhole pore structure. Their results show that the material structure
and pore size have a significant impact on the effectiveness of adsorption. The resulting
sorption capacities decreased in the order CMK-3 (0.531 mmol/g) > DMC (0.453 mmol/g)
> SAE-2 (0.167 mmol/g) > Calgon (0.05 mmol/g) > Takeda 5A = HMS (0.007 mmol/g).
The group of Peng [30] successfully applied the ordered mesoporous CMK-3 containing
nitrogen functional groups as the adsorbent of Acid Black 1. According to their results, the
modification of mesoporous carbon significantly improved its effectiveness in the removal
of this dye. The maximum sorption capacities of the initial and functionalized materials
were over 270 mg/g and nearly 500 mg/g, respectively.

One of the most popular textile dyes is rhodamine B, which is a cationic synthetic
dye of green or red purple crystals [31]. With the release of rhodamine B into the water,
several environmental and public health problems are caused [32,33]. Very popular and
effective adsorbents of rhodamine B from water solutions are mesoporous carbons [34–36].
Therefore the aim of the study was to analyze the process of rhodamine B removal from
water solutions by adsorption on oxidized mesoporous carbons of hexagonal structure.
The effects of pH of the dye solution, adsorbent/adsorbate contact time, and temperature
of the process were checked on the sorption capacity of obtained mesoporous carbons. The
mesoporous carbon materials used as adsorbents were characterized in detail by a number
of physicochemical methods.

2. Materials and Methods

2.1. Sample Preparation
2.1.1. Mesoporous Carbon Synthesis

Mesoporous carbon CSBA-15 was obtained by the hard template method using the
ordered silica SBA-15 as the solid template and sucrose as the carbon precursor [37,38]. The
substrates for SBA-15 preparation were 50 mg of Pluronic P123 (EO20PO70EO20; Aldrich,
Saint Louis, MO, USA), 19 mL of 1.6 M HCl (Avantor Performance Materials Poland S.A.,
Gliwice, Poland), and 1.1 mL of TEOS (MERCK KGaA, Darmstadt, Germany). Pluronic
P123 was dissolved in a water solution of HCl at 35 ◦C. To the mixture, TEOS was added
dropwise upon stirring continued for 6 h. Then the mixture was subjected to hydrothermal
treatment in poly-propylene bottles in a drier (1 day at 35 ◦C and the next 6 h at 100 ◦C).
Then the material obtained was filtered off and dried (100 ◦C, 12 h). The template was
removed by calcination (550 ◦C, 8 h). The procedure produced ordered mesoporous silica
SBA-15 of hexagonal structure [37,38]. The mesoporous silica SBA-15 was subjected to
twice repeated impregnation using sucrose solution. Next, 125 mg sucrose (MERCK KGaA,
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Darmstadt, Germany) was dissolved in H2SO4 (0.14 mL, Avantor Performance Materials
Poland S.A., Gliwice, Poland) and 5 mL of distilled water. The solution was added to the
flask with the ordered silica. The contents were heated in the oven (6 h at 100 ◦C and 6 h at
160 ◦C). The obtained material was subjected to another impregnation with a solution of
sucrose (800 mg), H2SO4 (0.09 mL), and distilled water (5 mL).

The composite was then subjected to carbonization by heating for 2 h at 900 ◦C.
The remaining silica was washed out twice with 5% of HF solution (200 mL, Avantor
Performance Materials Poland S.A., Gliwice, Poland). The material was filtered off, washed
with C2H5OH, and dried (12 h at 100 ◦C) [39].

2.1.2. Sample Functionalization

The CSBA-15 of the hexagonal structure was subjected to oxidation at 70 or 100 ◦C with
the use of HNO3 at the concentrations of 0.5 or 5 mol/L as the oxidizing agent. Next, 0.5 g
of the carbon was placed in a round-bottomed flask and flooded with 30 mL of nitric (V)
acid solution. Oxidation was performed under reflux (12 h). Next, the contents were filtered
off and the carbon was washed with C2H5OH and distilled water. The oxidized carbon
materials were labeled as CSBA-15-0.5-70, CSBA-15-5-70, CSBA-15-0.5-100, and CSBA-15-5-100,
where 70 and 100 refer to the temperature of oxidation, while 0.5 and 5 to the concentration
of HNO3.

2.2. Analytical Procedures

The texture parameters of the samples obtained were characterized by low-temperature
nitrogen adsorption/desorption isotherms measured on a sorptometer Quantachrome Au-
tosorbiQ (Boynton Beach, FL, USA) [9].

X-ray diffraction patterns were obtained on a Bruker AXS DB Advance diffractometer
(CuKα radiation, λ = 0.154 nm, step size 0.02◦).

The number of surface oxygen functional groups was determined by the Boehm
method [40]. A portion of 0.25 g of adsorbent was placed in 25 mL of 0.1 mol/L solutions
of either NaOH or HCl. The vials were sealed and shaken for 24 h and then 10 mL of each
filtrate was pipetted and the excess of base or acid was titrated with 0.1 mol/L HCl or
NaOH, as required. The numbers of acidic sites of various types were calculated assuming
that NaOH neutralizes all acidic groups and HCl reacts with all basic groups.

Structural changes in the oxidized mesoporous carbon materials were determined by
FT-IR spectroscopy. The preparation of samples is described in the paper [9]. The study
was carried out on a Varian 640-IR spectrometer (Agilent, Santa Clara, CA, USA).

Zeta potential was determined using a Zetasizer Nano ZS instrument equipped with
an autotitrator (Malvern Instruments Ltd., Malvern, United Kingdom) [41]. The elec-
trophoretic mobility of the particles was measured and converted to the zeta potential
according to the Henry Equation (1):

Re f =
2εζ f (Ka)

3η
(1)

where Ref is the electrophoretic mobility, ε the dielectric constant; ζ the electrokinetic (zeta)
potential; η the viscosity, and f (Ka) the Henry function. The isoelectric point is a pH value
at which zeta potential is zero, the surface has net electrical neutrality. When pH > iep, the
surface charge is negative and pH < iep, it is positive.

2.3. Adsorption of Rhodamine B

The carbon material portions of 0.02 g were placed in flasks and flooded with 50 mL
of a dye solution of a given concentration (25–250 mg/L), and the contents were shaken at
22 ± 1 ◦C for 24 h. Spectrophotometric measurements were carried out with a spectrometer
Cary 100 Bio (Agilent, Santa Clara, CA, USA). Rhodamine B absorbs the irradiation of
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λmax = 553 nm. The amount of rhodamine B adsorbed on the oxidized mesoporous carbons
was calculated from Equation (2):

qe =
C0 − Ce

m
× V (2)

where: C0—initial rhodamine B concentration (mg/L); Ce—equilibrium rhodamine B
concentration (mg/L); m—the mass of mesoporous carbon sample (g); V—volume of
rhodamine B solution (L). The experimental adsorption studies were carried out twice and
are shown with a standard deviation error.

The effects of pH (CP-401 pH-meter, ELMETRON, Zabrze, Poland) of the dye solutions,
temperature, and contact time of the sample/rhodamine B on the sorption capacities of
mesoporous carbons were studied.

2.4. Adsorption Modeling

Experimental data were fitted to pseudo-first-order (3) and pseudo-second-order (4)
models [9]:

ln(qe − qt) = lnqe − k1t
2.303

(3)

where: qe—sorption capacity of the rhodamine B adsorbed at equilibrium state (mg/g);
qt —sorption capacity of the rhodamine B adsorbed in time (mg/g); and k1—the rate
constant for the pseudo-first order model (min−1).

The pseudo-second-order model can be expressed by the equation:

t
qt

=
1

k2qe2 +
t
qe

(4)

where: k2—the rate constant for pseudo-second order model (g/mg·min).

2.5. Thermodynamic Study

Thermodynamic parameters [42–44] were calculated by using the following Equation (5):

ΔG0 = −RTlnKd (5)

where: ΔG0—Gibbs free energy (J·mol−1); R—universal constant (8.314 J·mol−1·K−1);
T temperature (K); and Kd—thermodynamic equilibrium constant.

The Gibbs free energy of adsorption (ΔG0) can be represented by the Equation (6):

ΔG0 = ΔH0 − TΔS0 (6)

where: ΔH0—enthalpy change; ΔS0—entropy change.
Thermodynamic parameters can be also calculated from Equation (7):

lnKd =
ΔS0

R
+

ΔH0

RT
(7)

ΔH0 and ΔS0 parameters were calculated (7) from the slope and intercept of the plot of
lnKd versus 1/T yields, respectively.

2.6. Adsorption Isotherms

In our work, we used the Langmuir and Freundlich models to explain the mechanism
of rhodamine B adsorption on oxidized carbon materials [45,46].

The linear equation of Langmuir isotherm (8) is represented as follows:

Ce

qe
=

1
KL × qmax

+
Ce

qmax
(8)
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where: Ce—equilibrium concentration of rhodamine B (mg/L); qe—sorption capacity of rho-
damine B adsorbed onto the adsorbent at equilibrium (mg/g); qm—maximum monolayer
adsorption capacity of adsorbent (mg/g); and KL—Langmuir adsorption constant (L/mg).

The Freundlich isotherm is expressed mathematically as [46] (9):

lnqe = lnKF +
1
n

lnCe (9)

where: qe—sorption capacity of rhodamine B adsorbed at equilibrium (mg/g); Ce—
equilibrium concentration of rhodamine B (mg/L); KF—Freundlich adsorption constant
(mg/g·(L/mg)1/n); and n—Freundlich constant indicates how favorable the adsorption
process is.

Experimental data were also fitted to the non-linear Langmuir and Freundlich models.

3. Results and Discussion

3.1. Characterization of Adsorbents

The data on textural parameters are presented in Table 1. The sample of CSBA-15
is characterized by a well-developed surface area (SBET = 1203 m2/g) and a total pore
volume (Vt) of 1.32 cm3/g. The carbon obtained in this way also has micropores, whose
area (Smicro) is 682 m2/g. The process of functionalization of sample CSBA-15 leads to a
decrease in these parameters. However, the changes are not uniform and depend on
the conditions of the oxidation process. Although sample CSBA-15-5-100 was obtained by
treatment with a 5 mol/L solution of HNO3 at 100 ◦C, it shows the largest surface area
from among all oxidized materials (854 m2/g). The micropore area and total pore volume
of this material are 198 m2/g and 1.10 cm3/g, respectively. Most probably in the conditions
applied (100 ◦C, 5 mol/L HNO3), the micropores are unblocked again and the carbon
compounds are removed, which increases the micropore area and total surface area [47].
The smallest SBET of 685 m2/g, Smicro of 106 m2/g, and Vt of 0.89 cm3/g were obtained for
sample CSBA-15-5-70. The reduced values of textural parameters are most probably caused
by the localization of the newly generated oxygen functional groups in micropores, which
leads to their blocking and decreases the surface area.

Table 1. Textural parameters of adsorbents obtained 1.

Adsorbent SBET (m2/g) Vt (cm3/g) Smicro (m2/g)
Average Pore

Diameter (nm)

CSBA-15 1203 1.32 685 4.45
CSBA-15-0.5-70 789 1.12 147 5.66
CSBA-15-5-70 685 0.89 106 5.18

CSBA-15-0.5-100 837 1.04 204 4.91
CSBA-15-5-100 854 1.10 198 5.18

1 Error range between 2% and 5%.

Recorded in the small angle range XRD, diffractograms of the adsorbents obtained
are depicted in Figure 1. Diffractograms of all samples show one intensive peak char-
acteristic of hexagonal pore arrangement [9]. The diffractograms of the initial mate-
rial CSBA-15 and samples CSBA-15-0.5-100 and CSBA-15-5-100 contain also the reflections
in the range 2Θ ≈ 1.7–2.5◦, corresponding to the planes (100), (110), and (200) of P6 mm
structure, evidencing good ordering of the materials. No analogous reflections are ob-
served for CSBA-15-0.5-70 and CSBA-15-5-70, which indicates a partial disturbance in the
mesoporous structure.
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θ

Figure 1. XRD patterns of adsorbents obtained.

Table 2 presents the results obtained from Boehm titration. The oxidation of meso-
porous sample CSBA-15 with a solution of HNO3 generates on its surface acidic functional
groups whose content depends on the conditions of the process. When using 0.5 mol/L and
5 mol/L HNO3 solution, the content of basic groups decreased to 0.13 mmol/g for samples
CSBA-15-0.5-70 and CSBA-15-0.5-100, and to their total disappearance on samples CSBA-15-5-70
and CSBA-15-5-100. For the acidic functional groups, the results are different. The content
of acidic groups in the initial carbon material CSBA-15 is 1.09 mmol/g. The content of such
groups increases after oxidation and clearly depends on the functionalization conditions,
which are the concentration of nitric (V) acid and process temperature. The highest content
of the acidic functional groups of 4.88 mmol/g was observed for the sample oxidized
with 5 mol/L HNO3 solution at 100 ◦C (CSBA-15-5-100). Reduction in the temperature of
the process or in the concentration of the oxidizing agent led to lower content of acidic
surface functional groups: CSBA-15-0.5-70–2.14 mmol/g, CSBA-15-5-70–3.24 mmol/g, and
CSBA-15-0.5-100–3.45 mmol/g.

Table 2. The results obtained from Boehm titration.

Adsorbent
Acidic Groups

(mmol/g)
Basic Groups

(mmol/g)
Total Content of Acidic and

Basic Groups (mmol/g)

CSBA-15 1.09 ± 0.01 0.74 ± 0.01 1.83
CSBA-15-0.5-70 2.14 ± 0.02 0.13 ± 0.01 2.27
CSBA-15-5-70 3.24 ± 0.02 0.00 ± 0.00 3.24

CSBA-15-0.5-100 3.45 ± 0.02 0.13 ± 0.01 3.58
CSBA-15-5-100 4.88 ± 0.03 0.00 ± 0.00 4.88

Figure 2 presents the transmission FT-IR spectra of the initial carbon CSBA-15 and
oxidized samples of acidic surface nature.

The FT-IR spectra show a rather broad band at about 1200 cm−1 that can be assigned to
the stretching vibrations of the C–O bond in ethers, acid anhydrides, or phenol. The bands
about 1600 cm−1 correspond to the stretching vibrations of carbon–carbon bonds in the
aromatic ring. There is also a clearly visible band at 3400 cm−1, assigned to the stretching
vibrations of O–H bonds in hydroxyl groups, whose presence can indicate the oxidation of
mesoporous carbon surface and the presence of carboxyl or phenol oxygen groups [48,49].
For the oxidized materials, a new band appeared at about 1750 cm−1, which was most
pronounced for CSBA-15-5-100. This band can be assigned to the carbonyl group of aldehyde,
ester, or carboxyl acid. The most probable origin of this band is the presence of -COOH
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groups on the surface of oxidized carbons, which is supported by the simultaneous presence
of a band at about 3400 cm−1 [48,49]. The bands of the highest intensity were obtained
for sample CSBA-15-5-100, which has the highest content of functional acidic groups. The
bands recorded for the other samples were less intensive because of the lower content of
functional groups.

Figure 2. FT-IR spectra of carbon adsorbents obtained.

3.2. Adsorption Studies

In this work, we studied the kinetics of adsorption (Figure 3). The adsorption of
rhodamine B on the surface of the carbon materials studied is very fast for the first 10 min.
After this time, the majority of the active sites on the carbon surface is already occupied by
the dye molecules and the rate of adsorption considerably decreases. After 1 h, no increase
qe was noted, which means that a state of equilibrium was reached and there are no more
active sites on the carbon material studied. Next step, the experimental data were fitted to
two kinetic models: pseudo-first-order (PFO) and pseudo-second-order models (PSO).

Figure 3. Amount of rhodamine B adsorbed on adsorbents obtained (C0–75 mg/L).

According to data collected in Table 3, the R2 for the PFO model takes values from
the range 0.9265 to 0.9865. Much higher, and the same for all carbon material values of
R2 (0.9999), were obtained assuming the PSO model. Moreover, the sorption capacities
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calculated assuming this model are mostly in agreement with their experimental values.
Therefore, we conclude that the kinetics of rhodamine B adsorption on the surface of the
samples studied can be described by the PSO model.

Table 3. Kinetic models parameters.

Adsorbent qe (mg/g)
PFO Model PSO Model

qe [cal]

(mg/g)
k1 (min−1) R2 qe [cal]

(mg/g)
k2 (g/mg min) R2

CSBA-15 159.41 ± 3.19 9.94 0.019 0.9391 161.29 0.003 0.9999
CSBA15-0.5-70 171.29 ± 3.43 7.35 0.018 0.9265 172.41 0.004 0.9999
CSBA-15-5-70 174.46 ± 3.49 11.93 0.022 0.9253 175.44 0.003 0.9999

CSBA-15-0.5-100 174.90 ± 3.49 11.44 0.026 0.9865 175.45 0.003 0.9999
CSBA-15-5-100 180.71 ± 3.61 10.72 0.023 0.9687 181.81 0.003 0.9999

Figure 4 illustrates the effect of the adsorbate solution pH, changed in the range 2–12,
on the amount of adsorbed rhodamine B, while Figure 5A presents the zeta potential
curves vs. pH of mesoporous carbons before the dye adsorption, and Figure 5B, after
its adsorption. As shown in Figure 5A, sample CSBA-15 has the isoelectric point (iep) at
3.4. The functionalization changes the adsorbents’ surface, for CSBA-15-5-70 the isoelectric
point is at pH 2.6 and for CSBA-15-5-100 it does not exist; the zeta potential in the whole
range of measurement is negative. The negative zeta potential indicates that oxidation
treatment with HNO3 introduces hydroxyl, carboxylic, and carbonyl groups on the surfaces
of the samples, which dissociate generating the negatively charged surface [50,51]. The
zeta potential value higher than 25 mV, positive or negative, is indicative of electrokinetic
stability [52]. Pristine carbon sample CSBA-15, and the samples after oxidation (CSBA-15-5-70
and CSBA-15-5-100), show good electrokinetic stability at pH values higher than 6 (Figure 5A).
The data presented in Figure 4 suggest that the effectiveness of rhodamine B removal
from water solutions depends on the pH of the adsorbate solution. The lowest sorption
capacity was recorded at pH 2, which can be explained as a result of the protonation of
carboxyl, amide, and hydroxyl groups, leading to the generation of a positive charge,
which is engaged in repulsive interaction with the positive charge of the cationic dye
(rhodamine B). In addition, at low pH, the H+ cations compete with rhodamine B cations
for the adsorption sites. The surface is more negatively charged when the pH increases as a
result of deprotonation of the functional groups by the hydroxide anion OH-, which is more
favorable for the adsorption of rhodamine B. Then, we have strong electrostatic attraction
between the negatively charged surface of the adsorbent and the positively charged cationic
dye. At pH 12, the sorption capacities of all adsorbents increased by about 20 mg/g in
relation to that of the initial carbon sample. The zeta potential values of CSBA-15-5-100
after adsorption of rhodamine B from the solutions of the concentration of 50 mg/L and
150 mg/L (Figure 5B) differ from those for CSBA-15-5-100 before adsorption, and iep can be
observed (changes in iep value suggest the chemical adsorption) [53].

The effect of temperature on the amount of rhodamine B adsorbed on the surface of
the samples studied was also checked (Figure 6). The amount of rhodamine B adsorbed (qe)
on the surface of mesoporous carbon materials before and after their oxidation increases
with temperature. It follows the consequence of increased mobility of dye molecules at
higher temperatures. For instance, the amount of organic dye adsorbed on the surface of
sample CSBA-15-5-100 is 227 mg/g (25 ◦C), 254 mg/g (45 ◦C), and 261 mg/g (60 ◦C).

According to the data collected in Table 4, the results of ΔG◦ prove that the process
of adsorption of dye is spontaneous. For all samples, the degree of spontaneity was the
highest at 60 ◦C. The positive values of ΔH obtained reveal an endothermic adsorption
process. In addition, the positive values of ΔSevidence increased the degree of randomness
at the interface in the process of the rhodamine B adsorption.
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Figure 4. The pH influence on the sorption capacity of adsorbents obtained.

Figure 5. Zeta potential curves vs. pH for CSBA-15, CSBA-15-5-70, and CSBA-15-5-100 meso-
porous carbons before dye adsorption (A) and for CSBA-15 and CSBA-15-5-100 after adsorption of
rhodamine B (B).

Figure 6. Effect of temperature on the adsorption of dye (100 mg/L) onto adsorbents obtained.
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Table 4. Thermodynamic parameters obtained.

Adsorbent
Temperature

(◦C)
ΔG0 (kJ·mol−1) ΔH0 (kJ·mol−1)

ΔS0

(J·mol−1·K−1)

CSBA-15 25 −16.41 31.20 159.71
45 −19.53
60 −22.01

CSBA-15-0.5-70 25 −19.51 23.96 145.66
45 −22.18
60 −24.51

CSBA-15-5-70 25 −22.27 22.44 149.90
45 −25.14
60 −27.53

CSBA-15-0.5-100 25 −19.12 43.69 210.76
45 −23.24
60 −26.51

CSBA-15-5-100 25 −21.66 47.17 230.88
45 −26.19
60 −29.73

Figure 7 presents the isotherms of dye adsorption on the surface of carbon adsorbents.
According to the results, the initial carbon CSBA-15 proved to be the least effective in the
removal of dye, despite having the largest surface area from among all samples studied
(1203 m2/g). However, this material also has the lowest number of surface functional
groups of acidic character. Further data analysis allows us to conclude that the process of the
adsorption of organic dye depends on surface functional groups of acidic character. Sample
CSBA-15-5-100, showing the largest sorption capacity towards rhodamine B (325 mg/g),
has the greatest content of such functional groups (4.88 mmol/g). The process of its
oxidation was performed with 5 mol/L nitric (V) acid solution at 100 ◦C. The amounts of
rhodamine B adsorbed on the other oxidized carbon materials CSBA-15-0.5-70, CSBA-15-5-70,
and CSBA-15-0.5-100 were 248, 268, and 302 mg/g, respectively.

Figure 7. Adsorption of rhodamine B onto adsorbents obtained.

Analysis of the adsorption data was performed with the use of two theoretical mod-
els of Langmuir and Freundlich (Figures 8 and 9, Tables 5 and 6). Comparison of the
experimental data with the predictions of a particular model provides information on the
mechanism of adsorption and mesoporous carbon/rhodamine B interactions. The criterion
of best fitting was the determination coefficient R2.
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The determination coefficient R2 for the linear form of the Langmuir model takes
values from 0.9987 to 0.9999 for all adsorbents obtained. The values of R2 (Freundlich
model) for particular carbon materials were: 0.8564 for CSBA-15, 0.7993 for CSBA-15-0.5-70,
0.8009 for CSBA-15-5-70, 0.8611 for CSBA-15-0.5-100, and 0.8598 for CSBA-15-5-100. Therefore,
the isotherms of rhodamine B adsorption on the surface of the carbon materials studied
correspond to the Langmuir model. It should be noted that the experimental values of
qe are slightly lower from the theoretical qm. For the oxidized mesoporous carbons, the
coefficient KL values are higher than for the initial material CSBA-15, which means that the
bonding between rhodamine B and the functionalized carbon material surfaces is stronger.
The coefficient 1/n for the Freundlich model lies between (0 < 1/n < 1) which shows that
this isotherm is favorable.

Table 5. The parameters of linear form of Langmuir and Freundlich models for rhodamine B
adsorption onto carbon materials.

Material

Langmuir Freundlich

qm (mg/g) KL (L/mg) R2 KF (mg/g
(L/mg)1/n)

1/n R2

CSBA-15 196.07 0.369 0.9999 102.48 0.1373 0.8564
CSBA15-0.5-70 250.00 0.727 0.9998 119.92 0.1701 0.7993
CSBA-15-5-70 270.27 0.787 0.9998 127.98 0.1783 0.8009

CSBA-15-0.5-100 303.03 0.493 0.9988 141.83 0.1717 0.8611
CSBA-15-5-100 322.58 0.574 0.9987 153.34 0.1780 0.8598

Table 6. The parameters of non-linear Langmuir and Freundlich models for rhodamine B adsorption
onto carbon materials.

Material

Langmuir Freundlich

qm (mg/g) KL (L/mg) R2 KF (mg/g
(L/mg)1/n)

1/n R2

CSBA-15 200.64 0.179 0.9999 122.13 0.0949 0.8983
CSBA15-0.5-70 248.73 0.566 0.9986 171.94 0.0793 0.8053
CSBA-15-5-70 268.28 0.660 0.9995 208.07 0.0530 0.9357

CSBA-15-0.5-100 296.66 0.454 0.9942 197.63 0.0860 0.9953
CSBA-15-5-100 319.83 0.505 0.9950 212.12 0.0897 0.9922

Figure 8. Linear fitting of rhodamine B adsorption isotherms onto carbon adsorbents to Langmuir (A)
and Freundlich (B) models.
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Figure 9. Non-linear fitting of rhodamine B adsorption isotherms to Langmuir and Freundlich
models for samples: CSBA-15 (A), CSBA15-0.5-70 (B), CSBA-15-5-70 (C), CSBA-15-0.5-100 (D), and
CSBA-15-5-100 (E).

Additionally, the comparison of the non-linear form of the Langmuir and the Fre-
undlich [54] isotherm models with experimental data for the adsorption of rhodamine B on
the surface of carbon adsorbents is presented in Table 6 and Figure 9. It was established
that the Langmuir adsorption model indicates a better fit to the experimental data than
the Freundlich model. The R2 values for the non-linear and linear Langmuir isotherms
were similar.

Table 7 presents a comparison of the sorption capacities of carbon samples obtained
towards tested dye with those of other adsorbents. The comparison implies that the or-
dered mesoporous carbon materials are very effective in the removal of rhodamine B from
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water solutions. The majority of literature reported adsorbents, including hierarchical SnS2
nanostructure [5], TA-G [55], iron-pillared bentonite [56], sago waste activated carbon [57],
kaolinite [58], [Ni(bipy)2]2(HPW12O40) [59], orange peel [60], whose sorption capacities are
lower than for the oxidized carbon materials studied in this work. From among all materials
mentioned in Table 6, the highest sorption capacity towards rhodamine B showed the mag-
netic mesoporous carbon materials (342–400 mg/g) [61], also high sorption capacities were
noted for MoS2/MIL-101-345 mg/g [62] and oxidized ordered mesoporous carbon material
CSBA-15-5-100 (325 mg/g). The hierarchical SnS2 nanostructure [5] and TA-G [55] adsorption
capacity was at a level of 200 mg/g, and the sorption capacities of the other samples listed
in Table 7 were much lower: iron-pillared bentonite—99 mg/g [56], sago waste activated
carbon—47 mg/g [57], kaolinite—46 mg/g [58], [Ni(bipy)2]2(HPW12O40)—23 mg/g [59],
and orange peel—14 mg/g [60].

Table 7. Comparison of sorption capacities of oxidized mesoporous carbons with other adsorbents
presented in literature.

Adsorbent Sorption Capacity (mg/g) References

oxidized mesoporous carbon 248–325 This study
hierarchical SnS2 nanostructure 200 [5]

TA-G 201 [55]
iron-pillared bentonite 99 [56]

sago waste activated carbon 47 [57]
kaolinite 46 [58]

[Ni(bipy)2]2(HPW12O40) 23 [59]
orange peel 14 [60]

magnetic mesoporous carbon materials 342–400 [61]
MoS2/MIL-101 345 [62]

4. Conclusions

According to the above-presented results, functionalization of the ordered mesoporous
carbon of hexagonal structure (CSBA-15) using a solution of nitric (V) acid, has brought about
an increase in its effectiveness of rhodamine B removal from water solutions. Oxidization
of mesoporous carbon reduced its textural parameters but increased the acidic character
of the surface. Moreover, for the samples functionalized at 70 ◦C, the oxidation resulted
in the disappearance of the reflections corresponding to the carbon structure ordering,
as confirmed by XRD diffractograms in the small angle range. Sample CSBA-15-5-100
was characterized by the highest content of surface functional groups of acidic nature
and the largest surface area from among the functionalized carbon materials studied.
This sample was the most effective in the removal of tested dye from water solutions
(325 mg/g). The sorption capacity towards rhodamine B depended also on the pH of the
solution and the process temperature. The adsorption of organic dye was more effective
at higher pH because of deprotonation of the surface functional groups on the carbon
samples by the hydroxide anion. The measurements of zeta potential, before and after
adsorption, proved that with increasing pH, the surface charge on carbon samples changed.
The amount of adsorbed rhodamine B was also found to increase with the increasing
temperature of the process, which is related to increased mobility of the dye molecules at
higher temperatures. The thermodynamic parameters showed that the adsorption process
of dye was endothermic and proceeded spontaneously. The adsorption of rhodamine B
onto oxidized mesoporous carbons was described by the Langmuir isotherm and pseudo-
second-order kinetic model.
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Abstract: The present study investigates the correlation between mechanical properties and resistance
to corrosion of hydrostatically extruded aluminum alloy 7075. Supersaturated solid solutionized sam-
ples undergo a plastic deformation process, followed by both natural and artificial aging. Furthermore,
two types of hydrostatic extrusion are applied to the samples: single-stepped and double-stepped.
This process is shown to influence grain refinement and the precipitation process, resulting in changes
in the electrochemical properties of the samples. Hydrostatic extrusion combined with aging is
shown to cause an increase in mechanical strength ranging from 50 MPa to 135 MPa in comparison
to coarse-grained sample subjected to T6 heat treatment. The highest value of tensile strength is
obtained for a sample subjected to single-step hydrostatic extrusion followed by natural aging. This
strength increase is caused by refinement of the microstructure, in addition to the small size and
number of precipitates at the grain boundaries, which are coarsened by artificial aging. Hydrostatic
extrusion is also shown to increase resistance to corrosion, with the T6-treated coarse-grained sample
being most susceptible to corrosion attack.

Keywords: hydrostatic extrusion; AA 7075; microstructure; mechanical properties; corrosion

1. Introduction

Composed of Al-Zn-Mg(-Cu), 7xxx aluminum alloys (AAs) are of high interest to the
aerospace industry due to their unique combination of light weight, high strength, and
high resistance to corrosion [1]. These properties are superior to those of other AAs [2]. The
complex microstructure of such materials reveals substantial potential for further improve-
ment of its properties and manufacturing applications [3,4]. These AAs are age-hardenable,
and therefore the precipitates are the primary strengthening factor. Additionally, the
complexity of the microstructure is seen in numerous intermetallic particles with varying
chemical compositions [5]. The application of an additional strengthening mechanism,
such as grain refinement, has been shown to improve the properties of the material [6]. A
group of methods known as severe plastic deformation (SPD) processes [7] can be used
to refine the microstructure. SPD techniques are characterized by the application of a
large strain, which introduces structural defects to the microstructure. It has been shown
that SPD processing, applied to AA 7075 [8] via high-pressure torsion and equal channel
angular pressing (ECAP), significantly reduced grain size to 310 nm. Correspondingly,
a considerable increase in microhardness was obtained: from approximately 100 HV to
140 HV following ECAP alone, and to 250 HV after the combination of the two processes.
Further research used ECAP to refine the microstructure of AA 7075 [9]. Four passes of
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the process (ε = 4), resulting in an average grain size of approximately 500 nm, increased
the microhardness of a coarse-grained (CG) sample from 68 HV to 143 HV, and the tensile
strength from 230 MPa to 440 MPa. The proportion of deformation determines the final
grain size, fraction of high-angle grain boundaries (HAGBs), and dislocation density. This
influences mechanical properties, as such structural defects being effective barriers for
moving dislocations. Grain refinement also influences other properties, such as electrical
conductivity [10], magnetic properties, or corrosion resistance [11]. In the case of the latter,
the influence of microstructure refinement is ambiguous, and depends on parameters such
as environmental conditions and the examined material. In the case of pure aluminum, as
grain size decreases, the corrosion rate also decreases [12]. This correlation arises due to
the following phenomenon—the refined microstructure has more reactive surfaces with
respect to oxide formation and film ion conduction. From the other side, a higher number
of grain boundaries can accelerate corrosion, as these are favorable paths of corrosion prop-
agation [13]. Therefore, the deformation process influences the corrosion resistance, as it
changes the characteristics of grain boundaries. The important aspect in this case is a value
of the equivalent strain—ε. In SPD processing, it directly influences the grain refinement.
In, e.g., the ECAP process, the value of ε can be estimated based on the relationship between
the intersection angles of the channel in a die. This is described in [14]. In simplified terms,
it can be assumed that in the case of a die with two channels with equal cross-section and
with the intersecting channel angles equal to 90◦, the outer arc of curvature equals 0◦, and
during one pass the ε ≈ 1.

Hydrostatic extrusion (HE) [15] is an SPD method based on pressing a billet in a
chamber using a fluid. A scheme of the process is presented in Figure 1. Due to the
hydrostatic pressure, the size of the billet (e.g., the diameter in the case of rods) is reduced.
The equivalent strain of hydrostatic extrusion is given by Equation (1) [16]:

ε = 2 ln
(

d ′
d ′′

)
(1)

where d′ is the initial diameter of the rod and d” is the exit diameter.

Figure 1. The scheme of hydrostatic extrusion process.

Unlike other SPD methods, such an approach can both obtain products of substantial
length and also reduce strain, which is needed to refine the microstructure. However,
due to the nature of the process, anisotropy is introduced to the microstructure, as grains
are significantly elongated along the extrusion direction. Hence, mechanical anisotropy
is observed [17]. Previous work has investigated the application of HE to 7xxx AAs.
Lewandowska et al. [18] showed that applying HE to AA 7475 influenced the precipitation
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process, as an elevated number of nucleation sites caused a larger number of precipitates
along boundaries than within grain interiors. Furthermore, the sizes of such precipitates
were reduced. As a result, precipitate strengthening was reduced, as precipitates within
grains interiors more strongly inhibit the movement of dislocations compared to those at
grain boundaries. The results further revealed that appropriate heat treatment following
HE can improve mechanical strength [6] due to the combination of grain boundaries and
precipitation strengthening. Moreover, the resistance to pitting corrosion of AA 7475
samples that underwent HE was improved following aging [19]. Such an improvement
is caused by the coarsening of stable intergranular MgZn2 precipitates and the formation
of metastable MgZn2 in grain interiors during aging. As a result, corrosion resistance
improved as the open circuit potential (EOCP) was shifted to more noble values and the
corrosion current density (icorr) was reduced.

The literature study suggests there is high potential for 7xxx AAs to be endowed
with substantial mechanical strength and superior corrosion resistance via appropriate
thermo-mechanical treatment. Previous works have only investigated these two properties
individually. Therefore, this paper adopts a more comprehensive approach, and attempts
to correlate appropriate heat treatment of 7xxx AAs that have undergone HE with the
development of high mechanical strength and high resistance to corrosion in an aggressive
environment. This work is a continuation of our previous work, where the influence of heat
treatment on the single-stepped hydrostatically extruded AA7075 was investigated [20].

2. Materials and Methods

AA 7075 was selected as the material under investigation. The exact chemical composi-
tion given by a producer is shown in Table 1. The material was delivered in the form of hot
extruded bars with a diameter of 20 mm. The bars were supersaturated solid solutionized
by annealing at 520 ◦C for 2 h, and then water-cooled. The billets were then plastically
deformed via HE. Two HE approaches were chosen. In the single-stepped approach,
the material was deformed in a single step with a reduction in diameter to 10 mm (φ10,
ε = 1.41). In the multi-stepped approach, deformation consisted of two steps—an initial
reduction to 12 mm, followed by a reduction to 8 mm (φ8). This approach produced an
equivalent strain of ε = 1.85.

Table 1. The chemical composition of AA 7075.

Element Zn Mg Cu Cr Ti Si Fe Mn Al

Content (wt. %) 5.70 2.40 1.50 0.19 0.04 0.09 0.23 0.06 balanced

The aging process was performed with the parameters shown in Table 2. The CG
T6 sample was initially subjected to single-step HE, and then, to coarsen the grains, heat
treated by supersaturated solid solutionizing and aged to a T6 state. In the case of the ultra-
fine-grained (UFG) samples, two temperatures were examined, 100 ◦C and 120 ◦C, for 24 h.
Additionally, samples after natural aging were investigated. Furthermore, retrogression
and reaging (RRA) processes were applied to the φ10 UFG sample.

Table 2. Sample designations with respect to the applied heat treatments.

Naturally
Aged/180 Days

100 ◦C/24 h 120 ◦C/24 h (T6)

RRA
120 ◦C/24 h +

200 ◦C/40 min +
120 ◦C/24 h

RRA
120 ◦C/24 h +

240 ◦C/40 min +
120 ◦C/24 h

φ10 CG - - CG T6 - -
φ10 UFG HE10 HE10 HT1 HE10 HT2 HE10 RRA1 HE10 RRA2
φ8 UFG HE8 HE8 HT1 HE8 HT2 - -
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The sample microstructure was characterized using a Hitachi Su70 scanning electron
microscope (SEM) with electron backscatter diffraction (EBSD) detector, and hence pro-
duced orientation maps (OIMs) and investigated average grain size, the fraction of HAGBs
and low-angle grain boundaries (LAGBs), and texture. Pole figures (PFs) were generated
during the analysis of the latter. Energy-dispersive X-ray spectroscopy (EDS) was used
to determine the chemical composition of the intermetallic particles. A more detailed
characterization of the microstructure was performed using a JEOL JEM 1200 transmission
electron microscope (TEM). Samples that underwent microstructure characterization were
electropolished using a Struers Tenupol-5 device using standard electrolyte A2. Moreover,
X-ray diffraction (XRD) measurements were conducted with a use of Bruker D8 Advance
diffractometer with Cu Kα radiation. The 2φ range of the XRD measurements was 25◦
to 90◦.

The mechanical properties of the samples were investigated via static tensile tests and
microhardness measurements. In the first case, flat mini-samples with a cross section of
0.6 × 0.8 mm and a gauge length of 5 mm were used [21,22]. Tests were performed at a
strain rate of 10−3 s−1 with the use of the digital image correlation for the measurement of
the strain. The tests produced quantitative results for average values of ultimate tensile
strength (UTS), yield strength (YS), and elongation at break (Eb). Samples were cut longitu-
dinally to the extrusion direction. For each state, three samples were tested. Microhardness
measurements were conducted using a Vicker’s method with a load of 200 g (HV0.2). Five
measurements per sample were conducted.

The corrosion resistance of the samples was investigated via electrochemical exper-
iments in quiescent 0.1M NaCl solution. The samples underwent cyclic polarization in
potentiodynamic (PP) mode. Before each test, each specimen was immersed within a
prepared electrolyte for 10 min to stabilize the rest potential. The tests were performed
using a NOVA AutoLab PGSTAT302N potentiostat/galvanostat in three electrode con-
figurations, with the sample acting as the working electrode, a silver chloride reference
electrode, and a platinum sheet counter electrode. A 20 mm2 area on the surface of each
sample was examined. Corrosion tests were conducted on the surfaces perpendicular to
the HE direction. PP was performed with a scan rate of 1 mV/s starting from −0.05 mV
relative to EOCP, and reversed when the current reached 0.25 mA. PP measurements were
repeated three times to ensure reproducibility of the results. Average values of corrosion
potential (Ecorr), corrosion current density (icorr), and repassivation potential (Erep) were
obtained. All tests were performed at room temperature.

3. Results

3.1. Microstructure Evolution
3.1.1. SEM

Figure 2 shows OIMs of CG T6, HE10 and HE8 samples on two planes: transverse
and longitudinal to the extrusion direction. The distribution of grain size and the grain
boundary misorientation angles are presented in Figure 3. The average grain size for
the CG T6 sample is approximately 17 μm on both planes. The grain shape differs, with
equiaxial grains on the transverse plane and elongated grains on the longitudinal plane.
Both planes contain more than 90% of HAGBs. Following HE, substantial grain refinement
can be observed, primarily indicated by a considerable increase in the number of LAGBs.
For both deformed samples HE10 and HE8, the microstructure along the transverse plane
displays equiaxial grains with a considerable fraction of LAGBs, which are randomly
distributed to create a network of subgrains within the grains, which are surrounded by
HAGBs. The average grain/subgrain size is decreased to 1.5 μm and 1.0 μm for HE10 and
HE8, respectively. Those samples also have HAGB fractions of 24% and 15%, respectively.
As seen in Figure 3, the most frequent grain sizes for the HE8 sample are below 3 μm.
In addition, the majority of grain boundary misorientation angles are below 10◦. These
findings indicate that further grain refinement was primarily due to the formation of
subgrains separated by LAGBs. A substantial difference in the microstructure can be
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observed on the longitudinal plane. Fibrous grains are formed, manifesting as highly
elongated shapes. Straight HAGBs are aligned along the extrusion direction. Within the
fibrous grains, a network of LAGBs can be observed. The average grain size is larger than
that on the transverse plane, although the distance between HAGBs is smaller.

Figure 2. OIMs of the: (a) CG T6 transverse plane, (b) CG T6 longitudinal plane, (c) HE10 transverse
plane, (d) HE10 longitudinal plane, (e) HE8 transverse plane and (f) HE8 longitudinal plane.

Figure 3. The distribution of: (a) grain size and (b) misorientation angle on the transverse plane of
the CG T6, HE10, and HE8 samples.
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Figure 4 shows PFs for the transverse plane of the samples. The CG T6 sample exhibits
random grain orientations without a distinct texture. Following HE, the HE10 and HE8
samples display substantially changed grain orientations, with <111> and <001> dominant
for HE10 and <111> dominant for HE8. Moreover, a higher intensity can be observed for
the HE8 sample, corresponding with stronger deformation.

Figure 4. PFs of the: (a) CG T6, (b) HE10, and (c) HE8 samples.

Figure 5 presents the results of EDS analysis, used to characterize the intermetallic
particles within the microstructure. A diverse range of particles can be observed, with the
majority rich in Cu and Fe, in addition to Mn and Si. In terms of electrochemical potential,
both Fe and Cu are nobler than the Al matrix [23]. This influences resistance to pitting
corrosion, as pit nucleation is initiated in the vicinity of intermetallic particles. In terms
of mechanical properties, such particles do not contribute to the increase in strength of
the material.

Moreover, for the characterization of second-phase precipitates, the EDS analysis was
also performed. The results are shown in Figure 6, where a line scan of the exemplary
precipitate is presented. It can be seen that the precipitate is rich Zn and Mg. Both η and
η′ precipitate are rich in these elements. For AA7075, these two precipitates are the major
precipitates in the microstructure, as can be seen in numerous papers, e.g., [24–27].
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Figure 5. SEM/EDS analysis of the intermetallic particles.

Figure 6. SEM/EDS analysis of the second-phase precipitate.

3.1.2. TEM

A detailed characterization of the microstructure was performed using TEM. Figure 7
presents example micrographs of the transverse plane of the undeformed and deformed
samples further aged at 120 ◦C/24 h. The micrographs reveal differences between the
samples in terms of plastic deformation and heat treatment. Samples display different
grain size and density of dislocations. The CG T6 sample is characterized by a coarse-
grained microstructure with a high density of η precipitates within the grain interiors, with
additional η′ precipitates visible as small dots within the matrix. Similar observation of
the microstructure components were found in, e.g., [24,28,29] The microstructures of the
HE10 HT2 and HE8 HT2 samples are substantially deformed, which can be seen by the
grain refinement, but also feature significant increases in dislocation density. Moreover,
it is seen in selected area diffraction images, which are inside the TEM micrographs. For
samples after hydrostatic extrusion, the diffractions are close to rings, which indicates a
higher number of orientations in comparison to CG T6 sample. In addition, the size of η
precipitates is reduced in comparison to the CG T6 sample.
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Figure 7. TEM micrographs of the: (a) CG T6, (b) HE10 HT2, and (c) HE8 HT2 samples, black arrows
indicate η precipitates, white arrows—η′ precipitates.

The TEM micrographs were further analyzed at higher magnification. Figure 8 shows
micrographs of the φ10 samples. The size and number of the η precipitates are substantially
reduced within the naturally aged sample in comparison to the CG T6 sample (Figure 7).
Artificial aging leads to the intensification of precipitation process, and the number and size
of precipitates increase. Precipitates are observed at both grain boundaries but also grain
interiors. With increasing the aging temperature, the size of the η precipitates increases.
What can be noticed is that RRA heat treatment led to over-aging of the material. This can
be seen by the significant coarsening of η precipitates, most likely as a cost of η′ precipitates.
A higher number of the precipitates can be observed at the grain boundaries. Moreover,
precipitate-free zones (PFZ) next to the grain boundaries can be observed with a thickness
up to 30 nm.

Figure 9 shows TEM micrographs of the φ8 samples. A similar phenomenon can be
observed as for the φ10 samples. Again, as the aging temperature increases, the size of the
precipitates increases. This effect is stronger for the φ8 samples than for the φ10 samples,
with more pronounced precipitate growth at the same aging temperature. Furthermore,
PFZs are already observed at an aging temperature of 120 ◦C, indicating over-aging. The
HE8 sample displays more pronounced grain refinement in comparison to the HE10 sample.
Grains of nanometer size (below 100 nm) can already be observed, which was not the case
for the HE10 sample. Artificial aging resulted in a precipitation process. In addition, the
number of grain boundary precipitates is higher in comparison to samples with lower
deformation rate.
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Figure 8. TEM micrographs of the: (a) HE10, (b) HE10 HT1, (c) HE10 HT2, (d) HE10 RRA1, and
(e) HE10 RRA2 samples, black arrows indicate η precipitates, white arrows—η′ precipitates.

Figure 9. TEM micrographs of the: (a) HE8, (b) HE8 HT1, and (c) HE8 HT2 samples, black arrows
indicate η precipitates, white arrows—η′ precipitates.
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3.1.3. XRD

XRD analysis was performed to confirm TEM observations. Figure 10 shows results
of the analysis for samples CG T6, HE10, HE10 HT2, HE8, and HE8 HT2. For all the
samples, the same phases have been identified. For each sample, the most prominent
phases are Al solid solution, η precipitates (labeled MgZn2), MgCuAl2, and Al3Cu2. In
addition, η′ precipitates were detected, but their very small size resulted in diminished
XRD peaks. Similar observations were found in work [30], where XRD measurements of
AA7075 revealed peaks for MgZn2 and Al2Cu; however, the microstructure observations
show the presence of MgZn2. As in the present study, this indicates that these precipitates
constitute the majority of the microstructure.

Figure 10. XRD analysis of the CG T6, HE10, HE10 HT2, HE8 and HE8 HT2 samples (PDF no. of the
phases identified: PDF 00-004-0787—Al, PDF 01-073-5874—MgCuAl2, PDF 00-034-0457—MgZn2,
PDF 01-071-5716—Al3Cu2).

3.2. Mechanical Properties
3.2.1. Microhardness Measurements

Figure 11 presents a graph of the microhardness measurement results. The CG T6
sample has an average hardness of 181 HV0.2. Following HE and natural aging, the
microhardness changes are insignificant. The HT1 and HT2 treatments improved the
microhardness of both samples. However, in the case of the φ8 samples, microhardness
saturation was already observed for HT1, and a further increase in aging temperature
caused a slight decrease in microhardness. In the case of the φ10 samples, the highest
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microhardness value of 202 HV0.2 was obtained for the HE10 HT2 sample. RRA treatment
substantially decreased microhardness below that of the CG T6 sample. Based on these
results, samples RRA1 and RRA2 were not investigated further.

Figure 11. Microhardness results of the samples.

3.2.2. Tensile Tests

The representative stress–strain curves obtained by the tensile tests are shown in
Figure 12. Table 3 presents the quantitative results. The samples were tested in the direction
longitudinal to the extrusion direction. The CG T6 sample displays the lowest UTS value of
about 540 MPa. All the samples that underwent HE show an improvement in UTS and YS,
but a reduction in Eb. The increase in UTS, depending on a sample, equals from 50 MPa
to 135 MPa, indicating a significant improvement. The tensile strength of the plastically
deformed samples is dependent on the aging temperature. For the φ10 samples, the highest
results are observed for the naturally aged sample, with a UTS and Eb of 674 MPa and 17%,
respectively. Both HT1 and HT2 show a slight decrease in YS, UTS, and Eb. Among the φ8
samples, the highest strength of 625 MPa was obtained for the HE8 HT1 samples. However,
it has to be emphasized that for the φ8 samples, the variations in the results is considerable,
indicating the inhomogeneity of the microstructure.

Figure 12. Representative engineering stress–strain curves for the reference CG T6 sample and
samples after hydrostatic extrusion with subsequent natural aging (HE10 and HE8) and artificial
aging (HT1 and HT2).
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Table 3. Results obtained from the tensile tests.

Sample YS [MPa] UTS [MPa] Eb [%]

CG T6 463 ± 4 539 ± 3 16.9 ± 1.4
HE10 582 ± 2 674 ± 2 11.0 ± 0.2

HE10 HT1 603 ± 11 652 ± 8 8.8 ± 0.5
HE10 HT2 608 ± 22 639 ± 19 9.3 ± 0.2

HE8 552 ± 33 608 ± 53 4.7 ± 2.8
HE8 HT1 588 ± 24 625 ± 18 7.5 ± 1.9
HE8 HT2 563 ± 16 590 ± 11 5.4 ± 1.1

3.3. Electrochemical Properties

Figure 13 shows the curves generated from the PP tests, and Figure 14 shows the
average electrochemical parameters for each sample. The polarization curves for the HE
and CG T6 samples are generally similar in shape, with the principal difference being the
size of hysteresis loop (Figure 13a). As deformation increases, the hysteresis loop becomes
larger. This indicates that the repassivation process is slower for the refined samples, and
consequently suggests that the morphology of corrosion attacks may differ. The cathodic
current density during the forward scan substantially decreases with increasing plastic
deformation of the microstructure (Figure 13a). The corrosion potentials (Ecorr) of the HE
samples are lower than those of the CP T6 sample (Figure 14). The anodic behavior is
dominated by active dissolution, as characterized by the lack of a passive region and an
abrupt increase in current density above the corrosion potential.

Figure 13. Results of PP tests in 0.1M NaCl, for the (a) CG T6, HE10, and HE8 samples; (b) the HE10
sample before and after aging; and (c) HE8 sample after aging.
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Figure 14. The electrochemical parameters Ecorr, Erep (left Y axis), and icorr (right Y axis) for each sample.

Following artificial aging, the repassivation rates of both refined samples increase, as
the hysteresis loop defined by the reverse scan curve becomes smaller (Figure 13b,c). This
suggests a change in the morphology of the corrosion attack [31]. In the cathodic branch,
the current density of the HE8 sample remains unaffected by aging, while that of the HE10
sample increases slightly. As aging temperature increases, Ecorr shifts to more noble values.
Most notably, the corrosion currents (icorr) of all samples which are either refined or both
aged and refined are lower than that of the CG T6 sample, indicating a slight improvement
in corrosion resistance. Note that the differences in Ecorr and icorr are small, and the major
dissimilarity in corrosion resistance lies in the size of the hysteresis loop, and hence the
morphology of the corrosion attack.

Following PP testing, the microstructure was investigated further. Figure 15 shows
SEM micrographs of the surfaces and cross-sections of the CG T6, HE10, and HE8 samples.
Numerous pits can be observed on the CG T6 sample, where the whole examined surface
was covered with them. For the samples that underwent HE, the corrosion attack is limited
and more localized. For the HE8 sample, the corrosion attack on the surface looks like an
intergranular, where the grain boundaries are more susceptible to the attack. Moreover,
corrosion products can be observed on the surfaces. The cross-sections of all three samples
display corrosion attack, which can be considered as combined intergranulars with pitting.
Pits initiate in the vicinity of the intermetallic particles and further propagate along the
extrusion direction, and correlate with highly elongated grains. Dissolution occurs along
grain boundaries. As such, the dissolute networks of the HE10 and HE8 samples are more
developed, as those samples possess a higher density of grain boundaries. In the case of
the length of the corrosion attack, it varied between the samples. It was the most significant
in the case of the CG T6 sample and equaled up to 100 μm. For the refined samples, this
value was reduced and did not exceed 70 μm. Differences between HE10 and HE8 samples
are negligible.

Figure 15. SEM micrographs of the surfaces of: (a) CG T6, (b) HE10, (c) HE8 and cross-sections of
(d) CG T6, (e) HE10, (f) HE8 samples. 50 μm.
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4. Discussion

4.1. The Influence of Microstructure Evolution on Mechanical Properties

Plastic deformation via HE in the present study with the application of low values
of strain [32] led to the formation of substructures, within which the majority of grain
boundaries were LAGBs. Higher strain values would be required to generate HAGBs by
rotating the subgrains over 15◦. The evolution of grain boundary angles during HE has
been analyzed previously [33]. The misorientation angles are greatest when between grains
oriented in the <111> and <001> directions. When the boundary lies between grains of
similar orientations, then the misorientation angle in substantially lower. However, as
the strain increases during deformation, the misorientation angles of such boundaries are
subject to the largest increase. The grain refinement of the φ8 samples was slightly greater
than that of the φ10 samples. This was reflected in an increased number of LAGBs, which
resulted in more pronounced substructure formation. The grain orientation was somewhat
invariant, with the majority of grains oriented along the <111> direction.

When compared to other SPD processes, such as ECAP or high-pressure torsion, HE
produces grains of a distinctive shape. The grains are strongly elongated along the extru-
sion direction (longitudinal plane), while on the transverse plane the grains are equiaxial
(see Figure 2). On the longitudinal plane the fibrous grains are defined by HAGBs, while
their interiors feature networks of LAGBs. In terms of mechanical strength, the Hall–Petch
equation describes an increase in yield strength as grain size decreases [34,35]. However,
strength is also influenced by structure—namely, the grain boundary misorientation an-
gle [36]. Therefore, the φ8 sample displayed no further increase in mechanical strength
when compared to the φ10 sample, as the majority of grains were LAGBs. Such grains
provide a weaker barrier to moving dislocations in comparison to HAGBs, and hence
impart a lower contribution to strengthening the material [37]. Grain boundaries act as the
primary strengthening mechanism in the case of plastic deformation; as the applied strain
increases—creating HAGBs with smaller grain sizes—the mechanical strength increases.
Accordingly, the results in this paper show that YS and UTS were significantly higher for the
samples that underwent HE than the CG T6 sample. Note also that the increase in applied
strain (from 1.41 to 1.85), which resulted in more substantial grain refinement, did not
cause further improvement in mechanical strength. In addition to the misorientation angle
between grains, precipitates are also a strengthening factor, which needs to be discussed.

In work [38], AA 7075 samples with both CG and UFG microstructure were aged.
The results showed that, in equivalent conditions, the UFG sample obtained higher me-
chanical strength. However, precipitation strengthening was more impactful for the CG
sample. Following T6 aging, the yield strength increment was 160% for the CG sample
and only 26% for the UFG sample. The difference was caused by the size of the η and η′
phase precipitates within the grain interiors, as these precipitates pin dislocations. This
is known as the Orowan mechanism. The size of the strengthening precipitates was less
than 5 nm within the UFG sample; such precipitates within the CG sample were much
larger, at approximately 60 nm. Further work obtained similar findings when examining
AA 7475 following HE [18]. Grain boundaries and dislocations are favorable locations for
precipitation nucleation; however, such precipitates do not contribute to the strengthening
of the material. Therefore, to obtain a high mechanical strength, the number of boundary
precipitates should be reduced. This phenomenon explains the smaller values of YS and
UTS obtained for the φ8 samples in comparison with the φ10 samples. In the case of
the latter one, due to reduced grain refinement resulting from lower applied strain, the
volume fraction of both grain boundaries and boundary precipitates was smaller. The
HE10 sample developed the highest UTS value due to an optimal correlation between
the number of grain boundaries and natural aging, engendered by a slower precipitation
process. Precipitation was accelerated by the artificial aging process, resulting in a higher
number of boundary precipitates and therefore a decrease in mechanical strength. In terms
of mechanical strength, the elevated number of grain boundaries was unfavorable for the
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φ8 samples, as they caused a higher number of boundary precipitates at the expense of
interior precipitates, which act as strengthening factors.

The φ10 samples were additionally subjected to RRA. This approach was taken to
obtain high mechanical strength [39] together with excellent corrosion resistance. Following
heat treatment to a T6 state, the CG T6 sample was heated to retrogression temperature and
aged for a short time. Following RRA treatment, the resultant microstructure was more
thermodynamically stable, and consisted of a greater number of bigger precipitates when
compared to those formed due to the T6 heat treatment only [40]. Previous work showed
that RRA reduced the corrosion depth of AA 7075, while mechanical strength remained
high if parameters were optimized [41]. Due to adiabatic heating, which momentarily
causes the temperature to increase to approximately 100–150 ◦C, the HE process influences
precipitation. Further work, using AA 6082, showed that the precipitation sequence
changed during HE, creating an additional phase capable of nucleation, which was not
present within a CG sample [42]. The precipitation process differs also because of the
increased number of structural defects, such as grain boundaries and dislocations, on
which nucleation can occur [18]. Hence, RRA treatment of the HE samples caused a
substantial decrease in microhardness. Following HE, the microstructure is much more
susceptible to the precipitation process. Precipitation both along the grain boundaries and
within the grain interiors underwent significant coarsening. Due to the increased number
of grain boundaries, the number of boundary precipitates also increased. Following RRA
treatment, the growth of such precipitates caused a substantial decrease in microhardness,
and the obtained results showed that in the case of UFG sample, the RRA treatment is not
effective and leads to extensive over-aging.

4.2. The Evolution of Resistance to Corrosion

The microstructure evolution during HE with the following aging influences the
electrochemical properties of the AA 7075, as presented in Figure 14. The CG T6 sample
displayed the highest Ecorr values. For the samples that underwent HE, these parameters
were reduced. However, the value of icorr, which is directly correlated with corrosion rate,
was reduced after HE process. The lowest values of icorr were obtained for the φ8 samples,
where the artificial aging resulted in further slight improvement. In the case of the φ10 sam-
ples, HE10 and HE HT12 displayed similar values of icorr, with the latter having increased
values of Ecorr and Erep. The quantitative results obtained from the electrochemical tests
together with data from the literature are gathered in Table 4. The results for AA7075 varies
in dependance of the corrosion environment—for higher concentration of NaCl, lower
values of Ecorr and higher values of icorr are achieved. Nevertheless, the obtained results
in a present study are within the results obtained in the literature. Upon investigation of
the sample surfaces following PP testing, the CG T6 sample had the most pronounced
susceptibility to corrosion attack. The corrosion attack was much more localized for the
samples that underwent HE, with a limited number of pits observed on their surfaces. The
entire examined area of the CG T6 sample was damaged, indicating that the corrosion
was more uniform, rather than producing individual pits. However, upon examination of
the cross-sections, all samples displayed pitting/intergranular corrosion. The pits were
spread along the HE direction. A greater number of surface pits means a larger number of
potential locations for further propagation of the corrosion into the material. The smaller
number of pits observed for the samples that underwent HE may be caused by a denser
passive layer. A more stable and integral passive layer has been observed for UFG mate-
rials in relation to the corrosion resistance of materials following SPD processing [13,43].
This phenomenon is caused by an elevated number of structural defects such as grain
boundaries and dislocations, which are favorable locations for oxidation.
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Table 4. Results of electrochemical properties with comparison to the literature data.

Sample Ecorr [mV] icorr [μA/cm2] Environment Reference

CG T6 −585 1.5

Present study

HE10 −612 1.0
HE10 HT1 −597 1.2
HE10 HT2 −590 0.9 0.1 M NaCl

HE8 −654 0.7
HE8 HT1 −630 0.6
HE8 HT2 −618 0.6

AA7075 with different tempers −800 to −770 - 3.5% NaCl [44]
AA7075 −815 4.01 3.5% NaCl

[45]
−853 4.3 1 M NaCl
−945 6.76 2 M NaCl
−1038 9.58 3 M NaCl

AA7075 CG −1165 76.2
3.5% NaCl [26]AA7075 after rolling −1162 to −1088 5.4 to 55.9

AA7075 −704 71.5 3.5% NaCl [46]
AA7075 −553 to −497 0.1 to o.5 0.001 M NaCl [47]

AA7075 welds −1350 to −750 - 3.5% NaCl [48]

Although corrosion attacks were observed in the vicinity of intermetallic particles,
such particles themselves remained untouched. This is due to the higher electrochemical
potential of these particles, which primarily contain Fe and Cu, in comparison to the Al ma-
trix [23,49]. Further dissolution of the material takes place via grain boundaries. Previous
work showed that HAGBs provide preferable locations for the propagation of corrosion
due to the presence of enhanced excess energy [13]. Further work found that AA 5182 was
susceptible to intergranular corrosion due to β-phase precipitates at grain boundaries, and
that LAGBs provide resistance to attack [50]. HAGBs provided a variable resistance to
attack, dependent upon the grain boundary plane. This could be caused by the crystallog-
raphy of β-phase precipitation, which determines whether precipitation along boundaries
is continuous or discontinuous. For 7xxx AAs, intergranular corrosion was shown to be
caused by the presence of PFZs [51], and susceptibility to intergranular corrosion was
reduced by decreasing the sizes of the PFZs. Higher susceptibility to pitting corrosion is
unfavorable as it can initiate cracking, as shown in [52], where authors investigated the
transition of corrosion pits to cracks under fatigue for AA 7075.

Naturally aged, fine-grained AA 7075 was less susceptible to the growth of stable pits
compared to CG AA 7075 in [47]. This finding was attributed to the size of the intermetallic
particles, which were larger for the CG sample. The potential difference between the
cathodic particles and the matrix was higher in the CG sample than in the refined sample.
This was caused by a higher content of alloying elements within particles, resulting in a
greater driving force for pitting initiation and propagation in the CG sample. However, in
this paper, the size of the intermetallic particles was constant across all samples. Therefore,
the primary cause of the enhanced corrosion resistance of the deformed samples is grain
refinement, which causes a better protective passive layer on the surface and therefore the
number of corrosion nucleation sites is smaller in comparison to the CG T6 sample. Further
propagation of the corrosion occurs along HAGB, and the observed corrosion damage is
similar for the samples.

5. Conclusions

In this paper, AA 7075 was subjected to HE and aging. The microstructure evolution,
mechanical properties, and resistance to corrosion were examined, and the results were
compared to a CG T6 sample. From this, the following conclusions can be drawn:

• The HE process caused substantial grain refinement; however, the applied strain values
of ε = 1.41 and ε = 1.85 resulted in the majority of grain boundaries being LAGBs;
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• The samples that underwent HE displayed different precipitation phenomena—the
increased number of grain boundaries resulted in a higher number of boundary
precipitates, which do not contribute to an increase in mechanical strength;

• HE with an aging process caused an increase in tensile strength in a range of 50–135 MPa
in comparison to CG T6 sample. The highest value of 675 MPa was obtained for singe-
stepped HE with natural aging;

• Due to the increase in applied strain during HE, a lower aging temperature was
required to develop high mechanical strength;

• The samples which underwent HE showed lower susceptibility to localized corrosion
in comparison to the CG T6 sample as a result of the grain refinement and higher
fraction of LAGBs, which are resistant to corrosion attack.
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2. Majchrowicz, K.; Pakiela, Z.; Giżyński, M.; Karny, M.; Kulczyk, M. High-cycle fatigue strength of ultrafine-grained 5483 Al-Mg
alloy at low and elevated temperature in comparison to conventional coarse-grained Al alloys. Int. J. Fatigue 2018, 106, 81–91.
[CrossRef]

3. Klein, T.; Reiter, L.; Schnall, M. Wire-arc additive manufacturing of Al-Zn5.5-Mg-Cu (ML7075): Shifting paradigms of additive
manufacture-ability. Mater. Lett. 2022, 313, 131841. [CrossRef]

4. Klein, T.; Schnall, M.; Gomes, B.; Warczok, P.; Fleischhacker, D.; Morais, P.J. Wire-arc additive manufacturing of a novel high-
performance Al-Zn-Mg-Cu alloy: Processing, characterization and feasibility demonstration. Addit. Manuf. 2021, 37, 101663.
[CrossRef]

5. Kairy, S.K.; Turk, S.; Birbilis, N.; Shekhter, A. The role of microstructure and microchemistry on intergranular corrosion of
aluminium alloy AA7085-T7452. Corros. Sci. 2018, 143, 414–427. [CrossRef]

6. Wawer, K.; Lewandowska, M.; Kurzydłowski, K.J. Improvement of mechanical properties of a nanoaluminium alloy by precipitate
strengthening. Arch. Met. Mater. 2012, 57, 877–881. [CrossRef]

7. Valiev, R.Z.; Islamgaliev, R.K.; Alexandrov, I. Bulk nanostructured materials from severe plastic deformation. Prog. Mater. Sci.
2000, 45, 103–189. [CrossRef]

8. Sabbaghianrad, S.; Langdon, T.G. A critical evaluation of the processing of an aluminum 7075 alloy using a combination of ECAP
and HPT. Mater. Sci. Eng. A 2014, 596, 52–58. [CrossRef]

9. Darban, H.; Mohammadi, B.; Djavanroodi, F. Effect of equal channel angular pressing on fracture toughness of Al-7075. Eng. Fail.
Anal. 2016, 65, 1–10. [CrossRef]

10. Murashkin, M.Y.; Sabirov, I.; Sauvage, X.; Valiev, R.Z. Nanostructured Al and Cu alloys with superior strength and electrical
conductivity. J. Mater. Sci. 2016, 51, 33–49. [CrossRef]

11. Ralston, K.D.; Birbilis, N. Effect of Grain Size on Corrosion: A Review. Corrosion 2010, 66, 075005-13. [CrossRef]

197



Materials 2022, 15, 4577

12. Ralston, K.D.; Fabijanic, D.; Birbilis, N. Effect of grain size on corrosion of high purity aluminium. Electrochim. Acta 2011, 56,
1729–1736. [CrossRef]
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Abstract: The rapid wear of conical picks used in rock cutting heads in the mining industry has
a significant economic impact in cost effectiveness for a given mineral extraction business. Any
mining facility could benefit from decreasing the cost along with a substantial durability increase
of a conical pick; thus, the hardfacing method of production and regeneration should be taken into
account. In order to automatize the regeneration, the wear rate assessment is necessary. This paper
presents a methodology used to create a 3D photogrammetric model of most of the commercially
available tangential-rotary cutters in their before and after abrasive exploitation state. An experiment
of three factors on two levels is carried out to indicate the proper setup of the scanning rig to obtain
plausible results. Those factors are: light level, presence of polarizing filter and the distance from
the scanned object. The 3D scan of the worn out specimen is compared to the master model via
algorithm developed by the authors. This approach provides more detailed information about the
wear mechanism and can help either in roadheader cutting head diagnostics or to develop a strategy
and optimize the toolpath for the numerically controlled hardfacing machine.

Keywords: conical pick; photogrammetry; mining; hardfacing; photogrammetric method

1. Introduction

Wear of any kind of industrial tool is an inevitable phenomenon. The tools are
subjected to many divergent wear mechanisms [1], depending mainly on the material
selection and working environment [2]. The mining industry can be considered to be one
of the extreme cases, considering the high loads and abrasive conditions to which the
“end tools” are subjected. Considering tool wear measurement, one can stumble upon
many approaches. Some of them are based on measurement of the response for a vibratory
excitation [3,4]; others utilize mass measurement or harness a vision system [5].

A conical pick (sometimes named “tangential-rotary cutter”) is a good example of
a mining tool, designed to withstand harsh working conditions and crush hard rocks,
yet it still tends to lose its primal shape and durability after a certain operational period.
Replacement of the tool is problematic and expensive, but is sometimes needed even after a
few hours of work, which leads to the need for remanufacturing of the tool [6,7]. The main
challenge of the regeneration process of worn out tools at the first stage is the difficulty
of classifying its wear rate and deciding whether the tool can still be in use or should be
discarded. Whenever the cavities are excessive, it is crucial to determine the possibility of
regeneration. If the particular pick is suitable for reconstruction, the next step is to develop
a strategy for fabrication of a hardfaced coating [8]. This process is usually performed by
skilled welders manually; however, today one can incorporate a numerically controlled
hardfacing machine.

Previous research such as [9–11] proposes a method to define the C2 parameter which
determines the wear rate that relies on the conical pick’s loss in weight after the machine
tool process. The method consists of disassembly of picks and measurement of their
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mass and the volume of output cut material obtained during the work of picks subjected
to testing.

Using only a weighing sensor and measurements of the cut mineral makes it a suitable
method of obtaining the parameter for rough analysis in difficult environment conditions
such as mining facilities. This, however, does not bring about any further information on
spatial deformation but only on the overall wear when compared to the master model,
which can be misleading, especially during analysis of tools that have local cavities corre-
lated to tools that have uniform abrasions (Figure 1). The products of plastic deformations
of the working part can still be attached to the pick’s body; therefore, theoretically, they can
also add distortions to the mass measurement. Additionally, the tungsten carbide tip can
have up to double the density of the steel, which can make mass measurements even less
informative [12].

 

(a) (b) 

Figure 1. Tools with local cavities—(a); uniform abrasions—(b).

In [13], the quality assessment procedure for picks was presented. Apart from cal-
culating the C2 parameter, classification takes into account other criteria. Some of the
measurements described in the paper require laboratory conditions; therefore, this process
cannot be conducted in a difficult environment.

The next method of determining wear level is to analyze the mining power consump-
tion signal [14]. The classification is carried out with the use of a wavelet transform for
noise reduction of measurement data of the mining power signal and artificial intelli-
gence. Despite the results being satisfactory, attention should be paid to selection of the
base wavelet, which influences the obtained final results. This means that every sample
should be analyzed by a person who should decide on the mathematical operator of the
calculations, which can complicate the process.

Another method of obtaining the digital parameters of tool wear is image process-
ing [15,16]. This gives some or all of the information that can be gathered by the human
eye, creating a digital model that can be processed further on. For an industrial company
that has the possibility to conduct LIDAR scanning, such a model can be obtained using the
methodology described in [17–19]. However, this type of measurement uses the method
of physically hitting a model’s feature with light and measuring the reflection so that the
texture of the object is not included in the results.

The solution to this problem that was chosen by the authors is the usage of a pho-
togrammetry process that relies on images captured by a camera to reconstruct the 3D
model coordinates using image overlap [20]. The photogrammetric model method brings
forth enough information for conical picks regeneration, as the output data include infor-
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mation about local cavities of the operating part, its texture and its ability to be automated.
This method does not require any expensive equipment or personnel training.

There are many photogrammetric methods, but one can distinguish three main ones
considering the dynamic of an object that is projected and the cameras that are needed for
image acquisition [21]:

• Static object, many cameras are triggered at the same moment, placed around the object;
• Static object, one camera moving around the object while taking pictures;
• Rotating object, static camera.

The authors have chosen the last method because of feasibility of the automation
and low cost of the module capture setup. Data acquisition for photogrammetry should
be conducted in a controlled environment [22–24] to ensure that the image quality is not
influenced by factors such as extensive light, transparent surfaces, light reflections and
surrounding objects. To do so, the choice of light source should be adapted to the object
surface as well. It is best when the object diffuses light which is common as the outcome of
the object’s roughness. For metallic surfaces that can reflect light easily, the source light
should be uniform and diffused [25]; additionally, cross-polarization and chromatic filters
may enhance the results [26–28]. The baseline/distance ratio, i.e., the distance between
two camera positions to the distance between the camera to the object ratio should be
between 1/15 and 1/20 [29]. Crucial parameters that have a great impact on the suitability
for photogrammetric synthesis are:

• Exposure time (shutter speed);
• Aperture;
• Depth of field;
• Sensitivity of light to camera (ISO).

Those parameters should be selected as a compromise, to result in capturing sharp
images that are the appropriate input for the processing algorithm. The use of a tripod
usually facilitates the process, especially for underexposed objects or long exposure time
camera settings. The aperture parameter and shutter speed should be set according to ISO,
the value of which should be the lowest possible to avoid digital noise in the images.

In the current study, the authors attempt to build a low-cost photogrammetric scan-
ning setup for conical picks and estimate the process capabilities and general robustness,
where the main goal of this paper is to develop and study a potential pick wear assess-
ment algorithm scheme. The acquired data can serve many purposes, both as a practical
tool for mining consumable evaluation and regeneration and as a mathematical model
verification benchmark. The results of the scanning can be compared with the numerical
models, such as EDEM approach by Liu et al. [30] or the peak cutting force model built by
Kuidong et al. [31] or other tangential-rotary cutter theoretical approaches [32–39]. All of
the cited research could benefit from introducing the method of confirmation of calculated
mechanical properties with the output geometry of an exploited tool, existing in reality.

In the following sections, the authors describe the studied conical picks at various
stages of wear and the scanning setup, both from the hardware and software point of view.
Afterwards, the aligning and scaling algorithm is presented and tested on the divergent
geometry. Lastly, the authors test robustness of their method with the help of the Taguchi
Orthogonal Arrays design, in which they estimate which factor (light level, presence of
polarizing film and the distance from camera to scanned object) has the biggest impact on
the process stability.

2. Materials and Methods

2.1. Studied Specimen

In this study, the authors examine road cutting conical picks, manufactured from
34CrMo4 steel with geometry that is compliant with Figure 2. The tool in Figure 3 noted as
CP0 is a brand-new pick, which will serve as a reference specimen for the degraded tools
which had contact with abrasive rock.
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Figure 2. Technical drawing of the inspected conical pick. This geometry corresponds with the master
model (CP0).

 
(a) (b) (c) (d) (e) 

Figure 3. Image of all inspected conical pick specimens. The authors annotated them in the following
manner: (a)—CP0 (master model), (b)—CP1, (c)—CP2, (d)—CP3, (e)—CP4.

2.2. Measurement Setup

The setup consisted of the phone camera, motorized turntable and the lightbox
(Figure 4) and a computer with the required software installed.

 
  

(a) (b) (c) 

Figure 4. Measurement setup: (a)—lightbox, (b)—turntable, (c)—phone stand with 3D printed holder.
Please note that the above images present a pre-hardfaced pick, which is not included in this study.
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In order to ensure the stable movement with constant velocity, the authors designed
and manufactured a special rotary mount. This turntable was built from a stator base, a
bearing and a belt-driven rotor pick holder. The motion was created by a bipolar stepper
motor, controlled by a TMC2208 stepper driver (Trinamic GmBH, Hamburg, Germany),
connected to an Arduino Nano microcontroller (Arduino, Sommerville, MA, USA). The
pick holder was rotating at n = 0.6 rot/min. The golden and silver symbols on each of
the 12 walls of the rotor holder serve as the reference pattern for the 3D reconstruction
algorithm—if the reader was to rerun the experiment, he can apply any kind of non-
repeating pattern. That pattern brings forth an especially valuable contribution when one
scans a reflective and undeformed revolving solid.

2.3. Data Acquisition

Instead of image acquisitions, the authors decided to capture a video and split it into
60 frames. The video clip was captured with a 12.2 MP Sony IMX333 sensor (Sony, Tokyo,
Japan), integrated in a Samsung Galaxy S8 smartphone (Samsung, Suwon, South Korea).
The authors did not use the Samsung proprietary video-capturing software due to the
possible presence of unknown filters and video enhancements; instead, they utilized IVCam
software (e2esoft, Shanghai, China) and the capture was executed via a client installed on
the computer. Measurement series were conducted using groups of parameters of values
from the settings limit in Table 1. Selected parameters groups are described in Section 2.4.

Table 1. Camera and setup limits.

Light Level [lux] Shutter [s] ISO
Distance from

Camera to
Object [mm]

Polarizing
Filters

Aperture

102–288 1/1000–1/20 200 155–250 yes/no f/1.7

2.4. Image Processing

The authors used open-source software Meshroom, version 2021.1.0 (AliceVision
Association, Paris, France) to obtain 3D models. It is a program based on the AliceVision
framework with a specific pipeline for a project. Single steps of the pipeline consist of 3D
model calculating algorithm steps:

• Natural feature extraction [40–44];
• Image matching [45];
• Features matching [46];
• Structure from motion [47];
• Depth maps estimation [48];
• Meshing [49];
• Texturing [50].

The first step was to extract 60 frames from captured videos. To do so, authors
prepared the MATLAB (MathWorks, Natick, MA, USA) script that enabled saving images
in a certain directory. Afterwards, a new project in Meshroom was created and the images
saved were determined as the input for the algorithm.

The results of consecutive steps are presented in Section 3. The final step was to
save the 3D model of the working part of the scanned picks in .stl format and analyze its
geometry in the MATLAB environment (Section 2.5).

2.5. Statistical Analysis

The optimization process was planned as presented in Table 2. The first step was to
choose appropriate parameter values for parametric analysis. The ISO value of 200 was
set a priori and the light levels were set with the use of LED lights switch. The rest of the
parameters were selected accordingly, for two of the light levels as in Table 3. The light
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level was measured at the position of the conical pick’s tip with the GH59-14759A light
sensor.

Table 2. Experimental scenarios.

Run Light Level
Distance from

Camera to Object
Polarizing Filters

1 − − −
2 − − +
3 − + −
4 − + +
5 + − −
6 + − +
7 + + −
8 + + +

Table 3. Camera and setup settings.

Light Level [lux]
Distance from Camera

to Object [mm]
Polarizing Filters

Included

Lower limit (−) 102 155 No
Upper limit (+) 288 250 Yes

The impact of light level, distance to object and polarizing filter was analyzed by
performing eight tests on the master model to choose optimal settings for the process.
Optimization consisted of analysis of the influence of three factors with two levels (L8) on
the resulting output function values that determined the model quality.

The process was optimized for best output model accuracy. For this purpose:
The algorithm for cavities classification was made and objective Function (1) was

constructed for maximization target.

f
(
ni, np, a

)
=

ni
N

+
np

Pmax
+ am, (1)

where:

ni—number of images classified as proper, N ≥ ni ≥ 0;
N—number of all input images, N = 60;
np—number of characteristic points matched, Pmax ≥ ni ≥ 0;
Pmax—number of maximal amount of characteristic features matched points achieved;
am—accuracy of the 3D model, am ⊂ {0; 0.5; 1}.

The am parameter was determined by the authors following the rules: if the 3D model
properly projects the geometry of the conical pick and is the suitable input for the wear
classification algorithm, the am value is equal to 1. If it is conditionally suitable, the am
value is equal to 0.5. If the model is improper, the am value is equal to 0.

2.6. Wear Classification

Five samples of conical picks after exploitation were evaluated. Their 3D models
were examined in the geometry analysis process. Their symmetrical wear was stated (2)
as below.

S =

{
1; σA ≤ 0.3AM
0; σA > 0.3AM

, (2)

where:

S—symmetry determinant;
σA—standard deviation of cross-sections of 3D model;
AM—area of the cross-section of the master model.
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3. Results

3.1. Parametric Optimization

The parametric optimization process for obtaining the model of the conical pick
resulted in the eight 3D models presented in Table 4. In Table 5, the properly and improperly
projected picks are presented. Observations of output are described below:

• Run 3, 7—geometry projected on a plane, cameras detected improperly. In both runs,
image is far from camera.

• Run 1, 5—geometry is generally proper, the carbide part has geometry artifacts from
the reflected line as it is smooth material.

• Run 4, 8—no valid initial pair found automatically.
• Run 2, 6—geometry is proper.

Table 4. Parametric optimization results.

Run
Light

Level (A)
Distance

(B)

Polarizing
Filter

(C)

Randomized
Trial

[-]

Images
Classified

ni

Points
Matched

np

Accuracy
am

Objective
Function

fi

SNi

1 − − − 1 60 5806 0.5 2.5 7.9588
2 − − + 6 60 3050 1 2.525 8.0452
3 − + − 4 59 886 0 1.136 1.1076
4 − + + 8 0 0 0 0 −100
5 + − − 2 60 5529 0.5 2.452 7.7904
6 + − + 5 60 5262 1 2.906 9.2659
7 + + − 3 60 734 0 1.126 1.0308
8 + + + 7 0 0 0 0 −100

Table 5. Properly projected geometry, f = 2.525; improperly projected geometry, f = 1.126.

Run Mesh Texture Structure from Motion

2

   

7
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• Calculation of signal to noise ratio according to the rule “the-larger-is-better”:

SNi = −10 ∗ log10

∑n
1

(
1

Y2

)
n

(3)

• Calculation of impact of each factor on the subjective function value:

F(A) =
f 5 + f 6 + f 7 + f 8

4
− f 5 + f 6 + f 7 + f 8

4
= 0.0807

F(B) =
f 3 + f 4 + f 7 + f 8

4
− f 5 + f 6 + f 1 + f 2

4
= −2.0303

F(C) =
f 2 + f 4 + f 6 + f 8

4
− f 1 + f 3 + f 5 + f 7

4
= −0.4458

• Calculation of the resistance of each factor to noise:

SN(A) =
SN5 + SN6 + SN7 + SN8

4
− SN5 + SN6 + SN7 + SN8

4
= 0.2439

SN(B) =
SN3 + SN4 + SN7 + SN8

4
− SN5 + SN6 + SN1 + SN2

4
= −57.7305

SN(C) =
SN2 + SN4 + SN6 + SN8

4
− SN1 + SN3 + SN5 + SN7

4
= −50.1441

Parametric optimization results are shown in Figure 5 and the parameters’ influence
on the objective function value is shown in Figure 6.

Figure 5. Parametric optimization results; (a)—impact of input parameters with impact increasing: B,
C, A; (b)—input parameters’ resistance to noise with resistance increasing: A, C, B.
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Figure 6. Parameters’ influence on the objective function value. The red points correspond to the
values on the boundary conditions before averaging.

3.2. Features Extraction

Individual model features were determined using MATLAB scripts to perform calcu-
lations on the .stl models. The first step was to center the data (3D points cloud) at zero.
Next, the direction of most variance and rotation of the data was found to align it to the Z
axis and translate it afterwards so that all of the data points are aligned so that z values are
greater than 0 (Figure 7).

As can be seen in Figure 7, the resulting geometry may have a different orientation
along the X axis. To change the pick’s position so that the carbide has the X coordinate
equal to 0 and the rest of its geometry lies on the right side of the axis, linear regression of
density in the domain of the X coordinate was calculated and the slope value was checked.
If a model is represented by regression with a slope value bigger than zero, all of the points
were rotated along the Y axis (Figure 8).
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(a) (b) 

Figure 7. Aligned .stl model of the pick; (a)—master model, (b)—pick after exploitation.

 
(a) (b) 

Figure 8. Three-dimensional space density; (a)—bar plot in Z coordinate domain, (b)—regression.

The next step was to find the X axis coordinate of the pick’s holder end and then to
scale the model. It was made using calculation of data point density and the scale factor
comparing maximal diameter values of the holder and its projected geometry (Figure 9).
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(a) (b) 

Figure 9. Scaled and cropped data points; (a)—master model, (b)—pick after exploitation.

The symmetry was calculated for 37 areas of cross-sections of the model with 10◦
of difference between: φ = [0◦, 10◦, . . . , 350◦, 360◦]. The 2D boundary of the model was
determined and its area was calculated. Additionally, the plastic deformation area was
defined, determining each sum of cross-section boundaries of the master and the rest of the
picks (Figure 10). Afterwards, the difference between the summed boundary and the pick’s
original boundary was calculated (Table 6). Figure 11 presents the aggregated results for
the examined picks.

Figure 10. Cont.
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Figure 10. The difference between the minimal and maximal cross-section area of the scanned picks.
(a) shows the min/max cross-sectional area of CP01 pick, (b) of CP02, (c) of CP03 and (d) of CP04.
Their physical representation is shown in Figure 3.

Table 6. Table containing the calculated data regarding the examined picks. The S parameter is a
Boolean value assigned according to set threshold—in this case, the authors set the critical value
at 3%. The threshold value may vary in the case of different tool geometry. The maximum plastic
deformation coefficient calculates the area of surplus material, exceeding the contour of the master
model cross-section.

Pick Mean [cm2] Std Dev. [cm]
Max. Plastic Def.

Area [cm2]
Max. Area Diff.

[cm2]
Area Diff. as a Part
of Mean Area [%]

S (Symmetrical
Parameter)

CP0 19.869 0.03048 0 0.1080 0.5 1
CP1 18.911 0.038211 0 0.1480 0.7 1
CP2 18.496 0.11077 0 0.3470 1.9 1
CP3 18.416 0.22452 0 0.6360 3.5 0
CP4 17.791 0.48366 0.4910 1.3490 7.5 0

Figure 11. Cross-section areas of picks.
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Cross-section boundary points of the pick nr 4 are considered to be worn out and are
not suitable for regeneration.

As expected, the CP0, being the reference specimen, has low deviation and the highest
average cross-section value. The eccentrically placed mean value (red line) in the CP2, CP3
and CP4 provides information about the asymmetrical wear of the picks. The bigger the
box, the bigger the value of asymmetry.

4. Discussion

The scanned conical picks are typical examples of a set of tools removed during
maintenance of the cutting head. If they were to be rated for their further usability, one
could divide them among subsequent categories:

• Eligible for use: CP0, CP1;
• Eligible for hardfacing: CP0, CP1, CP2;
• Catastrophic wear: CP3, CP4.

The photogrammetric measurement of volume followed by the symmetry assessment
script provides plausible results, especially considering its low cost and high reliability.
The authors believe that implementing this method in the mining repair plants could be
beneficial indeed. This approach could also serve as a basic quality control unit in a mining
tool factory or another facility which manufactures parts with an axis of symmetry. Yet, it is
noteworthy to consider the surface roughness (or reflectiveness, to be more precise) of the
scanned part. The very reflective, polished objects with the Ra parameter below 2.5–5 μm
cause some issues, namely, unexpected bumps or cavities in the place of a very bright spot.
The solution for those issues is either to have those surfaces dulled with talc or another
powder or to incorporate a different method for obtaining the 3D geometry.

Overall, this approach to tool wear characterization is relatively easy to use and
provides much information about the wear mechanism. The current algorithm used in
this paper will be applicable only to objects which are solids of revolution, since one of
the steps is to find the axis of symmetry and align scanned objects according to the found
axis. Nevertheless, after some modifications, a similar approach can be utilized to assess
the wear rate (or even metrological compliance of the physical object with the designed
virtual model) of other tools or parts. The setup that the authors used was supposed to be
affordable for most populations, thus some efficiency-related concerns were a trade-off. Yet,
increasing the efficiency is theoretically simple, since one has only to add more cameras to
capture the images “at once”, with little to no scanned object rotation.

One of the strengths of the current setup is that it separates the scanned object from
the environment, being a method of scanning which is—quite literally—as robust as the
walls of the lightbox. On the other hand, the necessity of the lightbox limits the maximum
size of the scanned part.

5. Conclusions

Described methods of classification of the picks’ wear are presented in the table
below (Table 7).

Table 7. Limits of the methods of classification of the picks’ wear and its features.

Type of Scanning Method
Implementation in a

Difficult Environment
Automation Possibilities

Enough Output Data
for Regeneration

C2 parameter + + −
Parametric factors − − +

Fuzzy neural network + +/− −
LIDAR measurements + +/− −

Photogrammetric model + + +
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By analyzing the presented methods from previous research, it can be stated that the
parametric factors method is not suitable to be implemented in harsh conditions, i.e., in
mining factories. The parametric factors method consists of laboratory measurements,
including microscopic image analysis, which cannot be conducted in such conditions.
Parametric factors, LIDAR and fuzzy neural network methods are not feasible to automate
because of the large number of various processes included when it comes to the parametric
factors method and the need for selection of the mathematical operator for a sample
when it comes to the neural network method. The LIDAR method does not bring forth
information about texture that can be the input for the algorithm of classification. The
crucial disadvantage of this method is the poor availability of equipment compared to
photogrammetry. The chosen method tends to be universal, as it can be performed using a
phone camera. The C2 parameter assessment is still the quickest approach to conical pick
wear rate evaluation; nevertheless, it does provide the user only with basic information
about the wear characteristics.

The most influential of the studied parameters appeared to be the distance between
the camera and the object. Nevertheless, the distances in this study were adjusted to the
quality and focal point of the particular lens. Having an image-capturing device with a
lens able to zoom in without any image distortion, the distances could vary significantly.
The presence of the polarizing filter appeared to decrease the number of bright reflections,
which resulted in 3D reconstructions with greater fidelity.

The goal of further work is to reduce the scanning and data processing time. Addi-
tionally, the authors plan to build a portable scanning device, which will enable the mining
company maintenance team to gather the data on-site. This task, however, would require
some extra steps in order to meet the requirements of underground heavy industry, e.g.,
a dustproof casing, spark-proof design of the drive and electronics and perhaps a conical
pick initial cleaning device.

Another goal for future study might be connected with the advantage of photogram-
metry over LIDAR or other laser-based scanning techniques, namely, the texture analysis.
Since photogrammetry provides some otherwise lost information on the color of the surface
of the scanned object; the textured 3D file could be subjected to more sophisticated analysis,
such as hardfaced material overheat detection. Another great use of the method studied
by the authors is the possibility to scan and instantly send a 3D textured file to a locally
unavailable wear expert for analysis.

The algorithm, after development, could also serve as a low-cost linear and angular
measurement system for the manufactured tools. In the case of conical picks, the geometry
of the working part makes it difficult to utilize conventional means of measurement.
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Abstract: Carbon xerogels were obtained by polycondensation of resorcinol and formaldehyde in a
water medium. Their surface was oxidized by ammonium persulfate and then modified with amine
groups. Four amines were used: methylamine, ethylamine, propylamine, and ethylenediamine,
differing in carbon chain length and number of amine groups. The materials were characterized by
low-temperature nitrogen sorption, elemental analysis, thermal analysis, X-ray diffraction, infrared
spectroscopy, and determination of the surface oxygen group content with the use of the Boehm
method. The final carbon adsorbents had surface areas ranging from 172–663 m2/g and acid–
base nature. They were applied for adsorption of thymol blue from water solution. The sorption
capacities of the studied adsorbents ranged from 83 to 140 mg/g. The presence of amine groups on
the xerogel surface was found to increase its sorption capacity towards the dye studied. The dye
adsorption process is endothermic and spontaneous, as indicated by the positive values of ΔH and
the negative values of ΔG, respectively. The kinetics of adsorption of thymol blue was established
to be described by the pseudo-second-order model. The equilibrium data were analyzed by the
Langmuir and Freundlich models. The character of thymol blue adsorption is much better described
by the Langmuir isotherm.

Keywords: carbon materials; amine functionalization; thymol blue; Langmuir isotherm; pseudo-
second-order kinetic model

1. Introduction

Water, in addition to oxygen and nutrients, is necessary to sustain life. Its appreci-
ation increases with the development of urbanization, industry, and agriculture. Water
pollution has become a problem of top priority on a global scale. The most troublesome
pollutants include: dyes, nitrates (V), phosphates (V), chlorates, sulfates (V), heavy metal
ions, aromatic amines, pesticides, detergents, and bacteria. The largest amounts of toxic
pollutants are introduced to the water systems with wastewater. Other important sources
are water and land transport, pesticides and artificial fertilizers used in agriculture, and
municipal and industrial waste [1–3]. All water pollutants are hazardous to human health,
so maintenance of water purity is a priority among environmental protection issues. Ap-
propriate measures should be taken to limit the amount of pollutants entering the natural
water system, as well as to effectively remove already-introduced contamination. The
latter is realized through wastewater purification. Depending on the type of pollutants,
different methods are applied: mechanical, biological, physical, and chemical. As follows
from the literature, many methods of water treatment have been proposed to deal with the
problem, including: ion-exchange, coagulation, reversed osmosis, ozonation, electrochemi-
cal methods, adsorption, and chemical precipitation [4–9]. In order to remove pollutants
from post-industrial wastewater by sorption methods, it is necessary to apply effective
adsorbents [10–12], represented by, e.g., carbon xerogels, characterized by well-developed
surface area and offering a possibility of easy modulation of pore size distribution [13].
According to the literature, they have been successfully used for sorption of orange II [14],

Materials 2022, 15, 5736. https://doi.org/10.3390/ma15165736 https://www.mdpi.com/journal/materials216



Materials 2022, 15, 5736

chromotrope 2R [14], methylene blue [15], and rhodamine B [16]. Satisfactory results,
obtained using carbon xerogels as adsorbents towards cationic dyes, have been reported
by Girgis et al. [17]. The high sorption capacities of carbon xerogels, which increased with
extended internal porosity, were comparable with those of conventional activated carbons.
Figueiredo’s group [18] analyzed the sorption capacities of carbon xerogels oxidized by
nitric (V) acid towards anionic dyes. According to the data, the sorption capacities of
these adsorbents were comparable to those of commercial activated carbons, in the same
conditions of the process, and ranged from approximately 90 to 160 mg/g.

The aim of our research was to synthesize carbon xerogels modified with different
amines, perform comprehensive characterization of them, and test their performance as
adsorbents of thymol blue from water solutions. Amine groups, as strong electron donors,
enhance the basic character of the carbon xerogels surface, so their presence was expected
to facilitate the adsorption of thymol blue, which is an anionic dye [16]. An important task
was to establish the effect of pH of the adsorbate solutions and temperature of the process
on the efficiency of adsorption of carbon xerogels. Thymol blue is a chemical pH indicator,
as it changes colors from red to yellow in the pH range 1.2–2.8 and from yellow to blue
in the pH range 8.0–9.6 [19–21]. The two ranges of the color changes of this indicator are
related to the two stages of its dissociation (Figure 1).

Figure 1. Structures of thymol blue at different pH.

2. Materials and Methods

2.1. Samples

Carbon xerogel (CX) was obtained as follows: 0.040 L of distilled water was added to
25 g of resorcinol (Merck SA, Darmstadt, Germany) while stirring [22]. When the resorcinol
was dissolved, a solution of NaOH (2 mol/L, Chempur, Piekary Śląskie, Poland) was added
in order to bring the pH to 5.3. Then, 34 mL of formaldehyde (Chempur, Piekary Śląskie,
Poland) was added while stirring, and the pH was adjusted to 5.3 by adding a solution
of HCl (0.1 mol/L, Avantor Performance Materials Poland S.A., Gliwice, Poland). The
gelation was accomplished in a water bath over three days (85 ◦C). The gel was crushed
and dried in an oven for 4 days. The dried gel was carbonized at 700 ◦C in a tubular
furnace (N2—150 mL × min−1, heating rate—2 ◦C × min−1). Pyrolysis was realized in
the following stages: (1) up to 200 ◦C, held for 2 h; (2) up to 300 ◦C, held for 1 h; (3) up
to 700 ◦C, held for 2 h. The carbon xerogel obtained was oxidized by 1 mol/L solution
of (NH4)2S2O8 (Merck SA, Darmstadt, Germany) in a 2 mol/L solution of H2SO4 for 6 h
(30 ◦C)—the obtained adsorbent was denoted by the symbol CX-APS. At subsequent stages,
the sample CX-APS was modified by methylamine (MA), ethylamine (EA), propylamine
(PA), and ethylenediamine (EDA) (Merck SA, Darmstadt, Germany). For the modification,
2 g of each amine was mixed with 30 g of methanol (Avantor Performance Materials Poland
S.A., 99.8%, Gliwice, Poland), and, after 30 min, 2 g of the adsorbent CX-APS was added to
each mixture; the mixtures were stirred at 40 ◦C for 6 h. Then, the mixtures were filtered
off, and the samples were washed with methanol and dried at 70 ◦C. The carbon xerogels
functionalized with amines were labelled as CX-APS-MA, CX-APS-EA, CX-APS-PA, and
CX-APS-EDA.
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2.2. Samples Characterization
2.2.1. XRD

The samples CX, CX-APS, and CX-APS-EDA were characterized by powder X-ray
diffraction in the wide-angle range using a D8 Advance Diffractometer (Bruker, Billerica,
MA, USA, CuKα radiation, λ = 0.154 nm, step size 0.05◦).

2.2.2. Nitrogen Sorption, Elemental Analysis and Acid–Base Properties

Elemental analyses of the samples were performed with the use of a Vario ELIII
elemental analyzer (Elementar Analysen systeme GmbH, Langenselbold, Germany). The
textural parameters of the obtained adsorbents were characterized on the basis of low-
temperature nitrogen adsorption/desorption, using an Autosorb iQ instrument, provided
by Quantachrome Instruments (Boynton Beach, FL, USA). Before adsorption measurements,
the samples were degassed under vacuum for 8 h, at 200 ◦C. The surface areas of the
samples (SBET) were evaluated in the range of relative pressure p/p0 from 0.05 to 0.30
(according to the Brunauer–Emmett–Teller method). The total pore volume (V) of each
sample was estimated based on the amount of liquid nitrogen adsorbed at a relative
pressure p/p0 = 0.99. The mean pore diameter (D) was calculated from the equation
D = 4 V/SBET. Moreover, the commonly known t-plot method was applied to determine
the micropore volume and area. The content of the surface oxygen functional groups, both
acidic and basic, was determined by standard neutralization titration, with HCl and NaOH,
according to the Boehm method [16,23,24].

2.2.3. Thermogravimetric Analysis and Infrared Spectroscopy

Thermal stabilities of the samples were measured on a Setsys 1200 Setaram (Setaram,
Lyon, France). The measurements were performed under flowing nitrogen at a heating rate
of 10 ◦C/min, over a temperature range of 25−1000 ◦C, with an initial material weight of
approximately 10 mg. Structural changes in the carbon xerogel, after modification with
amine groups, were detected by FT-IR spectroscopy. Prior to measurement, the samples
were mixed with dried potassium bromide at a rate of 0.5 mg of the adsorbents to 200 mg of
KBr. The spectra, in the range of 400−4000 cm−1, were recorded on an FT-IR spectrometer
Bruker IFS 66v/S (Billerica, MA, USA) [24].

2.3. Adsorption of Dyes

Portions of 20 mg of each sample were added to 50 mL of thymol blue solutions
(concentrations range of dye: 12.5–150 mg/L). The flooded samples were stirred by a
magnetic stirrer for 1 day (temperature 22 ± 1 ◦C). Then, the samples were filtered off
and the absorbance of the filtrate was measured by a UV-Vis spectrophotometer, model
Carry 100 Bio (Agilent, Santa Clara, CA, USA). The measurement was made twice at
λmax = 435 nm. On the basis of the standard curve, the final concentrations of the dye were
determined and the sorption capacity of each sample was calculated. The amount (qe) of
thymol blue adsorbed on a given carbon adsorbent, expressed in mg/g, was calculated
from formula (1):

qe =
C0 − Ce

m
·V (1)

where C0 is the initial concentration of thymol blue (mg/L), Ce is the residual concentration
of thymol blue (mg/L), V is the volume of thymol blue (L), and m is the mass of carbon
xerogel adsorbent (g).

The effect of the pH of the thymol blue solution on the sorption capacities of the carbon
xerogel adsorbents was determined, as the pH values varied in the range of 2–12 (pH-meter
ELEMETRON, Zabrze, Poland). The pH of each solution was adjusted with 0.1 M HCl
and 0.1 M NaOH solution. Measurements were performed for 20 mg of the carbon xerogel
adsorbents and 50 mL of the dye solution, with 80 mg/L concentration.
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The adsorption isotherms were fitted to the two models proposed by Langmuir and
Freundlich. The Langmuir adsorption isotherm [25] is described by the following linear
Equation (2):

Ce

qe
=

1
KL × qmax

+
Ce

qmax
(2)

where qe is the experimentally determined amount of the thymol blue adsorbed on the
carbon samples (mg/g), qm is the theoretically predicted amount of the adsorbed dye
(mg/g), Ce is the equilibrium concentration of the dye solution (mg/L), and KL is the
Langmuir constant.

The linear form of Freundlich isotherm equation [16] is expressed as (3):

lnqe = lnKF +
1
n

lnCe (3)

where qe is the experimentally determined amount of the thymol blue adsorbed on the
carbon samples (mg/g), Ce is the equilibrium concentration of the dye solution (mg/L),
and KF and 1/n are the Freundlich constants, characteristic of a given system.

The value of 1/n (varying from 0 to 1) is a measure of the intensity of adsorption or
heterogeneity of the surface. The closer it is to zero, the more heterogeneous the surface [16].

In order to check the effect of contact time on the effectiveness of the adsorption of
the dye studied, 20 mg portions of each sample were added to 50 mL of thymol blue
solutions (150 mg/L). The samples were stirred by a magnetic stirrer. At selected time
intervals (10, 20, 30, 40, 50, 60, 120, 150, 180, 240, 300, 360, and 1440 min), the absorbance
of the dye solution was measured. Kinetics of the dye adsorption on carbon xerogels was
characterized on the basis of comparison to two kinetic models: pseudo-first-order (4) and
pseudo-second-order (5):

ln(qe − qt) = lnqe − k1t
2.303

(4)

t
qt

=
1

k2qe2 +
t
qe

(5)

where qt is the amount of the dye adsorbed on the surface of carbon xerogels in a given
time (mg/g), k1 is the adsorption constant in the pseudo-first-order equation (1/min), and
k2 is the adsorption constant in the pseudo-second-order equation (g/mg × min) [6].

Sorption studies were also carried out at different temperatures (25, 45, and 60 ◦C).
The procedure of sample preparation was the same as was used when studying the effect
of the pH of the dye solution on the adsorption capacities of the carbon adsorbents. The
thermodynamics of the thymol blue adsorption on the carbon xerogels adsorbents was
characterized based on the enthalpy, entropy, and Gibbs free energy, calculated from the
formulas described in our work [24].

3. Results and Discussion

Results of the elemental analysis of the carbon xerogels, modified with different amine
groups, are given in Table 1.

Table 1. Elemental analysis of the samples studied (wt. %).

Material C H N S O *

CX 78.77 2.60 0.00 0.00 18.63
CX-APS 31.18 3.35 1.86 19.32 44.29

CX-APS-MA 70.97 2.06 2.20 2.79 21.98
CX-APS-EA 77.23 1.96 1.16 1.21 18.44
CX-APS-PA 74.55 2.36 1.26 1.33 20.50

CX-APS-
EDA 50.32 3.61 9.23 10.43 26.41

* by difference; method error ≤ 0.3%.
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Pure carbon xerogel (CX) and carbon xerogel modified with methylamine (CX-APS-
MA), ethylamine (CX-APS-EA), and propylamine (CX-APS-PA) showed elemental carbon
content above 70 wt. %. The lowest content of elemental carbon was found in CX-APS. This
sample had the highest content of sulfur (19.32 wt. %) and oxygen (44.29 wt. %) among
all xerogel samples studied. Pure carbon xerogel did not contain nitrogen and sulfur. The
sample modified with ethylenediamine (having two amine groups) was distinguished from
the others by higher nitrogen (9.23 wt. %) and hydrogen (3.61 wt. %) contents.

Figure 2 displays the wide-angle range of XRD profiles of the three samples: CX, CX-
APS, and CX-APS-EDA. The diffractogram of CX sample showed no reflections. The XRD
profile of the sample CX-APS exhibited peaks assigned to ammonium hydrosulfate [26].
After the modification of CX-APS with ethylenediamine, the XRD profile contained addi-
tional peaks, assigned to ethylenediamine sulfate (C2H10N2O4S) [27]. In the case of the
samples functionalized with the other amines, no reflections were observed.

Figure 2. Wide-angle XRD patterns of carbon xerogels: CX, CX-APS, and CX-APS-EDA, recorded at
room temperature with a step size of 0.05◦.

Table 2 presents the textural parameters of all adsorbents studied. Pure carbon xerogel
(CX) was found to have the largest specific surface area and the greatest pore volume. CX
oxidation, by ammonium persulfate, led to the reduction of textural parameters: surface
area, pore volume, and micropores area. It is supposed that the process of modification
takes place mainly inside small mesopores and micropores. As a consequence of this
process, oxygen-containing groups may partly block the pores of carbon xerogel, leading to
a decrease in the specific surface area of CX-APS [16,27]. Functionalization with amines
results in an increase in these parameters, with respect to those of sample CX-APS. This may
lead to deblocking of the pores, and thus an increase in the specific surface area and pore
volume [16,27]. After the modification of CX-APS with ethylenediamine (CX-APS-EDA),
only the pore diameter was reduced (20.46 nm) compared to the pore diameter of CX-APS
sample (21.19 nm). Most probably, upon functionalization with ethylenediamine (with two
amine groups in a molecule), the xerogel pores are blocked with amine groups.
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Table 2. Textural properties of the samples studied.

Material
Total Surface
Area 1 (BET)

[m2/g]

Micropore
Area [m2/g]

Total Pore
Volume
[cm3/g]

Micropore
Volume
[cm3/g]

Average Pore
Diameter [nm]

CX 663 401 1.49 0.171 20.30
CX-APS 155 8 0.82 0.002 21.19

CX-APS-MA 450 229 1.28 0.123 33.65
CX-APS-EA 368 142 1.21 0.075 33.14
CX-APS-PA 340 113 1.14 0.058 26.65

CX-APS-EDA 172 13 0.88 0.005 20.46
1 Error range between 2–5%.

The TG (thermogravimetric) curves obtained upon heating the xerogel samples in
a nitrogen atmosphere are depicted in Figure 3A, while Figure 3B presents the DTG
(derivative thermogravimetric) curves that illustrate the rate of mass loss with increasing
temperature. For pure carbon xerogel, the greatest mass loss was observed in the range
of 500–600 ◦C, which is interpreted as corresponding to the removal of O2, H2, and CO2
(Figure 3) [24]. For sample CX-APS, the mass loss observed was the most pronounced. The
mass loss of the CX-APS sample, visible in Figure 3, up to about 100 ◦C, most probably
corresponds to the elimination of the physically adsorbed water. The mass loss noted in
the range of 180–300 ◦C is related to decomposition of carboxylic groups [28–30]. The TG
and DTG curves of the samples modified with methylamine, ethylamine, and propylamine
(CX-APS-MA, CX-APS-EA, CX-APS-PA) have similar smooth courses. The mass loss is
visible for them in the range of 50–250 ◦C; the first takes place up to 100 ◦C and is ascribed
to the elimination of physisorbed water. The mass loss at higher temperatures (180–250 ◦C)
was assigned to the degradation of carboxylic groups. For the sample modified with
ethylenediamine (CX-APS-EDA), a significant mass loss was detected at about 330 ◦C,
which most probably corresponds to the decomposition of amine groups (Figure 3).

The FT-IR spectrum (Figure 4) of CX sample shows bands at ~2925, 2858, 1441, and
1384 cm−1, assigned to the stretching and bending vibrations of C-H. The bands appearing
at ~1715 and 1615 cm−1, on the basis of the literature, are attributed to the vibrations of
C=O [28]. The bands in the range of 1217–1094 cm−1 come from the stretching vibrations of
C-O. The spectrum of the sample oxidized with ammonium persulfate (CX-APS) contains
an additional band with a maximum at 3148 cm−1, assigned to the stretching vibrations of
O-H. It should be added that the FT-IR spectrum of sample CX-APS, besides the bands at
~1715 and 1615 cm−1 assigned to the vibrations of C=O, also shows bands in the ranges of
1450–1381 cm−1 and 950–910 cm−1, corresponding to the deformational vibrations of O-H.
The FT-IR spectra of carbon xerogels modified with amine groups show bands assigned to
the deformation vibrations of N-H at 1624 cm−1. Subsequent bands, characteristic of amines,
appear in the range of 910–665 cm−1. Bands corresponding to the stretching vibrations of
C–N in aliphatic amines are of medium intensity, and appear in the wavenumber range of
1250–1044 cm−1 (Figure 4) [31–33].

According to data presented in Table 3, the carbon xerogels differ in acid-base proper-
ties. The pure CX sample has both basic and acidic functional oxygen surface groups. Its
oxidation leads to a considerable increase in the content of acidic groups (6.16 mmol/g),
at the complete disappearance of basic groups. Functionalization of carbon xerogels with
amines causes the generation of surface oxygen functional groups of basic nature. Their
amount is in the range of 0.50–1.49 mmol/g, depending on the type of amine applied for
modification (Table 3).
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Figure 3. TG (A) and DTG (B) curves from 25 to 1000 ◦C of pure and amine-modified carbon xerogels
registered under N2 atmosphere.

Table 3. Acid–base properties of carbon xerogels.

Material
Acidic Oxygen Functional

Groups [mmol/g]
Basic Oxygen Functional

Groups [mmol/g]

CX 1.27 ± 0.02 0.49 ± 0.01
CX-APS 6.16 ± 0.05 0.00 ± 0.00

CX-APS-MA 0.91 ± 0.01 0.50 ± 0.01
CX-APS-EA 1.23 ± 0.02 0.74 ± 0.01
CX-APS-PA 0.91 ± 0.01 0.74 ± 0.01

CX-APS-EDA 0.73 ± 0.01 1.49 ± 0.02

Figure 5 illustrates the effect of the contact time on the sorption capacity of the xerogel
samples. In the first 40–50 min, the adsorption process is fast, which can be explained by a
large number of free adsorption centers available for the colorant [34]. In the time from 60
to about 240 min, adsorption is much slower, which could be explained by the saturation
of available adsorption sites. According to the results presented in Figure 5, after about
240–260 min the state of equilibrium is achieved.
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Figure 4. FT-IR spectra of samples studied.

Figure 5. Effect of contact time on the sorption capacity of carbon xerogels (adsorbent mass, 20 mg;
initial dye solution concentration, 150 mg/L; volume of dye solution, 50 mL, pH = 4; temperature,
22 ± 1 ◦C).

The data fitted to the two kinetic models are given in Table 4. Much higher values
of R2 were obtained for the pseudo-second-order kinetic model, so this model better
describes the thymol blue adsorption. Additionally, for all carbon xerogels, the values of
qe(exp) are identical to the theoretical values of qe(cal) calculated assuming pseudo-second-
order kinetics.
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Table 4. Kinetic parameters for the adsorption of thymol blue on the surface of carbon xerogels.

Material qe(exp) [mg/g]

Pseudo-First-Order Model Pseudo-Second-Order Model

qe(cal) [mg/g] k1 [1/min] R2 qe(cal) [mg/g]
k2 [g mg−1 ×

min−1]
R2

CX 83 ± 1.6 50.90 0.0524 0.9811 83.40 0.0025 0.9999
CX-APS 98 ± 1.9 52.21 0.0533 0.9784 98.43 0.0025 0.9999

CX-APS-MA 102 ± 2.0 54.60 0.0532 0.9707 102.46 0.0025 0.9999
CX-APS-EA 113 ± 2.3 95.64 0.0700 0.9392 113.51 0.0024 0.9999
CX-APS-PA 119 ± 2.4 82.57 0.0817 0.9197 119.47 0.0025 0.9999

CX-APS-EDA 140 ± 2.8 76.30 0.0734 0.9426 140.65 0.0022 0.9999

Figure 6 presents the isotherms of thymol blue adsorption on the surface of all samples.
The amount of thymol blue adsorbed on the surface of the xerogel samples increases with
increasing initial concentrations of the colorant solutions. The amount of thymol blue
adsorbed by sample CX (83 mg/g) increases after its oxidation with ammonium sulfate
(CX-APS) to 98 mg/g. Moreover, functionalization of CX-APS with amine groups also
leads to increased sorption capacity towards thymol blue. Analysis of the results shows
that, for CX-APS-MA, CX-APS-EA, and CX-APS-PA, with increasing length of the carbon
chain the sorption capacity towards thymol blue increases. However, as the differences in
the sorption capacity values are small, it seems that further modification with amines that
have longer carbon chains is pointless.

Figure 6. Isotherms of thymol blue adsorption on carbon xerogels (adsorbent mass, 20 mg; initial
dye solution concentration, 12.5–150 mg/L; volume of dye solution, 50 mL; pH = 4; temperature,
22 ± 1 ◦C).

Analysis of the data depicted in Figure 6 leads to the conclusion that the most effective
adsorbent is sample CX-APS-EDA, modified with ethylenediamine, which has two amine
groups in the molecule, while the other modifying compounds have only one such group.
The greatest sorption capacity of CX-APS-EDA, at a level of 140 mg/g, is confirmed by the
highest nitrogen content and the basic character of the surface of this adsorbent. The lowest
sorption capacity towards thymol blue was found for pure carbon xerogel, containing
no nitrogen, which can explain its worse affinity to the dye. Electrostatic attraction and
hydrogen bond formation between the colorant molecules and xerogel surface of basic
nature are supposed to be the dominant mechanism of adsorption. During the adsorption
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of thymol blue in a water medium, the hydroxide groups from the dye molecules dissociate.
Thus, the sorption capacity of samples towards the dye studied is substantially determined
by the interaction of deprotonated hydroxide groups (anions –O-) coming from the dye
molecules with the amine groups present on the surface of modified adsorbents [35–38].
The adsorption of the anionic dye for CX-APS-EDA was enhanced by the presence of a
greater number of amine groups on the surface of this sample.

In order to determine the mechanism of thymol blue on the surface of the adsorbents,
we used the equations of Langmuir and Freundlich isotherms (Table 5). The value of R2

was higher for the fit to the Langmuir isotherm, and ranged from 0.9991 to 0.9994. The data
presented in Table 5 are much poorer fitted to the Freundlich isotherm. The values of 1/n,
for all carbon xerogels, were in the range 0.348–0.409, i.e., lower than 1.

Table 5. The parameters calculated from Langmuir and Freundlich models.

Material

Langmuir Freundlich

qm [mg/g] KL [L/mg] R2 KF
[mg/g (L/mg)1/n]

1/n R2

CX 88.2 0.11 0.9991 16.90 0.348 0.8926
CX-APS 105.3 0.09 0.9993 19.16 0.351 0.9280

CX-APS-MA 109.8 0.09 0.9993 18.47 0.367 0.9306
CX-APS-EA 121.9 0.08 0.9994 19.54 0.377 0.9241
CX-APS-PA 128.4 0.08 0.9993 20.07 0.383 0.9188

CX-APS-EDA 153.4 0.07 0.9991 20.51 0.409 0.9332

Another problem considered was the influence of the pH of the thymol blue solutions
on the sorption capacities of the samples obtained (Figure 7). With increasing pH of these
solutions, the amount of the dye adsorbed on the carbon xerogels surfaces increased. This
effect was more pronounced for the xerogels functionalized with amines, for which qe
increased by about 7–8 mg/g. Thymol blue is negatively charged at pH > 1.7; therefore, the
interaction takes place between the sulfonic group or deprotonated hydroxyl group of the
dye (Figure 1) and the amine groups, that are usually Lewis bases, present on the xerogels
surfaces. This interaction can be stronger in basic environments than in an acidic ones
(pH < 7) [39–42].

Figure 7. The influence of pH on the adsorption of thymol blue (adsorbent mass, 20 mg; initial dye
solution concentration, 80 mg/L; volume of dye solution, 80 mL; temperature, 22 ± 1 ◦C).
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The impact of temperature on the sorption capacity of adsorbents towards thymol
blue was also studied (Figure 8). According to the results, with increasing temperature, the
sorption capacity increased (qe).

Figure 8. The influence of temperature on the adsorption of thymol blue (adsorbent mass, 20 mg;
initial dye solution concentration, 80 mg/L; volume of dye solution, 50 mL; pH = 4; temperature, 25,
45, and 60 ± 1 ◦C).

This can be explained by the greater mobility of the dye molecules in the solution,
which leads to increased binding of thymol blue molecules to the adsorption sites on carbon
xerogels. This effect is the most pronounced for sample CX-APS-EDA, whose sorption
capacity increases by 14 mg/g (Figure 8). For pristine xerogel, CX, the increase in qe is the
smallest, only by 7 mg/g. Table 6 presents the calculated values of ΔG, ΔH, and ΔS for the
adsorption of thymol blue. The positive values of ΔH indicate the endothermic nature of
the process, while the negative values of ΔG imply that it is a spontaneous process whose
spontaneity increases with increasing temperature [43,44]. The values of entropy vary in
the range of 34.60−44.28 J/K mol (Table 6).

Table 7 presents a comparison of the sorption capacities of the CX-APS-EDA sample
towards thymol blue, tested in this study, with results obtained for other adsorbents. The
comparison implies that CX-APS-EDA is very effective in the removal of thymol blue from
water solutions. From the analysis of Table 7 data, it can be observed that the adsorption
capacity of the prepared CX-APS-EDA sample is comparable, or superior, to the values
obtained in previous studies. Only activated carbon, prepared by chemical activation of
garcinia cola nutshell impregnated with H3PO4, showed higher sorption capacity towards
thymol blue.

Adsorption of organic dyes may be influenced by the structure of the dye, the properties
of the surface of carbon adsorbents, the formation of hydrogen bonds, and electrostatic inter-
actions. The carbon xerogels synthesized in this study have amine groups on their surfaces.
Electrostatic interactions are possible between the amine functional groups on the surface
of the adsorbents and the sulfonic groups of thymol blue (Figure 9) [40]. The mechanism of
adsorption may also involve the formation of hydrogen bonds and π-π interactions.
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Table 6. Thermodynamical parameters calculated for the adsorption of thymol blue into carbon xerogels.

Material
Temperature

[◦C]
ΔG

[kJ/mol]
ΔH

[kJ/mol]
ΔS

[J/mol K]

CX 25 −4.13 6.57 35.99
45 −4.93
60 −5.38

CX-APS 25 −3.57 6.75 34.60
45 −4.23
60 −4.78

CX-APS-MA 25 −3.65 6.64 34.62
45 −4.46
60 −4.84

CX-APS-EA 25 −3.71 7.78 38.73
45 −4.66
60 −5.04

CX-APS-PA 25 −3.72 8.38 40.80
45 −4.73
60 −5.11

CX-APS-EDA 25 −3.78 9.40 44.28
45 −4.41
60 −4.76

Table 7. Comparison of sorption capacities of the carbon xerogel modified with ethylenediamine to
other adsorbents, presented in the literature, towards thymol blue.

Adsorbent qmax [mg/g] References

CX-APS-EDA 153.4 This study
activated carbon from Trachycarpusfortunei seeds 130.38 [41]

pomegranate peel 5.28 [45]
bentonite 117.6471 [46]

activated carbon from garcinia cola nutshells 396.04 [47]

 
Figure 9. The proposed mechanism of the adsorption of thymol blue onto modified carbon xerogels.

4. Conclusions

Pristine carbon xerogel was subjected to surface oxidation followed by modification
with four different amines. The xerogels functionalized with amine groups showed smaller
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surface areas and pore volumes, but greater average pore diameters, than the unmodified
sample. In addition, the sample functionalized with ethylenediamine indicated the highest
content of nitrogen and oxygen functional groups compared to the other samples.

The most effective adsorbent of thymol blue from water solutions was the sample
modified with ethylenediamine, whose surface exhibited the most basic character of all
adsorbents. The value of qe obtained for sample CX-APS-EDA was 140 mg/g. The high
sorption capacity of this carbon xerogel was due to its surface properties. The basic surface
functional groups enhanced the interaction between the carbon xerogel and the anionic
thymol blue. Amine groups (Lewis bases) derived from ethylenediamine sulfate on the
surface of carbon adsorbent undergo protonation in an acidic solution of the dye, and
therefore may interact electrostatically with the sulfonic groups of thymol blue. In addition,
hydrogen bonds and π-π interactions may form during adsorption process.

It was found that the sorption capacities of the samples increased with increasing
initial concentration of thymol blue in water solutions. The Langmuir isotherm model and
pseudo-second-order kinetic model fitted well to the data of thymol blue adsorption. With
increasing temperature, the sorption capacities of the carbon xerogel adsorbents towards
the dye studied increased. The thermodynamic analysis suggested that the thymol blue
adsorption process was spontaneous and endothermic in nature. Moreover, thymol blue
sorption was more effective in a basic environment.
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Abstract: Based on the results of dynamic probing (DP), time-domain reflectometry (TDR/MUX/MPTS),
resistivity cone penetration tests (RCPT), Marchetti dilatometer tests (DMT), and seismic dilatometer
tests (SDMT), it is possible to develop a relationship to calculate the relative density (Dr) and degree of
saturation (Sr) of selected sandy soils. Compiled databases from documented research points for selected
sandy soils were used to construct and develop direct correlations between the measured pressures
p0 and p1 from DMT and shear wave velocity (Vs) from SDMT, along with pore water pressures
(u0) and atmospheric pressure (Pa). The results allowed us to make a preliminary prediction when
evaluating the parameters. Further, they allowed limiting the use of an additional device, especially
in the case of multilayer heavy preconsolidated subsoils. Moreover, soil physical and mechanical
characteristics (temperature, humidity, pressure, swelling, salinity) measured from TDR/MUX/MPTS
(laboratory/field-operated meter for simultaneous measurements of soil moisture, matric potential,
temperature, and salinity—bulk electrical conductivity) were assessed. The main achievement of this
paper is the original proposal of using a new nomogram chart to determine the relative density and
degree of saturation based on DMT and SDMT tests.

Keywords: geotechnical engineering; new nomogram chart

1. Introduction

In accordance with the applicable construction law (Eurocode 7), each project applying
for a building permit should include, depending on the needs, the results of geological and
engineering research. This documentation consists of the developed results of field and
laboratory tests. The advantage of field tests is the fact that they take place in the natural
environment, which is often difficult to recreate in laboratory conditions. Probing is an
example of such research work carried out to determine the ground condition. Among
numerous available methods, dynamic probing tests (DP), cone penetration tests (CPT),
and dilatometer Marchetti tests (DMT) are commonly applied in leading research centers.
In order to reduce the necessity to use various types of equipment, methods of field
research are being sought for to enable the interpretation of the obtained results in a wide
range [1–5]. One of the field tests that meets this requirement is the Marchetti dilatometer
test [6], whose use in the world is significantly increasing.

The greatest advantage of dilatometer testing is its quick and relatively simple mea-
surement, on the basis of which it is possible to determine the soil parameters. Interpre-
tation of geotechnical parameters is based on the use of empirical relationships related
to pressure values measured directly in the field. This article is based on this type of in
situ research. Based on the results of DP, DMT, SDMT, and RCPT tests carried out in the
Antoniny, Koszyce, and Nielisz sites with organic subsoils under embankment, and the
Stegny and WULS-SGGW campus sites with a sandy soil layer (Figure 1), new relationships
were determined to assess the parameters describing the state of selected mineral soils.
Since cohesive and organic soils were not taken into account to develop the formulas for
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determining the parameters of Dr and Sr, these parameters were not included in their
physical properties in this article.

 

Figure 1. Location of the test sites in Poland.

This paper presents the test results of mineral and organic subsoils obtained from
the following sites (WGS-84): Antoniny (WGS-84: 53.06742, 17.07214), Koszyce (WGS-
84: 53.17045, 16.74924), Nielisz (WGS-84: 50.80396, 23.03075), Stegny (WGS-84: 52.18215,
21.04864), and the WULS-SGGW campus (WGS-84: 52.16245, 21.03838).

The Antoniny test embankment was designed and tested in the frame of cooperation
between the Department of Geotechnical Engineering SGGW and the Swedish Geotechnical
Institute (SGI). The physical properties of the soils at the Koszyce, Nielisz, Stegny, and
WULS-SGGW campus test sites were determined as part of a research program conducted
at these sites in previous years.

The Antoniny embankment and Koszyce test dam are located in the Ruda river valley.
A layer of soft organic soils was discovered in the sublayer of both objects. The organic
soils are Quaternary deposits of an oxbow lake. The thickness of organic soils in this region
generally exceeds 10 m and locally even 20 m. Dense sand occurs under the organic soils.
The Nielisz site is located in eastern Poland in the Wieprz river valley in Lublin Province.
The layer of soft subsoil has a thickness of 3 to 5 m; the soils are slightly preconsolidated.
Two layers of organic subsoil were distinguished at the Nielisz site. The Stegny and SGGW
campus sites are located in the southern part of Warsaw, where a few sedimentation cycles,
from sands to clays, were observed in vertical succession. The entire complex of Pliocene
clays comprises clays, silty clays (60–70%), silts (10–25%), and sands (10–20%).

The index properties of all investigated mineral and organic soils are presented in
Table 1.
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Table 1. Index properties of organic soils at the Antoniny, Koszyce, Nielisz, Stegny, and SGGW campus test sites.

Site Type of Soil

Organic
Con-
tent

Iom (%)

CaCO3

Content
(%)

Water
Content

wn
(%)

Liquid
Limit

wL
(%)

Density
Unit

Weight of
Soil

ρ (t/m3)

Specific
Weight of

Soil
ρs (t/m3)

Antoniny Amorphous Peat 65–75 10–15 310–340 305–450 1.05–1.10 1.45–1.50
Calcareous Gyttja 5–20 65–90 105–140 80–110 1.25–1.40 2.2–2.30

Koszyce
Amorphous Peat 70–85 5–15 400–550 450 1.05–1.1 1.45–1.50

Calcareous Gyttja (Gy) 10–20 65–80 120–160 80–110 1.20–1.35 2.1–2.25
Calcareous Gyttja (Gy) 15–20 65–75 180–220 100–110 1.25–1.30 2.2

Nielisz
Organic Mud (Mor) 20–30 - 120–150 130–150 1.25–1.30 2.25–2.3
Organic Mud (Mor) 10–20 - 105–120 110–130 1.30–1.45 2.30–2.40

Stegny Pliocene Clays - - 19.20–28.50 67.6–88.0 2.1–2.2 2.68–2.73
SGGW Campus Boulder Clay - - 5.20–20.10 21.9–26.6 2.0–2.2 2.68–2.73

2. Literature Review

2.1. Methodology and Interpretation of Dilatometer Test Results

Over 46 years ago, Prof. Silvano Marchetti designed and built the first dilatometer
at L’Aquila University in Italy; the design and principles of soil research were presented
by him in 1975 during the American Society of Civil Engineers (ASCE) conference in
Raleigh [7]. DMT tests consist of measuring the gas pressure acting on the diaphragm of
a dilatometer blade at selected subsoil depths (Figure 1). In soil tests, two pressures are
usually measured (A and B); they force the center of the membrane to move 0.05 mm to the
ground (reading A) and deflect the center of the membrane towards the ground by approx-
imately 1.05 mm (reading B). To extend the dilatometer testing, pressure measurements
are sometimes taken as the membrane returns to ground contact (C reading). Readings
A, B, and C are corrected for the inertia of the diaphragm and marked as p0, p1, and p2,
respectively. Pressures p0 and p1 and the value of the vertical effective stress σ′

v0 are used to
determine the following dilatometer indexes: material index ID, horizontal stress index KD,
and dilatometer modulus ED [8–10].

p0 = 1.05(A − ZM + ΔA)− 0.05(B − ZM − ΔB), (MPa), (1)

- The 1.10 mm corrected pressure reading in DMT p1:

p1 = B − ZM − ΔB, (MPa), (2)

- Corrected third reading in DMT p2:

p2 = C − ZM − ΔA (MPa), (3)

- Material index ID:

ID(−) = f (A, B, u0) =
P1 − P0

P0 − u0
, (4)

- Horizontal stress index KD:

KD(−) = f
(

A, u0, σ′
v0, B

)
=

p0 − u0

σ′
v0

, (5)

- Dilatometer modulus ED:

ED(MPa) = f (A, B) = 34.7·(P1 − P0), (6)

- Pore pressure index UD:
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UD(−) = f (A, C, u0, B) =
P2 − u0

P0 − u0
, (7)

where p0—pressure reading A corrected for Zm and ΔA membrane stiffness at 0.05 mm
expansion, and 0.05 mm expansion itself, to estimate the total soil stress acting normal to
the membrane immediately before its expansion into the soil (0.00 mm expansion);

p1—pressure reading B corrected for Zm and ΔB membrane stiffness at 1.10 mm expansion
to give the total soil stress acting normal to the membrane at 1.10 mm membrane expansion;

p2—pressure reading C corrected for Zm and ΔA membrane stiffness at 0.05 mm
expansion and used to estimate pore water pressure;

σ′
v0—pre-insertion in situ overburden stress;

u0—pore water pressure acting in the center of the membrane before insertion of the
DMT blade (often assumed as hydrostatic below the groundwater table);

Zm—gage pressure deviation from zero when vented to atmospheric pressure (offset
used to correct pressure readings to the true gage pressure).

2.2. Existing In Situ Methods for Determining Relative Density and Degree of Saturation in
Non-Cohesive Soils

By definition, relative density is a parameter that characterizes non-cohesive soils. It
is the ratio of soil compaction in the natural state to the highest possible compaction of a
specific soil. There are two types of dependence for determining relative density (Dr) on
the basis of DMT. The first is the relationship presented by Reyna and Chameau (1991) [11],
and Mayne (2001) [12], and it depends on the horizontal pressure index (KD) from DMT
tests. The second relationship was described by Marchetti (1992) [13]; it is a function of
the dilatometer blade resistance (qD) and effective vertical stress (σ′

v0). In the literature,
there are many formulas to determine relative density from in situ studies [11–13]. These
dependencies are presented below:

Dr = −1.082 + 0.204·
(

qD
σ′

v0

)0.4
, (8)

where Dr is relative density (as decimal); σ′
v0 is effective geostatic stress (kPa); and qD is

wedge resistance.

Dr =

[
1

40·(KD − 1)
+

1
120

]−1.0
, (9)

For normally consolidated (NC) uncemented sands, the recommended equation for
the relative density (Dr) of non-cohesive soils is shown in Formula (8) [11], where parameter
Dr is related to KD from DMT research. This correlation is influenced by the additional
KD−Dr data points (also in Formula (9)) obtained by Tanaka and Tanaka (1998) [14] from
the Ohgishima and Kemigawa sites, where parameter Dr was established on the basis
of high-quality samples collected using the freezing method. In fractured sands in the
range of preconsolidated stress (OC) (Formula (10)), parameter Dr will be overestimated
because part of the KD value is due to the influence of preconsolidation and cementation.
At present, it is difficult to clearly assess the value of parameter Dr.

Dr = 100·
(

KD − 1
7

)0.5
, (10)

Formulas (8)–(10) do not sufficiently describe a satisfying (small cyclic shear stress
factor) state of non-cohesive soils in a wide range of interpretations of the saturation state
with the shear wave velocity propagation for a given soil medium, and their influence on
the compressibility of the air–water mixture filling the pores and on the compressibility
of the soil skeleton. Therefore, later in this article, a decision is made to develop a new
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relationship for determining the degree of relative density of non-cohesive soils based on
vs. obtained from SDMT tests.

3. Materials and Methods

3.1. Material

This paper contains the test results of sands located in the subsoil and in embankments
on the test sites that were presented in Section 1, where a laboratory and field testing
program was carried out under and outside of the main dam embankment [15–18]. This
research was carried out according to the Casagrande method modified by Prószyński. Soil
grains in the range from 0.001 to 0.1 mm were collected using the areometric method, and
the remaining fractions in the range above 0.1 mm were collected by the sieve method. The
results of fraction testing from 0.001 to 0.1 mm were read together with smaller percent
passing, and above 0.1 mm with larger percent retaining. After dividing the range of
a particular fraction into clay, silt, sand, gravel, and cobble (the sum of these fractions
amounts to 100%), the soil type was determined according to PN-86 B-02480. For the
embankment layer at the Antoniny site, the clay fraction content was 0%, the clay fraction
ranged from 2 to 3%, the sand fraction ranged from 88 to 91%, and the gravel fraction was
about 7%. At the Koszyce site, the clay fraction content was 0%, the clay fraction ranged
from 2 to 3%, the sand fraction ranged from 89 to 92%, and the gravel fraction was about
5%. At the Nielisz site, the clay fraction content was 0%, the clay fraction ranged from 3 to
5%, the sand fraction ranged from 87 to 92%, and the gravel fraction was about 2%. At the
SGGW campus site, the clay fraction content was 1%, the clay fraction was 4%, the sand
fraction ranged from 88 to 95%, and the gravel fraction was 0%. At the Stegny site, the
clay fraction content was 0%, the clay fraction was 3%, the sand fraction was 92%, and the
gravel fraction was about 5%. The grain size distribution curve obtained from laboratory
tests for mineral soils from the described sites is presented in Figure 2. The index properties
of mineral soils in the Antoniny, Koszyce, Nielisz, Stegny, and WULS-SGGW campus test
sites are presented in Table 2. Figure 3 presents the diagram chart proposed by Marchetti
and Crapps for the analyzed sites [19].
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Figure 2. Grain size distribution curve obtained from laboratory tests for the sandy soils from the described sites.
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Table 2. Index properties of sandy soils in the Antoniny, Koszyce, and Nielisz embankment test sites, and Stegny and
WULS-SGGW campus mineral layer test sites.

Sites Type of Soil

CaCO3 Water Content Density

Content wn Unit Weight of Soil Specific Weight of Soil
(%) (%) ρ (t/m3) ρs (t/m3)

Antoniny

sand

<1 6.5 1.7 2.65–2.67
Koszyce <1 6.2 1.85 2.65–2.67
Nielisz 1–3 6.1 1.85 2.65–2.67
Stegny <1 5.4 1.7 2.68–2.66

WULS-SGGW Campus 1–3 6.7 1.85 2.68–2.66
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Figure 3. Chart for estimating unit weight (normalized to γw) of sands in the Antoniny, Koszyce,
Nielisz, Stegny, and WULS-SGGW campus test sites [19].

3.2. Laboratory Test with TDR/MUX/mpts Meter

The laboratory TDR/MUX/mpts meter [20] was adapted to measure the following
parameters: volumetric moisture expressed as percentage value using the LP/MS probe;
soil salinity with the LP/MS probe, expressed in S/m; parent pressure inside the soil
sample with the LP/p probe, expressed in mbar; and temperature inside the soil sample
with the LP/t probe, expressed in ◦C. All tests were performed in the Laboratory of the
Department of Geotechnics of the WULS–SGGW (Figure 4).

Each of the sensors was placed in a previously prepared soil sample. The tests were
carried out on 2 soil samples: silty sand and silty clay. Before testing, the soil samples
were compacted and placed in a steel cylinder with holes for sensor placement. Then,
the Lp probe was prepared, which required specialized calibration. Preparation of the
meter included the following steps: 1. Inserting the LP/t sensor (temperature sensor) into
distilled water, while the LP/p sensor (pressure sensor) should be deaerated and put into
a vessel with distilled water. 2. Turning on the readout logging program and defining
the names of the saved files. In the program start window, the appropriate channel in
which the program will work should be selected. 3. Calibrating the sensors, inserting the
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moisture probe into the calibrator, and then into distilled water, so that the water reaches
the sensor cap, waiting for 2 min, and then following the instructions on the computer
monitor. 4. Starting the readings. The probes should be placed in the ground in order not
to damage the ground structure.

The first to be tested was a silty sand sample, which was pressed into a steel cylinder
that was previously weighed on a laboratory scale. Then, the sensors of the LP probe were
pressed, and everything was placed on the scale. The following results were obtained: cylin-
der weight = 344.50 g; weight of cylinder + silty sand = 801.40 g; total weight = 858.85 g;
weight of analyzed silty sand = 456.90 g. The prepared soil sample with the inserted sensors
is shown in Figure 5.

 

Figure 4. TDR/MUX/mpts meter with the following sensors: 1. temperature, 2. suction pressure,
and 3. moisture and salinity (Laboratory of the Department of Geotechnics, WULS-SGGW).

  

Figure 5. A sample of silty sand with inserted sensors (Laboratory of the Department of Geotechnics, WULS–SGGW).

The volume of the test sample was also determined (237.6 cm3), and the sample
humidity was calculated. The reading was set to 60 s. After 20 days of the analysis, the
“drying” of the sample was completed, and the sample was placed on the laboratory scale:
weight of total sample after “drying” = 771.85 g; weight of silty sand after drying = 369.90 g.
After weighing, 100 g of water was added to the rehydrate, and the sample returned to
its original condition. After 8 days of contact of the sample with water, the sandy clay
analysis was completed and the soil was reweighed: final weight of soil with sensors
and cylinder = 819.30 g; weight of hydrated clay = 474.80 g; weight of the remaining
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water = 16.80 g. After drying the sample, cracks in the sample were noticed, indicating
shrinkage of the tested soils. Soil shrinkage is shown in Figure 6.

 

Figure 6. Soil sample with cracks and probe sensors: 1. temperature, 2. suction pressure, and
3. moisture and salinity (Laboratory of the Department of Geotechnics, WULS–SGGW).

Finally, the following dependencies were plotted: soil sample temperature vs. exper-
iment duration; sample moisture vs. time; salinity vs. time; soil sample swelling due to
humidity. After the test, the test soil was removed, the probe tips and the metal cylinder
were cleaned, and then a clay sample was placed in the cylinder. The clay tests were carried
out in the same way as the silty sand tests.

3.3. Estimation Theory

For the determination of parameters Dr and Sr based on DMT tests, parameters p0,
p1, u0, and σ′

v0 were taken into account in the statistical analysis. These quantities can be
treated as random variables. A total of 48 DMT tests from the sand layer were used, with a
count of 10 to 35 measurements (depth profiles), with a total of 255 measurements. The
distribution of the tested random variables was checked. For example, at the Stegny test
site, a set of investigations was performed, which consisted of a borehole (BH), 10 DMT
soundings (including 3 SDMT), 5 RCPT soundings, and 5 dynamic DP soundings. Surveys
were located in the immediate vicinity of the borehole (within two meters): SDMT—3 units,
RCPT—5 units, DP—5 units, and the results of these surveys were used to create a database
(see attached Figure 7).

Measurements in the SDMT survey were performed every 20 cm, which gave a total
of 17 measurements in the profile from 1 to 4.2 m. Each of these measurements was
paired with a result from the DP dynamic tests or RCPT—this returned a total number of
3 (SDMT) × 17 × 5 (DP), i.e., 255, measurements.

The remaining 7 DMTs from the Stegny test site and studies from the Antoniny,
Koszyce, Nielisz, and SGGW campus sites were used to verify the proposed relationships
(Dr and Sr). In the case of most studies, i.e., random samples in a statistical sense, there
was no reason to reject the hypothesis of normality (Shapiro–Wilk tests suitable for small
samples were applied; they are available, e.g., in the Statgraphics statistical software
package). No other distribution was found to which the tested quantities complied [21–23].
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Figure 7. Location of DH, SDMT, and RCPT test point positions—the Stegny site.

The purpose of determining new formulas for calculating relative density (Dr) is to
derive the dependencies closely related to the parameters of the measurements with the
dynamic DP probe. Apart from the parameters of the DMT tests, the results of RCPT were
also used. Several stages to determine the authors’ dependencies calculating the subsoil
state differed for the given parameters. This is due to the fact that we had different data for
specific sites. For determining the relative density (Dr) on the basis of the dependence of DP
and RCPT results with the transition to DMT, consisting of performing all the calculations
carried out in this work, the solver module was used. It is an addition that extends the
functionality of MS Office after it is imported. This function is most often used for linear
programming including the modeling and optimization of any type of decision problem.
This linear programming should be based on the creation of a reality model, in which
the objective function is an important element, the value of which is subordinated to a
specific profitability criterion (max/min). The solution of the function is assisted by the use
of variable coefficients (for relative density determined in this paper, α0, α1, and α2 were
assumed), due to which maximum or minimum values are achieved.

Observation of the obtained results shows that there is a strong relationship between
parameter Dr and dilatometer pressures, i.e., p0 and p1, and shear wave velocity, as well
as u0 and σ′

v0: Dr = f (p0, p1, u0, σ′
v0). For non-cohesive soils in the studied sites, a formula

was proposed on their basis, and the lowest value of the mean square relative deviation
was calculated for them. The formula that was used for the calculations is our original
proposal. The summarized test results, i.e., p0 and p1 vs. values from DMT and u0 tests,
allowed determining the formula for relative density (Dr) in the following form:

Dr = f
(
α0, α1, α2, p0, p1, Vs, u0, σ′

v0
)
, (11)

Dr = α0·
(

p1 − u0

σ′
v0

)α1

·
(

Vs

100

)α2

, (12)

where α0, α1, and α2 are the coefficients. The formula was created dependent on variables
p0, p1, u0, σ′

v0, which belong to variable cells in the solver function. An additional column
was added, the formula of which determines the percentage deviation between the result
of the calculated relative density (Dr) for a given depth and the value of the result obtained
from DP tests. The given depth is the corresponding level of the measuring point at which
the readings from both SDMT (DMT) and DP are recorded. These are the readings every
20 cm. The purpose of the calculations was to obtain the lowest possible mean square
relative deviation MSRD. The values for the statistical compilation were calculated from
the following formulas:
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Maximal relative deviation:

MRD max
i=1,2,...,m

∣∣∣∣yi − ỹi
yi

∣∣∣∣·100%, (13)

Mean square relative deviation:

MSRD =

⎡⎣√ 1
m ∑m

i=1

(
yi − ỹi

yi

)2
⎤⎦·100%, (14)

The function was programmed in a way that allowed achieving the lowest possible
target cell value. The results of the calculations are presented in Section 4 below. For
non-cohesive soils located in the study area, i.e., in the “Stegny” and WULS-SGGW sites,
and the data obtained from the dilatometer test, a formula was proposed, and the relative
density was calculated.

As for the second parameter, which is the degree of saturation (Sr), the results of
dilatometer tests (DMT) were also used to determine it. Following the observations, there
was a strong relationship between parameter Sr and pressures p0 and p1, and parameters u0
and σ′

v0: Sr = f (p0, p1, u0, σ′
v0). For non-cohesive soils located in the studied sites, a formula

was proposed on their basis, and the lowest value of the mean square relative deviation
was calculated. The formula on the basis of which the calculations were performed is also
an original proposal of our team and attains the following form:

Sr = f
(

β0, β1, p0, p1, u0, σ′
v0
)
, (15)

Sr = β0·
[
(P0 − u0)(P1 − u0)

σ′
v0

]β1

, (16)

4. Test Results

The DMT test results obtained for the Antoniny, Koszyce, Nielisz, Stegny, and WULS-
SGGW campus sites are presented in Figure 8. They were taken into account in the construc-
tion of a new correlation for mineral and organic soils presented in the following chapter.

4.1. Estimation of Relative Density

Using the solver module, the values of the coefficients (α0, α1, α2) were determined,
where there is the lowest value of the mean square relative deviation for pressure, expressed
in kPa. For the proposed formula for relative density (Dr), the following statistical values
were obtained (summarized in Figure 9 below). The obtained pattern is as follows:

Dr = α0·
(

p1 − u0

σ′
v0

)α1

·
(

Vs

100

)α2

, (17)

where α0 = 0.35, α1 = 0.14, and α2 = 0.16.
The values obtained from the DP test related to the values calculated based on Formu-

las (8)–(10) using qD and KD from DMT tests show a large range of the mean error results.
The correlation between the values calculated (from Formulas (8)–(10)) and measured is
presented in Figure 10.
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Figure 8. Profiles of p0, p1, and p2 from dilatometer (DMT) and hydrostatic pressure u0 tests for the: (a) Antoniny site;
(b) Koszyce site; (c) Nielisz site; (d) Stegny site; and (e) WULS-SGGW campus site.
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Figure 9. Summary of the values obtained from the DP tests and calculated using Formula (17) from
the analyzed Stegny site.

 

Figure 10. Values obtained from TDR tests and RCPT related to the values calculated from formulas (Equations (8)–(10))
based on DMT tests.

From the chart, it can be seen that the values calculated using the formula correspond
well with the values obtained from the DP tests. They behave predictably and fit into
an overall trend line, while the DP test values have higher amplitudes. The relationship
between the results obtained from DP tests and those determined on the basis of the
Formula (17) is presented above.

Using the proposed dependencies to determine the relative density (Dr) in the case of
fine-grained soils, the compaction index Is can also be determined as follows using and
modifying the formula developed by Pisarczyk (1975, 2015) [24–26] and the dependencies
proposed herein:

IS = 0.855 + 0.058·
[

K∗0.14
D ·

(
Vs

100

)0.16
]

, (18)

where K∗
D(−) =

p1−u0
σ′

v0
.
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4.2. Estimation of the Degree of Saturation (Sr)

The results of the TDR/MUX/mpt tests and RCPT were used to determine parameter
Sr. The following graphs were obtained during the tests: temperature dependence on time;
soil swelling dependence on time; time dependence of humidity; and dependence of soil
salinity on time. Graphs for a silty sand sample are presented below (Figures 11–13). In
these figures, the following observations can be made:

- When examining the dependence of salinity on time, the amount of salinity decreases
with soil drying but increases with the addition of water. The minimum salinity value
is 0.044, while the maximum value is 0.126.

- During the analysis of the time dependence of humidity, the minimum value was
obtained with complete drying of the soil; this value was 17.6%, while the highest
was 38.2%.

- When analyzing the dependence of temperature on time, daily temperature fluctua-
tions may be noticed; the lowest was 20.4 ◦C, while the highest was 25.1 ◦C.

Figure 11. Time dependence of salinity for silty sand from depth level of 3.5 m.

Figure 12. Time dependence of humidity for silty sand from depth level of 3.5 m.
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Figure 13. Relationship between temperature and time for silty sand from depth level of 3.5 m.

According to the diagram (Figure 14), the concordance between the parameter calcu-
lated on the basis of DMT and the parameter obtained from the TDR and RCPT results is
high (MSRD = 12%, MRD = 22%). These values provide a good prediction for determining
the degree of saturation in both the aeration and saturation zones based on DMT tests. On
this basis, the following relationship is proposed:

Sr = 1.50·
[
(P0 − u0)·(P1 − u0)

σ′
v0

]−0.33
, (19)

Sr = 1.50·
[

BD
σ′

v0

]−0.33
, (20)

where the dilatometer pressure number BD = [(P0 − u0)·(P1 − u0)]
−0.33.

 

Figure 14. Sr values obtained from TDR tests and RCPT related to the calculated Sr values from the
proposed formula based on DMT tests.

5. Discussion of the Results

The obtained values of the relative density and degree of saturation for soils from
the proposed two new nomogram charts are comparable to those obtained directly after
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probing from another device or from the calculation methods. The proposed nomograms
are convenient and user-friendly, very helpful for both students and designers.

The nomogram can be used in several ways depending on the data available to the
user. With dilatometer pressures p0 and p1, u0, and σv0 from SDMT values of the tested soil,
the approximate relative density and degree of saturation can be read (procedure: on the
nomogram moving from point A to B, then to C, the value at point C is the value of the parameter
we are looking for). The nomograms were used to determine the state of sands in the studied
sites, and soils with a granular material (such as sand). The proposed nomogram chart was
used to compare the values of the relative density and degree of saturation obtained from
the tests by several methods (Figure 15).

  
(a) (b) 

Figure 15. Proposed nomogram charts for determining: (a) relative density (Dr) and (b) degree of saturation (Sr) based on
Marchetti’s dilatometer (DMT).

The soil type is important for selecting the method of calculating both the degree of
compaction (Dr) and the degree of saturation (Sr). Therefore, it is important to become
acquainted with the conditions in the course of preparations, e.g., geology, stratigraphy,
and hydrology of the study area.

This study was able to propose a formula and a new nomogram for determining
parameter Dr, which are regional and allow for obtaining results similar to those from DP
tests without distinguishing whether the ground is above or below the groundwater table.

The deviation values obtained in the course of the calculations were acceptable; their
values were as follows: a mean square relative deviation (MSRD) = 8.0%, and a maximal
relative deviation (MRD) = 22%.

The obtained formula is as follows: Dr = α0·
(

p1−u0
σ′

v0

)α1 ·
(

Vs
100

)α2
, where α0 = 0.35,

α1 = 0.14, and α2 = 0.16.
The performed calculations show that the deviation values were satisfactory for

the degree of humidity. The lowest value of 0.02% was obtained for the measurement
both below the groundwater table and above the groundwater table; these values were,
respectively, a mean square relative deviation (MSRD) = 12.0%, and a maximal relative
deviation (MRD) = 22%. The formula for calculating the degree of saturation that was

finally obtained is as follows: Sr = 1.50·
[

Bp
σ′

v0

]−0.33
, where the dilatometer pressure number

Bp = (P0 − u0)·(P1 − u0).
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6. Conclusions

This study presented the results of dynamic probing (DP), time-domain reflectometry
(TDR/MUX/MPTS), resistivity cone penetration tests (RCPT), Marchetti dilatometer tests
(DMT), and seismic dilatometer tests (SDMT), from which it is possible to develop a
relationship to calculate the relative density (Dr) and degree of saturation (Sr) of selected
sandy soils. Probing was conducted at five sites (Antoniny, Koszyce, Nielisz, Stegny, and
SGGW campus) in Poland.

Based on the results obtained, two relationships were proposed for determining the
relative density (Dr) and the degree of saturation (Sr) in mineral soils based on SDMT
(DMT). In addition, this paper proposed a new nomogram chart for determining the
relative density (Dr) and saturation degree (Sr) from DMT and SDMT tests. The proposed
formula and the new nomogram for determining parameter Dr are local in nature. In
the future, our study will continue to be devoted to checking the proposed formulas and
nomogram charts on other sites at home and abroad.

The proposed nomogram charts may be limited to a greater extent for additional
laboratory tests that must be performed to obtain these values. Thanks to the empirical
method established, we may reduce the time needed to assess the ground state for non-
cohesive soils.
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Abstract: “How would you build a robot, the size of a bacteria, powered by light, that would swim
towards the light source, escape from it, or could be controlled by means of different light colors,
intensities or polarizations?” This was the question that Professor Diederik Wiersma asked PW on
a sunny spring day in 2012, when they first met at LENS—the European Laboratory of Nonlinear
Spectroscopy—in Sesto Fiorentino, just outside Florence in northern Italy. It was not just a vague
question, as Prof. Wiersma, then the LENS director and leader of one of its research groups, already
had an idea (and an ERC grant) about how to actually make such micro-robots, using a class of light-
responsive oriented polymers, liquid crystal elastomers (LCEs), combined with the most advanced
fabrication technique—two-photon 3D laser photolithography. Indeed, over the next few years, the
LCE technology, successfully married with the so-called direct laser writing at LENS, resulted in a
60 micrometer long walker developed in Prof. Wiersma’s group (as, surprisingly, walking at that
stage proved to be easier than swimming). After completing his post-doc at LENS, PW returned
to his home Faculty of Physics at the University of Warsaw, and started experimenting with LCE,
both in micrometer and millimeter scales, in his newly established Photonic Nanostructure Facility.
This paper is a review of how the ideas of using light-powered soft actuators in micromechanics and
micro-robotics have been evolving in Warsaw over the last decade and what the outcomes have been
so far.

Keywords: light-responsive materials; liquid crystal elastomers; micro-robotics; soft robotics; actuators

1. Introduction

A one-millimeter spider that can walk, jump, fly (on a gossamer), spin a super-strong
web, catch prey and replicate for millions of generations (adapting along the way to the
changing environment, if necessary), not only inspires awe, but also makes us realize how
disappointing and, in most cases, futile are our attempts to mimic nature in the small
scale. There is a glaring gap between the scale of meters or centimeters, where industrial
mechanisms, machines and robots have a well-established footing, and the molecular scale,
where we have gained enough understanding to make molecules dance at our will [1]. The
smallest practical electrical motors available are approximately 1 mm in diameter, and given
drivetrains of similar scale, a centimeter-long solar-powered walker might ultimately be
possible [2]. With piezo drives, some spectacular results have been demonstrated, including
a several-second, self-sustained flight [3] on the scale of a small dragonfly (albeit with very
limited control).

The challenges in building small autonomous mechanisms are threefold:

• How to design the mechanics to overcome all the problems with friction, van der
Waals forces, fluid viscosity and moving with very low Reynolds numbers [4]? The
laws governing mechanics and motion in the micro-world are different from those
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we are used to: gravity and the electromagnetic forces are governed by the same
constants, but their relations change with scale. As a result, new challenges as well
as new opportunities arise: crawling on an upside-down glass ceiling is easy for a
millimeter-scale snail robot [5], while a micron-size walker may struggle to lift its legs,
glued to the surface by van der Waals forces [6,7];

• How to fabricate motors, gears and other elements on the sub-millimeter and smaller
scales, reliably and cheaply?

• How to supply the mechanisms with energy, either remotely or from an onboard source?

For around ten years now, our group at the Faculty of Physics at the University of
Warsaw have been trying, with varying success, to approach microscale mechanics and
micro-robotics with soft, light-responsive materials: liquid crystal elastomers. In what fol-
lows, we present our achievements to date and sketch out possible avenues of future work.

1.1. Liquid Crystal Elastomers as Light-Powered Actuators

Apart from traditional engines and gears, soft actuators capable of powering simple
mechanisms and machines, driven by various stimuli, have been demonstrated in small
scales [8]. In dielectric elastomer actuators (DEAs), a compressible membrane is sandwiched
between flexible electrodes that interact via electrostatic forces [9], resulting in large strains,
although with very high voltages needed [10]. Another approach to electrically driven
actuators uses conjugated, conductive polymers [11], and asymmetric swelling of gels in
ionic solutions can generate shape changes as well [12]. Magnetically driven actuators have
also been developed, mostly based on soft polymers with suspended magnetic particles
and spatiotemporally varying magnetic fields to control them [13,14]. Material deformation
can also be induced by chemical reactions, e.g., selective modification of chemical bonds
in polymers [15]. Pressure-driven soft actuators rely on structures with spatially varying
stiffness, deforming upon expansion of gas- or liquid-filled chambers [16]—they can be
scaled down [17], but still need substantial tubing to deliver the pressurized medium.

It was probably De Gennes who, around 1975, first came up with the idea of anisotropic
crosslinked polymer networks with embedded orientational order of nematogenic
monomers [18]. This, in turn, triggered various attempts towards fabricating, understand-
ing and using stimuli-responsive-oriented polymers, in particular liquid crystal elastomers
(LCEs). LCEs are solid, elastic polymers with a well-defined alignment of molecules (this
alignment orientation is often described by the so-called director), just as in the familiar
liquid crystals. If cleverly designed, both at the molecular (chemistry) and mesogenic (ori-
entation) level, LCEs may exhibit rather unique mechanical properties, in particular very
large, reversible and fast deformations in response to an external stimulus: heat [19]; light
triggering photochemical reactions [20,21]; light inducing photo-thermal heating [19,22,23];
electric field [24,25] or the presence of a solvent [26].

Due to the tight packing of rod-shaped molecules, arranged in cross-linked polymer
chains, the order (anisotropic) <-> disorder (isotropic) transition reduces the effective chain
length along the alignment direction (the director), at the same time increasing the spacing
between the molecules in the perpendicular directions (Figure 1A). As a result, the material
deforms in a manner determined by: (a) the spatial distribution of the director; (b) the
spatio-temporal distribution of the stimulus, e.g., light intensity; (c) the properties of the
material itself (stiffness, elasticity, thermal conductivity) and (d) the surrounding environ-
ment (e.g., in our LCEs, the response will usually be different in the air (good thermal
insulator) and under water (good thermal conductor)). If stimulated by light, additional
degrees of freedom in the mechanical response may involve the light spectrum [27,28] or
polarization [29,30]. Thus, LCE elements of various sizes and forms [31–33] can be used
as micro-actuators in various configurations as well as remotely powered “muscles” for
robots (Figure 1B, cf. [34] for a review of LCE actuators and [7] of LCE soft robots).
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Figure 1. Light-responsive LCE—from a simple contracting strip to films with arbitrary molecular
alignment. (A) A piece of material with cross-linked polymer chains (olive) arranged in one direction
undergoes a phase change in response to temperature increase, either in the entire volume (left) or
locally, when illuminated with a green laser beam (right): the molecular order decreases, the polymer
chains effectively shorten along the director and macroscopic deformation results. (B) A 10 mm
long strip of LCE film heated in an oven from 29 ◦C to 150 ◦C shortens by approximately 35%.
(C) A 22 × 22 mm piece of flat LCE film with azimuthal director orientation (the black dot marks the
center of rotational symmetry) buckles when heated on a hot plate from 22 ◦C to 80 ◦C.

From the material science and chemistry perspective, LCEs can be categorized by the
synthesis pathways—the monomer may be a precursor and a synthesis from low-molar-
mass LC is carried out, or a polymer chain (macromer) is grown first and then the material
is crosslinked. In terms of the crosslinks’ density, they can be loosely crosslinked liquid
crystal polymers, called elastomers, or a highly crosslinked polymer network. As for the
location of the mesogenic moieties, they can be built into the polymer backbone in the
so-called main-chain LCE, or covalently bonded with the polymer backbone as side groups
in the side-chain LCEs.

Following the first experimental demonstration by Finkelmann et al. [35,36], both
main-chain and side-chain LCEs were synthesized via different synthesis routes. In the so-
called “Finkelmann method”, elastomers with Si-O in the polymer backbone are obtained,
capable of high strains, but hydrolyzation reaction is time-consuming and sensitive to
impurities and the presence of oxygen. Much later, the “click-chemistry” found its way into
the LCE synthesis. These reactions are not sensitive to oxygen and allow for the control of
the LCE properties by tuning the structure of the crosslinked liquid crystal polymer [37,38].
The most notable examples are the Michael addition and thiol-ene reactions, leading to
LCEs with mechanically programmable alignment, either by shear thinning (in 3D printing)
or by surface anchoring [39]. It is also possible to quickly fabricate LCE’s thin films—in a
matter of hours—from low-molar-mass LCs, through acrylate homopolymerization. A side-
chain LCE is formed with a relatively high number of crosslinks and the alignment in
thin films can be induced by rubbing or photopatterning. Additionally, in these materials
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a sensitizer (e.g., dyes) can be introduced into the matrix before as well as after polymeriza-
tion and crosslinking.

There are two approaches to actuate LCEs with light. Additional molecules (e.g., dyes)
can be embedded into the matrix that absorbs light of a specific wavelength. Most often
azobenzene moieties are used, likely due to the extensive studies related to the photoisomer-
ization of azobenzene itself and azobenzene derivatives since the 1960s. An azo-moiety can
be built into the polymer backbone (as a monomer or a crosslinker [40–42]) and when ex-
posed to light (typically in the UV band), isomerization occurs (trans molecules, supporting
the nematic phase, bend and the order parameter in the polymer matrix decreases). After
the irradiation stops, the bent molecules go back to their previous state, yet this reversal
is slow (it can be sped up with exposure to visible light). Because of the slow response of
these reactions (seconds to minutes), some light-responsive LCEs make use of molecules
or nano-particles that absorb light and generate heat (which, in turn, reduces the order
parameter and induces conformational changes) [43]. Usually, they are dispersed in the
LCE matrix: dye molecules, carbon nanotubes [44] or gold nanoparticles [45,46], but coating
an LCE actuator surface with NIR-absorbing polymers also works [47]. A combination
of photochemical and photothermal responses in light-responsive liquid crystal polymer
networks for soft actuators was also presented [48].

1.2. LCE Fabrication in Different Scales

LCE elements and structures are often fabricated by UV light-induced polymerization
of the liquid monomer, crosslinker and photoinitiator mixture, typically in a glass cell, tens
of micrometers thick. Properly prepared orienting surfaces—either rubbed mechanically or
coated with photo-orienting layers—guarantee the director orientation within the LCE film
in 2 or 2.5 dimensions, if the opposing layers have different properties (Figure 1C). Different
elements, typically of the order of a few millimeters, can then be cut with a blade or a laser
beam [49]. More complex director patterns—and thus film deformations—are available
with patterning of the orienting layers [50–52]. Another fabrication method involves
shaped molds with the director orientation induced by a magnetic field [53]. In extrusion
3D printing, the molecules are oriented by rheological effects while they flow through a
small nozzle [54,55]. The most advanced technology so far—3D laser photolithography
(direct laser writing)—uses a focused infrared laser beam that is scanned across a drop of
liquid monomer, triggering polymerization via two-photon absorption in a volume (voxel)
as small as a fraction of a cubic micron [56].

1.3. Problems Yet to Be Solved

While several simple devices have been demonstrated with contracting, bending,
twisting or even more complex photo-responsive LCE actuators, typically only their basic
response to the light stimulus has been studied. At the same time, even monochromatic
light (e.g., in the form of a laser beam(s)) offers a number of degrees of freedom that can be
used to control the mechanisms: average power; pulse duration; pulse energy and the light
intensity spatial distribution. If the development of mechanisms and machines based on
photo-responsive elastomers is to extend beyond single contracting or bending strips of a
stimulus-responsive material, a better understanding of the photo-mechanical response of
LCEs will be needed, including the interplay of the energy flow and heat dissipation with
different light pulse durations and the influence of the light spatial intensity distribution.

Our studies of the millimeter-scale LCE actuators [57] hint that: (a) if used in the
transient regime, the actuator response time is independent of laser power; (b) for pulsed
laser actuation, long laser pulses result in a smaller actuator response, compared to short
laser pulses delivering the same energy; this is true down to a certain pulse duration,
determined by the time constants of heat transfer to the environment; (c) when part of the
actuator is illuminated with a laser beam of constant total power, but of varying size, the
photo-mechanical response is independent of the illuminated area.
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Two of the biggest problems we have discovered so far are as follows:

• light absorption in the LCE films decreasing over time, mainly due to the light-
absorbing dye bleaching; this can be potentially bypassed by using quantum dots or
other, more robust absorbers, well known from fluorescence microscopy, where dye
bleaching has been studied and addressed for some time;

• the wear and tear of the actuator after many cycles of operation; this calls for further
insights into the mechanical properties of the light-responsive elements, probably at
the level of polymer chemistry.

2. Micro-Motors—Direct Conversion of Light Energy into Mechanical Work

“Can light drive a motor?” was the opening question asked by Ikeda et al. [58] in
2008. Most energy-harvesting systems convert (solar) light energy either to heat (in solar
thermal collectors) or to electricity (in solar cells). Direct conversion of light energy into me-
chanical energy has been demonstrated, from the molecular to macroscopic scales [59–61].
Ultimately, this may enable mechanical devices remotely powered with light (delivered
either via free space or through optical fibers), where using electrical cables is not possible.

Yamada et al., in [44], demonstrated a light-driven motor using the contraction of
an LCE/polyethylene laminated film irradiated with UV and visible light. The motor
presented by Geng et al. [62] used a looped strip of hydroxypropyl cellulose film that
deformed under humid air to drive a rotating element. The LCE rod described in [63] can
roll with either a light beam or a heated surface as the energy source, but it remains an open
question if this deserves to be called a “motor”. In a similar fashion, various LCE tubes
and helical ribbons have been demonstrated as drives for centimeter-scale light-powered
rolling vehicles [64].

Historically, we first developed micro-robots—the water strider, the caterpillar [50]
and the snail [5]—only later to realize that the very same caterpillar, if held in place, can
make a rotary motor [65] (if shaped into a ring—“eating its tail”) or a linear inchworm
motor (if working in a team of two) [52].

2.1. Rotary Motor

Many high-end camera lenses use so-called ultrasonic motors (USMs) to drive the
auto-focus mechanism. Typically, piezoelectric USMs are composed of a ring-shaped rotor
and stator (Figure 2A). The voltage applied sequentially to the rotor segments induces
travelling wave deformations that couple by friction to the stator, thus setting the former in
motion [66–68].

Inspired by this design, we built a light-driven micromotor, where the travelling wave
deformation results from the photo-mechanical response in a 5.5 mm diameter LCE ring,
illuminated with a laser beam moving around the disc circumference (Figure 2B) [65].
In our experiments, we tested LCE discs with different director distributions, in particular,
one with the azimuthal orientation on both sides (A-A) and one with the azimuthal and
radial orientations (A-R). The A-R disc proved to be 10 times faster (ω = 5.88 rad/min) and
14 times more efficient at converting laser beam revolutions to disc (rotor) revolutions—
see [69] for the video of the rotating motor. We also studied these effects by performing
finite element numerical simulation, where the dynamic photomechanical response of the
LCE discs was modelled as a local strain tensor (Figure 2D).

Despite low speed and efficiency, the LCE micro-rotor has some advantages, such as
the ability to be scaled down and to be powered remotely with light energy.
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Figure 2. Rotary motor directly powered with light. (A) Schematic of the rotary piezoelectric
(ultrasonic) motor. Travelling wave deformation generated in the rotor (orange) interacts via friction
with the stator (blue) and sets the former in motion. (B) LCE rotary micro-motor, seen from the side.
The LCE disc (rotor, orange) rotates with respect to the stator (rough solid surface, blue), around a steel
axis. The white scale bar is 2 mm long. (C) The LCE rotor on a pencil tip for the scale demonstration
(although, sadly, we must admit it cannot yet be used to sharpen pencils). (D) Numerical simulations
of the LCE deformation upon illumination with a spatially modulated (rotating) laser beam. The top
row is for azimuthal–radial, and the bottom row for azimuthal–azimuthal director orientation (see
text for details). Adapted from [65].

2.2. Linear Stepping Inchworm Motor

Even basic understanding of the mechanics of soft materials reveals that it is much
easier to build an actuator that generates a pulling force compared to the one that would
push using light-responsive LCEs. To extend the portfolio of devices beyond simple LCE
strips (often, rather bombastically, pitched as “motors”), we designed and built a linear
stepping inchworm motor with two LCE accordion-like actuators [52]. Linear displacement
is often a desired mode of operation and various linear motors are in use, either powered
from rotary drives or directly from pressure, electromagnetic forces or shape change in
different materials. The first inchworm motors had a rotor moved by a sequential action of
piezo actuator(s) [70,71]. In a linear inchworm motor, two or more actuators are operated
sequentially to push/pull (rather than rotate) a shaft along its axis.
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When fabricating the actuators for our motor, we tested a new LCE-orientation tech-
nique that we had conceived a long time before—rubbing overwriting. Mechanical rubbing
is commonly used for orienting liquid crystal molecules [72,73]. Our first approach to fabri-
cating LCE films with patterned alignment with rubbing through masks was used to make
crawling caterpillars [50], but it required at least two masks and their precise alignment.
Here we used a different approach: we rubbed the poly-vinyl alcohol (PVA)-coated glass
surface in one direction, then covered certain areas with a mask, and rubbed everything
in the perpendicular direction. Accordion-like 50-micron-thick LCE actuators fabricated
with this procedure can contract by up to 80% upon heating [50] and were used in the
miniature linear motor. A laser beam reflected from a mirror mounted on a galvo scanner
illuminates (and thus heats up) two of these actuators, that, in turn, set a small, heavy grip-
per into an orbital motion (Figure 3B). Each scanning cycle consists of grip–move–release
sequence (Figure 3C) and, as a result, the shaft moves (in either direction, defined by the
laser scanning direction) at speeds of up to 25 mm/s (see [74] for the video).

 

Figure 3. Light-powered linear inchworm motor. (A) Accordion-like actuator heated in an oven
exhibits very large contraction, with up to 80% stroke. (B) CAD rendering of a linear stepping motor
with two actuators (orange), gripper (dark grey/yellow) and a sliding shaft (black, under the gripper).
(C) The sequential action of the actuators, powered by a scanned green laser beam, results in orbital
motion of the gripper that, in turn, moves the shaft. The black scale bar in (A) is 5 mm long. Adapted
from [52].

The motor design can be straightforwardly adapted to a rotary configuration by
replacing the linear shaft with a circular one. If equipped with a position sensor, e.g.,
optical, the stepping motor can operate in a closed loop configuration, where the length of
each step is not relevant, as the distance from the target position is continuously measured
and adjusted, including with sub-single-step accuracy.

3. Bio-Inspired Millimeter-Scale Robots

For centuries, scientists and engineers have been fascinated by the movement of
various animals at different scales and the possibility of copying this movement in man-
made machines [75]. Nevertheless, after several decades and huge resources invested in
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robotics, soft robotics and safe interactions of robots with humans in particular, the results
are disappointing: most robots remain awkward automata, at best capable of performing
basic repeatable tasks in well-controlled environments (perhaps the latest autonomous cars
may soon change this rather gloomy picture). Robotics in the microscale is at an even worse
stage—we are nowhere near scaling down robots to millimeters and below, not to mention
their reliable fabrication and operation in real-life applications.

3.1. The Caterpillar

Conventional robots, made of multiple rigid parts connected by joints, typically have
few degrees of freedom and poor adaptability to the environment. One attractive area of
research is the realm of soft-bodied animals—segmented worms, mollusks, cephalopods
and insects at some development stages (caterpillars)—where using elastic materials could
allow their continuous movement to be mimicked, offering the bio-inspired robots the
ability to move in confined spaces and to adjust to topologically complex environments [76].
To date, some attempts have been made to replicate them in real scale, with limited
success [77].

Caterpillar locomotion consists of cycles of inching and crawling: the animal lifts and
steps forward every pair of its legs—starting from the tail, towards the head. To detach
the legs from the ground, it deforms parts of its body, generating a travelling wave of
deformation along the body. Such deformations can be induced with spatially varying
laser beam in the accordion-like actuators, such as those used in our stepping inchworm
motor (compare Figure 3A). Our caterpillar robot [50] was fabricated with a 14.8 × 3.8 mm
strip of 50 μm thick LCE film (Figure 4A). When illuminated locally with a scanned green
laser beam steered by a galvo scanner (Figure 4B) the film deforms, becomes curved and
lifts from the ground, thus generating a wave of deformation. When placed on a rough
surface (e.g., sandpaper), this results in crawling locomotion, with a typical step length of
0.3 mm and a maximum speed of 30 mm/min (see Figure 4C for the snapshots and [78] for
the video). This is about six times slower than the caterpillar Cucullia verbasci, commonly
found in Europe and North Africa [79]. The robot is also able to squeeze through narrow
slits, climb a sloped surface and push loads several times its own mass.

 

Figure 4. Natural scale crawling caterpillar robot. (A) The caterpillar robot on the fingertip of one
of its creators. (B) Schematic of the experimental setup—the green laser beam is scanned along the
robot’s body with a galvo mirror driven by an asymmetric sawtooth signal. The beam was scanned at
0.4 Hz and had 2.5 W of power. (C) Snapshots of the video with the light-driven caterpillar crawling
on a level surface. The white scale is 5 mm long. The laser light is filtered out with an orange optical
filter. Adapted from [50].

With a maximum speed of 30 mm/min, our caterpillar robot may be compared with a
few similar demonstrations. In [80], a 29 mm-long robot made of LCE performs inchworm
locomotion, powered through cables and reaching 1.91 mm/min. A composite tensegrity
robot made of carbon nanotube-doped LCE was able to navigate a labyrinth with the
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average speed of 6.87 cm/min [81]. Liquid crystal elastomer–carbon nanotube composite
was also used in [82] in a crawling and jumping untethered robot, reaching 42 cm/min
(half the body length) per minute.

3.2. The Snail

Gastropods—snails and slugs—have a single ventral foot, in which pedal waves
propagate, propelling the animal (Figure 5A,B). To further increase the interaction between
the foot and the surface, the former is covered with slippery mucus. The (apparently) low
complexity of this design and its versatility made snail locomotion a promising target for
implementations in robotics.

 

Figure 5. Light-powered snail mimicking the adhesive locomotion of terrestrial gastropods. (A) A gar-
den banded-snail Cepea hortensis meets the 10 mm long light-powered snail robot (having no shell,
though). (B) In snails and slugs, pedal waves propagate along the ventral foot contact surface with a
velocity VS, propelling the animal with an average speed VCM. In a similar way, the light-induced
elastomer deformation moves along the robot’s soft body (yellow) covered with an artificial mucus
layer (purple). In both cases, the deformations are in fact much smaller. (C) Snapshots from a video
with the snail robot crawling on a horizontal glass plate topped with glycerine as an artificial mucus.
The average speed is 1 mm/min, the black scale bar is 5 mm long. The material contraction was of
the order of 0.1 mm. Adapted from [5].

A 50 μm thick strip of LCE with planar nematic alignment film was placed on a glass
substrate covered with a layer of glycerine (which proved to perform best as an artificial
mucus) [5]. As with the caterpillar robot, local light-induced deformation was driven by
a spatially scanned laser beam, but this time the elastomer contracted along its length,
remaining in contact with the glass via the mucus layer. As the laser beam moved, the
contraction propagated with a typical speed vs. on the order of several cm/s, resulting
in an average robot speed VCM of a few mm/s (see [83] for the video and Figure 5C
for snapshots). The robot could move on various surfaces—in the same way as snails—
from coarse sandpaper to PTFE (Teflon) [84,85], crawl over a glass tube obstacle, move
horizontally upwards (VCM = 0.8 mm/min), downwards (VCM = 1 mm/min) and upside
down (VCM = 3 mm/min). Unlike snails that, interestingly, have no reverse gear [86],
it could also move backward by reversing the direction of the laser beam scan. In this case,
we are not aware of any similar demonstrations of robots performing the mucus-assisted
locomotion in natural scale, even though it may be an interesting alternative for robots
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operating in challenging environments, and it also provides good security margins due to
large contact area with the surface.

3.3. The Water Strider

Not all our LCE-related projects have resulted in spectacular success. If they had, this
would be a clear indication that the challenges were easy to overcome. In fact, a number of
the projects have been abandoned, while others were put on hold, even for many years in
some cases.

One example of the latter group is the light-powered, natural-scale water strider robot.
There has been some substantial effort invested in understanding the dynamics of strider
locomotion on the water surface, at some point leading to the so-called Denny paradox
(baby striders seemingly move their legs “too slowly” to propel themselves, and yet they
still manage to do so) [87], and later to its (apparent) resolution [88]. Striders offer a very
good example of animal locomotion to be mimicked in the lab, as they do not need to
struggle with friction, capillary or van der Waals forces while moving gracefully on the
water’s surface, supported by surface tension (Figure 6A). Our first natural-scale (about
2.5 cm long) robo-strider was built (twisted) from 0.13 mm diameter copper wire, had the
simplest muscle-actuator made of a bending strip and had to be guided by a thread, placed
just above the water’s surface, to keep on track and remain within the green laser beam
powering the LCE actuator (Figure 6B).

 

Figure 6. From the pond to the lab (and back)—a light-powered natural-scale water strider robot
with LCE muscle. (A) Water striders are common inhabitants of reservoirs and rivers in many climate
zones. (B) First prototype of the light-powered robo-strider with the orange LCE bending actuator
powering a pair of legs. (C) The latest generation of the robot body (here without the actuator
installed) was 2D printed with a 3D extrusion printer and then hot-shaped to take the final form.
Water strider photo by Schnobby licensed under CC BY-SA 3.0.

Surprisingly enough, it did manage to move, with an average speed of around
180 mm/min—6000 times slower than some members of the Gerridae family. The project
has been on hold for a number of years, but has recently re-emerged with a new approach to
the strider body—this time with 3D printing (Figure 6C). We hope this will provide a much
lighter frame, at the same time offering higher flexibility in the design and repeatability in
manufacturing, should we decide to go for a swarm of light-driven water striders one day.
As for increasing the speed, there is a class of so-called snap actuators [89], where a piece of
material accumulates energy until it reaches a point of nearly instantaneous shape transi-
tion, releasing it to the mechanism to be driven (strider legs)—we hope this may be a way
towards faster swimming speeds, perhaps one day comparable with wild-born animals.

Other approaches to making robo-striders included a jumping robot with nickel
titanium shape memory alloy actuator [90] and a large scale (10 cm long) robot with as many
as 12 legs and piezoelectric actuator, reaching the maximum speed of 180 cm/min [91].
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As for now, we are not aware of any attempts to involve light-responsive materials in
similar constructions.

3.4. The Ant

The second example of a project awaiting its turn is a millimeter-scale walking ant,
powered and controlled by two colors of light, corresponding to the two degrees of freedom
in the movement of its six legs. Two separate stimuli, applied in sequence, are the minimum
for true non-reciprocal motion [4]. Insects (as opposed to arthropods, for instance) walk
on six legs—this seems to be optimized for the number of points of contact with the
ground, as they form two tripods that are lifted sequentially and shifted with respect to
each other. To better understand this mode of locomotion, we have built several models
(see Figure 7A for an example). The next step was to develop two LCE films, responding
independently to two different colors of light (Figure 7B). Importantly, the illumination for
the millimeter-scale walker must be provided by LEDs, not lasers, as the illuminated area
must be large enough to let the walker make at least several steps, before walking into the
dark [92]. Ultimately, the mechanical design must take into account many limitations of
LCEs, e.g., illumination from one (or two) sides only and the available deformations of the
actuators—one concept is presented in Figure 7C.

 

Figure 7. The ultimate walker: LCE ant with two degrees of freedom. (A) One of the models built
to better understand six-legged locomotion. (B) Stripes of LCE with two different dyes, respond by
bending to two high-power LEDs with 660 nm and 450 nm centered spectra, respectively. White light
(top) and IR (bottom) images. (C) One of the concepts of the mechanical design of a six-legged walker
with two tripods: one solid (blue) and one with lifting legs (yellow), shifted relative to each other
with a bending strip (orange), performing a sequence of deformations that result in a step forward.

4. Micrometer-Scale Light-Power Tools

Perhaps our failures in mimicking nature, in particular when small scale and/or large
quantities of mechanisms are in play, stem from the way we approach fabrication. In the
lab, workshop or factory, we would start with materials (a plank of wood, a sheet of metal,
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a piece of wire, a stretch of foil) and then cut, drill, mill or grind to make individual parts
first, and then glue, weld, solder or rivet, to join them together. Obviously, this is not the
way things are made in the natural world—there, they grow. This, then, is a question we
asked ourselves: can we perhaps grow micro-mechanisms, instead of making them in the
traditional way [93]?

To this end, we developed a method of fabricating micrometer-scale elastomer struc-
tures with a photo-mechanical response by sending UV light via an optical fiber immersed
in an oriented liquid monomer, so that the polymerization occurs at the fiber tip—see
Figure 8A–C for the snapshots of the fascinating growth process and [94] for the time-lapse
video. In our experiments, a cone-shaped structure grows that bends when visible (green)
light is delivered via the same fiber (Figure 8D and [94] for the video).

 

Figure 8. Fiber-grown microscale gripper. (A–C) Snapshots from the video show the bending actuator
growth inside an LC-mixture-filled cell. Time in min: sec is shown in the bottom left corner of each
frame. (D) Bending actuator in action, powered with green light delivered through the fiber (two
photographs have been superimposed to show the magnitude of the deformation). (E) Two fibers
with bending actuators make a light-powered gripper, here next to a Formica polyctena ant with its
mandibles about ten times the size of our tool. Adapted from [93].

Gripping objects is fundamental for living organisms and in many machines. Mechan-
ical grippers are typically powered by electric, pneumatic, hydraulic or piezoelectric servos
and work well at larger scales, but their complexity and need for transmitting force from
a distant servo to the gripper elements prevent their miniaturization and remote control.
By joining two fibers with LCE-bending structures, we built a micrometer-scale gripper,
powered and operated remotely with light energy delivered through the fibers (Figure 8E).

The gripper, nicknamed “optical pliers” (to avoid confusion with “optical tweez-
ers” [95]), can deliver a gripping force of the order of 10−7 N that may be compared, for
instance, to a single bending structure weight of approximately 3 × 10−9 N (see [94] for
the video of the experiment where this force was determined). They do not require any
displacement transmission—only energy is transmitted—which makes them very simple
and potentially very reliable. In addition, they demonstrate that, with clever technolo-
gies, opto-mechanical micro-structures can be fabricated without resorting to any complex
(and expensive) microfabrication technology, such as laser photolithography.

Will we one day be able to program and control the growth, so that we can make
actuators, or even more complex tools and mechanisms, on fibers, at will? Where would
the “genetic information” be stored? In the material, in the growth conditions (molecular
orientation, temperature, flow) or in the light that initiates the polymerization—its wave-
length(s), polarization, or spatial or temporal modulation? Perhaps in the structure of the
optical fiber itself? The concept of “building by growth” involves many more questions
than answers and opens up a new, fascinating avenue of research.
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5. Conclusions and Outlook

Ten years of working and playing with soft, light-responsive materials have taught us
many lessons. The most important one is perhaps the lesson of humility, when comparing
our results in micromechanics and micro-robotics with the wonders of the natural world
that we try to mimic.

At the moment we have several ongoing projects, including the following:

• Orienting LCE with the electric field during laser photolithography [96]. If successful,
this technology will open up the ultimate realm of 5D photo-mechanical microstruc-
tures: the 3D-printed shape (with sub-micron resolution) with two angles of director
orientation, programmable over the entire volume;

• Orienting LCE molecules with writing direction in laser photolithography. This
method is somehow similar to orienting by squeezing through a small nozzle in 3D
printing of LCEs [97], but on a much smaller scale. As it does not require any photo
aligning layers or electrodes, it can be used with minute substrates, such as the end
face of an optical fiber;

• Exploring the theme of “materials as machines” [98], we have developed a conveyor
belt with LCE-sorting mechanisms, where small objects can be sorted into a number
of buckets with LCE stripes (levers) that respond to their different colors and push
them from the belt, without any sensors, data processing or separate actuators;

• Since our lab has its origins in photonics and optics, we are constantly playing with
ideas of combining LCE structures with optical elements, e.g., optical fibers. We have
tested several approaches to fiber switches, either with self-standing light-responsive
actuators or with LCE micro-structures grown on the fiber tip.

Liquid crystal elastomers have been pitched as “promising materials” [99] that “open
up new horizons in micro actuation and complex, remotely powered and controlled soft-
robotics” [50]. Over the last decade, we have learned a lot about their many problems, not
least related to repeatable fabrication, reliability and durability. If ever they may find their
way into practical applications, the route will be a long one and not without hurdles and
pitfalls. However, the journey into the world of light-responsive materials has given us a
lot of joy and we hope that some of this is visible in our publications, including this one.
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Dobrzyński, M. Review on Polymer,

Ceramic and Composite Materials for

CAD/CAM Indirect Restorations in

Dentistry—Application, Mechanical

Characteristics and Comparison.

Materials 2021, 14, 1592. https://

doi.org/10.3390/ma14071592

Academic Editors: Jakub Zdarta and

Francesco Inchingolo

Received: 3 February 2021

Accepted: 18 March 2021

Published: 24 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Pediatric Dentistry and Preclinical Dentistry, Wroclaw Medical University, Krakowska 26,
50-425 Wrocław, Poland; maciej.dobrzynski@umed.wroc.pl

2 Polymer Engineering and Technology Division, Wrocław University of Science and Technology, Wyb.
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Abstract: The aim of this review article is to present various material groups, including ceramics,
composites and hybrid materials, currently utilized in the field of CAD/CAM. The described tech-
nology is amongst the most important in modern prosthetics. Materials that are applicable in this
technique are constantly tested, evaluated and improved. Nowadays, research on dental materials
is carried out in order to meet the increasing demand on highly aesthetic and functional indirect
restorations. Recent studies present the long-term clinical success of restorations made with the
help of both ceramic and composite materials in the CAD/CAM method. However, new materials
are developed and introduced that do not have long-term in vivo observations. We can outline a
monolithic polymer-infiltrated ceramic network and zirconia teeth support that show promising
results to date but require further assessment. The materials will be compared with regard to their
mechanical and clinical properties, purpose, advantages and limitations.

Keywords: CAD/CAM; mechanical properties; dental materials; dental ceramics; resin
composites; biocompatibility

1. Introduction

CAD/CAM stands for computer-aided design and computer-aided manufacturing. It
is applied in different branches of engineering, science or even art as a rapid prototyping
method for accelerating the design process and smoothening its transition into manufac-
turing [1]. In this review article, we focus on its constantly growing role in dentistry, more
precisely, in dental prosthetics. This field of dentistry serves for the manufacturing of
either polymer, ceramics or composite teeth restoration. CAD/CAM allows us to provide
a patient with dental prosthesis, such as crowns, veneers, bridges, inlays, onlays and
dental implant supported restorations [2–4]. In many cases, due to the technology used
in CAD/CAM, it is possible to scan a patient’s oral cavity, design and create restoration
and finally bond it in the patient’s mouth in the course of one day. There are both chairside
systems and systems which further outsource the prosthesis manufacturing available on
the market. To obtain the required properties of restorations, such as high aesthetics, bio-
compatibility, durability and functionality, a wide range of constantly evolving materials
are used in the system described below [5].

2. Materials and Methods

An electronic search of the English-language and Polish-language literature published
between 1987 and August 31, 2020, was conducted within PubMed, Scopus, Web of Science
and Google Scholar databases. A combination of free-text words was used: CAD/CAM,
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ceramics, resin composites, dental material, methacrylates, biocompatibility, cytotoxicity
and chairside systems. A group of articles was outlined for further verification with respect
to their contribution to the topic. Authors focused on articles regarding polymer, ceramic
and composite dental CAD/CAM materials along with their mechanical characterization,
wearing, cytotoxicity and clinical assessment. Afterwards, the reference list was selected
and narrowed down in the scope of the relevance in the field of intraoral CAD/CAM
materials utilized in dentistry and their characteristics.

3. Historical Outlook on CAD/CAM

The first versions of the system were invented in the 1980s [6]. The idea of the digital
assisted prosthetic system was first developed and introduced as a result of the cooperation
of three research centres, the first established by the University of Zurich and Brains and
Brandestini Instruments of Switzerland, the second by Hennson International of France
and the third group by the University of Minnesota [7]. The aim was to provide the patient
with a prosthetic restoration in a fast and impressionless process. Moreover, the authors
intended to make durable posterior teeth restorations in a natural colour [6]. Recent years
have shown that it is an innovative, developing and forward-thinking method of designing
and forming dental prostheses.

4. Advantages of CAD/CAM

The individual properties of CAD/CAM restorations depend, among others, on
material which is used for manufacturing. There is wide range of benefits shared by all
used materials, which make described technology very attractive both for the patient and
dentist. Among them, we can list the following: shorter time of prosthetic treatment;
patient’s satisfaction; and avoiding the traditional method of making impressions, which
has been replaced with user-friendly intraoral scanners [8,9]. There are randomised clinical
trials that confirm higher efficiency and comfort using digital scanning compared to
conventional impression [10,11]. Moreover, it provides the opportunity to combine high
aesthetics, durability and functionality in one restoration [12,13]. The aspect of accuracy
is very important as well. It was confirmed that the CAD/CAM restorations, such as
single crowns, fixed dental prostheses and implant-retained fixed dental prostheses, are
characterized by sufficient marginal adaptation [14,15]. This fact is significant for further
plaque accumulation. Potential caries development is less likely to occur when the marginal
adaptation is within the clinically acceptable marginal discrepancy range. Replacing the
classical procedure of taking impressions by the digital technique helps not only to reduce
procedure time [16] and increase the patient’s positive feelings but also to maintain an
adequate level of precision (4 to 80 μm for scans with a limited area) [17]. Furthermore,
scanning oral cavity by an intraoral scanner provides an image of prosthetic substrate on the
computer screen almost immediately and under magnification, which helps to control the
preparation process as well as plan further restoration. This is an important benefit for many
operators. The technology provides the opportunity to use new materials for prosthetic
reconstruction and maintain the quality control of the process [18]. All these positive
aspects of CAD/CAM technology are reflected in patients’ satisfaction and long-term
restoration success considering both ceramic [19,20] and composite restorations [21,22].

5. Limitations and Handling of the System

The technology of CAD/CAM, without a doubt, is very innovative and provides a
broad range of opportunities. However, this technique is still considered expensive, and
despite the development of new systems and increasing competition on the market, the
prices remain high [2,23]. The whole process of creating a restoration using CAD/CAM
comprises many steps, such as scanning the oral cavity by an intraoral scanner, computer
designing using specific software and modelling a restoration either from a solid block of
restorative material or using an additive technique [23]. All of this requires highly trained
personnel [2], and the technique learning curve can range from a few days to several

266



Materials 2021, 14, 1592

months [24]. Moreover, as opposed to the traditional way of planning prosthetic recon-
struction, in the CAD/CAM system, the involvement of the patient is minimalised [25].
After scanning the oral cavity, the dentist decides the shade, shape and occlusal relation
of the prosthetic restoration. Considering clinical cases regarding patients with maxilla-
mandibular disorders and occlusion distortions, the CAD/CAM system itself may not
be sufficient to obtain correct teeth relation [26]. Moreover, the size of the blocks limits
designing and milling restorations exceeding their sizes. This indicates clinical problems
including inaccurate occlusal vertical dimension and incorrect centric relation [27].

The accuracy of digital scans depends on the length of the arch included in the
impression and is favourable for short distances [28]. The survival rate of CAD/CAM
restorations may vary for different types of materials. It is mostly presented in short-
and medium-term studies, which makes it more difficult to evaluate and compare to
conventional prosthetic restorations. For example, ceramic material Vita Mark II (VITA
Zahnfabrik, Bad Säckingen, Germany) inlays showed survival rates of 90.6% after 8 years
and 85.7–89% after 10 years [13,29–31]. Therefore, we observe that survival rate decreases
over time. The mechanical aspects, such as the flexural strength or mean modulus of
resilience, differ for various types of utilised materials [32]. It can be assumed that not
all kinds of materials are suitable for all clinical applications. The prosthetic restorations
made using CAD/CAM are not free of defects. The main reported complications are
framework fractures and recurrent periodontal disease for reinforced glass ceramics and
glass infiltrated alumina [16]. Thus, there is still room for improvements in the described
technique.

Operators should be aware of certain limitations regarding patients with CAD/CAM
restorations. For example, applying lasers for periodontal or conservative reasons among
patients with zirconia-based restorations can be performed. It should be considered that the
surface of the restorative material can be affected by the laser [33]. Moreover, mechanical
limitations are of significant importance, which should not be omitted while describing
CAD/CAM restorations. The study by Romanyk et al. shows that subtractive machining
results in strength-limiting, surface and subsurface damage in the restorations, which may
be clinically relevant [34].

6. Currently Used Dental CAD/CAM Systems

The list of producers offering CAD/CAM software (e.g. CEREC SW 5.1.3, Dentsply
Sirona, York, Pennsylvania, United States) and manufacturing systems is broad and has
rapidly grown in recent years. CAD/CAM systems can be classified as either in-office or
laboratory systems [35]. The two most popular systems currently available on the market
are CEREC by Dentsply Sirona (York, PA, USA) and Planmeca by Planmeca Oy (Helsinki,
Finland) [36]. Both of them are complex and consist of numerous elements. For example,
Sirona offers the CEREC Omnicam scanner, software for CAD/design and for CAM and
also the milling unit, which is the CEREC MC, X and XL 4-axis milling machine [8]. Other
recognized and used total CAD/CAM systems are Carestream Dental (Atlanta, GA, USA),
Dental Wings (Montreal, QC, Canada) and Zfx (Dachau, Germany) [36]. There is also the
possibility to buy parts included in a CAD/CAM system, which are offered separately by
different companies. The choice of adequate system depends on the prosthetic experience
of operators and the equipment of the dental office, but should be also dictated by the
patient’s therapeutic needs [37].

7. Computer-Aided Design

After scanning the oral cavity using an intraoral scanner, such as powder-free CS 3600
by Carestream Dental [8], we are able to obtain a digital image of the oral cavity, which
is the field for further prosthetic restoration. We can divide scanners into two groups:
those that require powder and powder-free. Powder scanners require an opaque reflective
coating, such as titanium dioxide powder, on the teeth before scanning in order to eliminate
reflection and to create an equal surface. On the other hand, powder coating may reduce
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the scan precision and marginal adaptation of definitive restoration. [38]. Nowadays,
mostly powder-free scanners, such as CS 3600 by Carestream Dental (Atlanta, GA, USA),
are used [8]. In this group of scanners, there is no risk of mixing intraoral liquids and
powder, and thus blurring the boundaries of the preparation. The digital impression is
required in multiple steps of the restorative process, including preliminary scanning for the
clean-up process followed by the margin setup by the technician before the fabrication takes
place. Therefore, they are not considered to save time in comparison to the conventional
impressions [39]. Moreover, the resolution of full arch digital impressions is limited in
comparison to the conventional impressions [40].

Appropriate software helps to design a restoration in the most optimal way, allowing
the operator to make changes simultaneously if needed. In the case of Carestream Dental, a
dedicated software for the system is CS Restore. Plenty of different software is available on
the market, such as DWOS Chairside (Dental Wings), Cerec SW 4.5. and Cerec Premium
SW 4.5 (Dentsplay Sirona), Zfx CAD software (Zfx), Planmeca PlanCAD Easy, integrated
in Planmeca Romexis (Planmeca) or MyCrown Design (Fona Dental) [8].

8. Materials for CAD/CAM

The spectrum of materials utilized in computer-aided manufacturing is very broad.
It includes not only acrylics polymers but multiple ceramic materials and resin compos-
ites [41]. Moreover, the conventionally utilized restoration materials for dental prosthetics
include metals. However, due to the necessity of ceramic veneering, we are no longer
in the scope of chairside CAD/CAM due to the required postprocessing [42]. Thus, in
this review, metals are not covered, and the main focus is put on polymer, ceramic and
composite materials.

Each material has different processing parameters, and, therefore, the whole system
needs to be adjusted for a specific material. The success of prosthetic treatment using
CAD/CAM technology depends, to a certain extent, on material selection but also on
all steps of a treatment: from case classification, to correct preparation, precise scanning,
planning and designing, resulting in the manufacturing and cementing of a restoration.
Along with the desirable characteristics of materials used for restorations in the chairside
procedure, the efficiency lies in the possibility of high-speed milling without damage and a
short time of preparation of the restoration after milling [43]. The examples of CAD/CAM
blocks before processing are depicted in Figure 1 (below).

Figure 1. Examples of commercial CAD/CAM blocks. From the left: resin matrix composite
Vita Enamic, resin matrix composite CERASMART and composite Brilliant Crios, reprinted with
permission from ref. [44] (Copyright 2020 Inżynier i Fizyk Medyczny).

8.1. Dental Ceramics

There are various types of dental ceramics with respect to their chemical composition,
method of obtaining and structure. They can be classified into 3 groups: resin matrix
ceramics (RMCs), silicate ceramics and oxide ceramics (see Figure 2) [43]. In general,
ceramics can be characterized by strength, brittleness, transparency and hardness [17,45,46].
All of the ceramic restorations made using the CAD/CAM system can be used both in
posterior and aesthetic segments and are becoming increasingly popular every year. Their
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main advantages include biocompatibility, low plaque adherence susceptibility and colour
stability [17].

Figure 2. Dental ceramics classification.

Ceramics are crystalline and non-metallic materials, while glass ceramics are composite-
type materials in which the glassy phase is the matrix and the ceramic is the reinforcing
filler [43]. All-ceramic CAReviD/CAM restorations demand a rounded shoulder or a
heavy chamfer around the circumference of the prepared tooth. In most cases, luting using
adhesive resin cements is indicated for all-ceramic crowns. This helps to increase fracture
resistance [47]. The outline of the ceramics division is presented in Figure 1. Each of the
enlisted ceramic type has a different clinical application due to its properties (see Table 1).

Table 1. Examples of commercial ceramic CAD/CAM material with its application.

Type of Ceramics Brand, Manufacturer Clinical Application

Resin Matrix Ceramics

Lava Ultimate, 3M-ESPE
VITA Enamic,

VITA-Zahnfabrik
Cerasmart, GC

Onlays, inlays, veneers, single
crowns, implant crowns

Lithium Silicate Ceramics

IPS e.max CAD, Ivoclar
Vivadent

VITA Suprinity PC, VITA
Zahnfabrik

Celtra Duo, Dentsply Sirona

Inlays, onlays, veneers,
crowns

Leucite-Reinforced Glass
Ceramics

IPS Empress CAD, Ivoclar
Vivadent

Veneers, inlays, onlays,
crowns

Zirconium Oxide Ceramics NobelProcera Zirconia, Nobel
Biocare

Single crowns, bridges,
prosthetic restorations

covering the entire dental
arches, mainly posterior

segment

Aluminium Oxide Ceramics InCeram Alumina, VITA
Zahnfabrik Single crowns, bridges

8.1.1. Resin Matrix Ceramics

This is a relatively new material to the market, but it is claimed that it shows some
favourable characteristics for dental prosthetics. Resin matrix ceramics are characterized
by lucrative milling properties and, compared with silica-based ceramics, have a higher
load capacity and better modulus of elasticity [36]. The aesthetic aspect is also satisfying
for resin matrix ceramics, which shows optical properties similar to natural teeth.

We can distinguish resin-based ceramics (e.g., Lava Ultimate by 3M-ESPE, Seefeld,
Germany) that contain a polymer matrix with at least 80% nanosized ceramic filler particles
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and hybrid ceramics (e.g., VITA Enamic by VITA-Zahnfabrik, Bad Säckingen, Germany and
Cerasmart by GC, Leuven, Belgium) made of a ceramic network infiltrated with a polymer
using polymer-infiltrated ceramic network (PICN) technology [36,44]. Recent studies
report that resin-based ceramics show flexural strengths up to 230 MPa, characteristic
strength (σ0: 300 MPa) and relatively low Young’s modulus [48]. The manufacture of
Lava Ultimate characterizes this material as less brittle than glass ceramic and resistant to
chipping and cracking when milled [49]. VITA Hybrid ceramics combine the properties of
both composites and ceramics, which leads to sufficient flexibility, optimal distribution of
chewing forces and high resistance to loads [17]. The manufacture process of VITA Enamic
ensures that the tendency of fracturing is lower in comparison with pure ceramics, and
CAD/CAM processing is superior [50]. Moreover, their optical properties are similar to
natural teeth, and they are characterized by lower abrasion for opposing teeth compared to
ceramics [44].

8.1.2. Silicate Ceramics

These are non-metallic inorganic ceramic materials that contain a glass phase. Among
silica-based ceramics, we can distinguish feldspathic and lithium silicate ceramics. Ex-
amples are Vitablocs TriLuxe by Vita and IPS Empress CAD Multi by IvoclarVivadent.
They can be characterized by favourable optical aspects, such as high translucency and
natural appearance. However, the presence of glass in their compositions contributes to
the brittleness and low fracture strength [36]. Silicate ceramics require hydrofluoric (HF)
acid etching to enhance micromechanical retention [51] and adhesive bonding. After acid
etching, the glassy matrix is dissolved and crystalline phase is exposed, and thus, the
surface of the ceramic becomes available for the micromechanical interlocking of resin
cement [52]. The study evaluating tensile bond strength for lithium disilicate ceramic
confirms that etching the bonding surface of restorations with hydrofluoric acid is still a
“gold standard” [53].

8.1.3. Leucite-Reinforced Glass Ceramics

The clinical long-term valuation of leucite-reinforced glass restoration ceramics (e.g.,
Duraceram and Dentsply Degussa) was discussed. Leucite-reinforced ceramics are not
recommended for crowns in the posterior segment due to their lower mechanical properties
compared to other glass ceramics [54]. However, their aesthetic qualities are sufficient, and
the wear resistance of the enamel antagonist is similar to other glass ceramic materials [55].
In recent years, they have been replaced by lithium silicate ceramics, which have better
physical properties and sufficient optical properties.

8.1.4. Lithium Silicate Ceramics

Some sources claim that lithium silicate ceramics (e.g., IPS e.max CAD by Ivoclar
Vivadent, Schaan, Liechtenstein, VITA Suprinity PC by VITA Zahnfabrik and Celtra Duo
by Dentsply Sirona) are the strongest of all the available silicate ceramics with a flexural
strength of around 407 MPa [36]. First, lithium disilicate ceramic was introduced to
the market in 1998 (IPS Empress 2) [56]. Its chemical composition—a crystalline phase
consisting of lithium disilicate and lithium orthophosphate—indicates higher fracture
resistance without a negative influence on the translucency of the material [36,57,58].

It shows good clinical results in follow-ups with a failure-free rate at the level of
93% [59]. There is also a study which indicates its superior colour stability in different stain-
ing solutions, such as coffee or cola, compared to high-translucency zirconia, nanoceramic
or hybrid ceramic [60].

8.1.5. Oxide Ceramics

Oxide ceramics exhibit highly favourable mechanical properties, while their aesthetic
qualities are slightly worse than silicate ceramics due to their low translucency. They can
be divided into aluminium-oxide- and zirconium-oxide-based ceramics.

270



Materials 2021, 14, 1592

The oxide ceramics are divided into two major groups:
• Aluminium oxide ceramics
Described as glass-infiltrated aluminium oxide core ceramics (InCeram Alumina,

VITA Zahnfabrik, Bad Säckingen, Germany), they are characterised by a flexural strength
of 500 Mpa. They show satisfying results in long-term follow-ups, notwithstanding in
recent years, when they have mostly been replaced by more popular zirconia ceramics
characterized by superior physical properties [61].

• Zirconium oxide ceramics
Commercial CAD/CAM zirconium oxide ceramics are present in the form of yttria-

stabilized tetragonal zirconia polycrystal (Y-TZP) [62,63] in products such as Lava Plus
(3M, ESPE) or Kavo Everest (KaVo Dental). In the product range of IPS e.max ZirCAD
(Ivoclar Vivadent), we can find Y-TZP stabiliized by a 3,4 or 5% addition of yttrium oxide
(3Y-TZP, 4Y-TZP or 5Y-TZP). The mechanical properties are dependent on the chemical
composition. For example, the flexural strength of ZirCad products decreases with the
addition of yttrium oxide [64] (see Figure 3). For a long-term durable bond, a complex
protocol is recommended by a producer [36]. Tooth-Supported Zirconia Single Crowns
show good results in long-term in vivo observations [65] and general biocompatibility [66].

Figure 3. Flexural strength IPS e.max ZirCAD zirconium oxide ceramics varying in yttrium oxide
content: 3%-3Y-TZP, 4%-4Y-TZP and 5%-5Y-TZP Adapted from ref. [64].

8.2. Polymer-Based Materials

Due to its mechanical properties and biocompatibility, poly(methyl methacrylate)
(PMMA) was introduced as a CAD/CAM material (see Figure 4) for manufacturing prothe-
ses [67,68]. Moreover, PMMA resin is among the oldest acrylic materials used in dentistry.
The PMMA in CAD/CAM blocks occurs in cross-linked form (eg. Telio CAD, Ivoclar
Vivadent), unlike conventional dental application where it is subjected to photocuring. The
highly cross-linked nature of those materials puts them before conventionally polymerized
interim resins in terms of durability and processing ease [69].
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Figure 4. PMMA disk, reprinted with permission from ref. [44] (Copyright 2020 Inżynier i Fizyk
Medyczny).

As stated in Alp et al. (2019), the CAD/CAM PMMA-based polymers exhibited
greater flexural strength than bis-acrylate derivatives as well as conventional PMMA
interim resin material [68]. Figure 5 (below) clearly shows that three CAD/CAM PMMA-
based materials (M-PM-DISC, Polident PMMA and Telio CAD) exhibit greater flexural
strength than Protemp 4 (Bis-acrylate composite resin) or Art Concept ArtDentine, which
is conventional PMMA. During the storage of the prepolymerized PMMA-based polymer,
the relaxation of the material occurs.

Figure 5. Flexural strength of different commercial interim PMMA-based resins. Adapted from
ref. [68].

Among the other high-performance polymers utilized in the CAD/CAM systems for
manufacturing we poly(ether ether ketone), commonly known as PEEK. Like many other
polymeric materials used in dentistry, it has thermoplastic characteristics and increased
biocompatibility. It is worth mentioning that PEEK has an elasticity modulus at the level
of 3–4 GPa [70], which is very close to the modulus of Type 3 Spongeous bone [71]. This
polymer was concluded to be applicable for removable prosthetics due to its mechanical
properties, low discoloration and minimal monomer content when produced by means of
CAD/CAM [72,73].

PMMA-based materials have been suggested as a long-term interim prosthesis [74–76].
By definition, this material should have adequate mechanical resistance to withstand the
mechanical forces of the jaw during teeth collision.

8.3. Composites

With the development of CAD/CAM materials, and increasing doctor and patient
expectations, hybrid structures, such as composite resins, hybrid ceramics or conventional
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materials with additives altering their physical properties, have been introduced to the
market. Composites are known to be materials made of at least two substances, exhibiting
properties from each of them. It is no surprise that regarding CAD/CAM, an additive for
polymeric or ceramic materials is used in order to enhance the tribological or mechanical
properties or simply the aesthetics of the prostheses. For example, 0.3–0.5 μm ceramic
particles are added to PEEK for property optimization [77]. The division of such composites
is based on their structure and manufacturing process. We can outline polymer-infiltrated
ceramic networks (PICN) and resin composite blocks (RCB). The former consists of two
phases: a ceramic scaffold and an interpenetrating polymeric network [42]. The latter are
formed by transferring the filler into a monomer mixture [78].

A study on the resistance of resin composite crowns was performed using the example
of the maxillary first molar, and lithium disilicate glass ceramic (IPS e.max CAD by Ivoclar
vivadent) was utilized as a control reference [79]. In the same work, an evaluation of
fracture strength and biaxial flexural strength showed satisfactory results. All CAD/CAM
composite blocks that were tested (among them Shofu block HC by Shofu Inc., KZR-CAD
HR by Yamamoto precious metal Co. and Katana avencia by Kuraray noritake dental)
exhibited about 3–4 times higher fracture strength than the average maximum bite force of
the molar tooth (700–900 N). An example of a composite CAD/CAM disk is presented in
Figure 6 (below).

Figure 6. Vita CAD-Temp disk, reprinted with permission from ref. [44] (Copyright 2020 Inżynier i
Fizyk Medyczny).

It is crucial to mention that dental composites vary in properties depending on com-
position. A comprehensive study conducted by Stawarczyk et al. [76] evaluated the
mechanical as well as optical behaviour of commercial composites. The research concluded
that regarding flexural strength, CAD/CAM composites generally exhibit higher flexural
strength over leucite ceramic material, but lower than lithium silicate ceramic. The same
study stated that glass ceramics showed a lower discoloration rate in comparison with
CAD/CAM composites.

9. Nanoscale Aspect of CAD/CAM Materials

Nanotechnology has a wide range of applications in medicine and dentistry. By
incorporating nanomaterials, one can alter the properties of different materials. It is
possible to enhance the optical, chemical, electrical and mechanical properties of materials
by adding suitable nanoparticles [80,81]. Nanosized filler particles are added to the resin-
based composites to fill the space between larger filler particles and at the same time reduce
the content of the resin [82].

When considering nanoparticles, safety is of vital importance. The intraoral CAD/CAM
restorations as well as other dental materials are subjected to processes of wearing and
degradation over time. Therefore, the issue of the release of nanoparticles over time and
their possible negative effect on the organism needs to be addressed [83]. When scaling
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down to nanosized particles, we observe an increase in the surface area, which enhances
their chemical activity in the scope of potential interactions inducing an adverse cellular
response [84].

Among the materials utilized in CAD/CAM technology, we can outline resin matrix
ceramics, also called nanoceramics [48]. This material was invented in order to meet the
need of combining the ceramics’ high aesthetic and mechanical advantages of composites.
The examples are Cerasmart, GC Dental Products and Lava Ultimate, 3M ESPE, which
owes its beneficial properties to nanotechnology used to bind nanoceramic particles into
a resin matrix [49]. The producer describes its composition as 80% nanoceramic and
20% resin matrix [85] (average particles size: 20 nm for silica particles and 4–11 nm for
zirconia particles) [60], while Ceramsmart is composed of 71 wt.% silica and barium glass
nanoparticles [52]. Nanoceramics are considered optimal materials for restorations in
aesthetic segments. Their high translucency is an effect of nanosized zirconia and silica
particles that decrease light scattering [52,86]. Moreover, the addition of nanoparticles
to composite resins improves the tensile and compressive strength, which contributes to
reducing secondary caries by the elimination of microleakage [80].

Whereas nanotechnology in dentistry provides a wide array of possibilities in mod-
ifying the properties of the material (enhancing tribological and mechanical properties,
lowering cytotoxicity), it is necessary that researchers and clinicians take into consideration
its long-term effect and potential toxicity. Although nanoparticle addition is generally
considered not to cause a negative toxicological response, both beneficial and adverse
implications of nanotechnology in dentistry are thoroughly covered by R.N. Al Kahtani
et al. [87].

10. Comparison of CAD/CAM Materials

Both resin composite and ceramic CAD/CAM materials have advantages and draw-
backs for intraoral application. It is of vital importance to select the correct material
depending on the patient’s personal needs and considering mechanical and visual material
characteristics. Resin composites are attractive because of their machinability and intraoral
reparability, while glass ceramics/ceramics may offer superior mechanical and aesthetic
properties [43].

The final dental restoration or prosthesis should resist occlusal forces that appear dur-
ing the clinical service [68]. Moreover, the mechanical parameters of conventional interim
materials change over time and are affected by wearing and their chemical characteristics
(e.g., susceptible for water sorption [88]). We can outline multiple mechanical properties
characterizing CAD/CAM materials: flexural strength, fatigue stress resistance, hardness
and elastic modulus in addition to optical properties such as colour and translucency. Every
major CAD/CAM material group is presented in the Table 2, along with their flexural
strength, hardness, elastic modulus and composition.

Flexural strength is an important property giving an idea of the general mechanical
strength and rigidity of the presented material with respect to dental application prosthe-
sis [89]. This might lead to the conclusion that the higher the value is, the better. High
flexural strength is essential to successful clinical procedure, but one must take into consid-
eration other mechanical properties depending on the final application, i.e., onlay, inlay,
crown, bridge or arch. Among those with the highest flexural strength, we can outline IPS
e.max zirCAD (zirconium oxide ceramics, Ivoclar Vivadent, Schaan, Liechtenstein) with
850 MPa or VITA In-Ceram ALUMINA (aluminium oxide ceramics, VITA Zahnfabrik, Bad
Säckingen, Germany) with 419 MPa. On the other hand, there are materials that exhibit
very low flexural strength, such as VITA CAD-Temp (composite, VITA Zahnfabrik, Bad
Säckingen, Germany) with 80 MPa or VITA ENAMIC (hybrid ceramic, VITA Zahnfabrik,
Bad Säckingen, Germany) with 150–160 MPa.

The listed parameters clearly show the fluctuations in their hardness values for every
type, e.g., aluminium oxide ceramics have 2035 HV hardness, while PMMA has just 26
HV—approximately two orders of magnitude more. Hardness is essential with regard to

274



Materials 2021, 14, 1592

material wearing and scratching resistance. Hence, the ideal enamel replacement material
would have similar hardness to the human teeth tissues, which is approximately 274.8 ±
18.1 HV [90]. We can see that the VITA ENAMIC hybrid ceramic exhibits a value of 200
HV, which indicates that it is a potential candidate for enamel substitution.

Materials are subjected to deformation after load. Those with a low elasticity modulus
will be more strongly deformed than materials with a higher modulus [91]. This, yet again,
indicates the necessity for clinical application. When mechanical load bearing or teeth
mechanical collision is present, a restoration wears at a faster rate. A dentist might consider
a material with a higher elastic modulus, such as VITA In-Ceram ALUMINA (aluminium
oxide ceramics, VITA Zahnfabrik, Bad Säckingen, Germany) with 410 GPa [92] or IPS e.max
CAD (lithium silicate ceramic, Ivoclar Vivadent, Schaan, Liechtenstein) with 103 GPa [93]
for a longer lifespan of the restoration. As it is shown, every material has its weak points
and advantages, and, therefore, the dentistry specialist needs to bear this in mind while
selecting the right material for the purpose.

Fatigue stress has a significant influence on degradation and the material’s fracture
response. Mechanical degradation and water-assisted corrosion lead to a reduction in the
stress intensity threshold for fracture initiation, as concluded in a comprehensive study on
8 commercial CAD/CAM materials. Moreover, the study gave an insight into their lifetime
predictions, showcasing the maximum applied stress as the percentage of characteristic
strength [94].

The advantage of CAD/CAM materials over the direct fabrication technique was
confirmed in a study where fixed partial dentures made from three interim resin materials
were stored in different conditions for 5000 thermocycles. The study concluded that the
flexural strength of acrylate-based CAD/CAM-fabricated fixed partial dentures (Luxatemp
AM Plus, Carcon Base PMMA, Trim) was greater than that of those manufactured from
the same materials in a direct manner [67]. Although the fabrication method affected
the maximum force at fracture values of CAD/CAM and directly fabricated fixed partial
dentures, the scanning electron microscopy analysis did not show any porosities or voids
that may affect the overall strength among specimens. Therefore, this could be explained
by the higher load bearing capacity of the polymeric phase manufactured by means of
CAD/CAM. Moreover, as we observe a major development in the field of nanomaterials
and complexity in material composition (see Table 2), in the near future, the technology will
allow for manufacturing additives for dental materials which will affect the mechanical
properties in a selective manner for a tailored-fit CAD/CAM block.

Table 2. Mechanical properties and chemical composition of selected CAD/CAM materials.

Material Type
Product,

Manufacturer
Flexural

Strength (MPa)
Hardness

(HV)

Elastic
Modulus

(GPa)
Composition References

Composites
VITA

CAD-Temp,
Vita Zahnfabrik

80 n/a 2.8 Acrylate polymer with
microparticle filler [44,95]

Aluminium
oxide ceramics

VITA In-Ceram
ALUMINA,

Vita Zahnfabrik
419 2035 410

Al2O3 (82 wt.%),
La2O3 (12 wt.%),
SiO2 (4.5 wt.%),
CaO (0.8 wt.%),

other oxides (0.7 wt.%)

[96]

Zirconium
oxide ceramics

IPS e.max
zirCAD, Ivoclar

Vivadent
1200 n/a 206.3

3 mol% Yttria-stabilized
tetragonal zirconia

polycrystals (3Y-TZP)
[93,97]

Lithium
silicate

ceramics

IPS e.max CAD,
Ivoclar

Vivadent
353.1 617 102.7 SiO2, Li2O, K2O, P2O5,

SiO2, ZnO [85,91,98,99]
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Table 2. Cont.

Material Type
Product,

Manufacturer
Flexural

Strength (MPa)
Hardness

(HV)

Elastic
Modulus

(GPa)
Composition References

Leucite-
Reinforced

Glass Ceramics

IPS Empress
CAD, Ivoclar

Vivadent
160 632.2 62

SiO2 (60–65 wt.%),
Al2O3 (16–20 wt.%)
K2O (10–14 wt.%)

Na2O (3.5–6.5 wt.%),
other oxides (0.5 wt.%),

pigments

[100]

Resin-based
ceramics

Lava Ultimate,
3M 200 96 12

Polymerizable resin,
dispersed nanometric
colloidal silica, ZrO2

spherical particles

[48,85,93,101]

PMMA
Polident
PMMA,
Polident

114 26 2.77 PMMA, pigment [102]

Hybrid
cermics

VITA ENAMIC,
Vita Zahnfabrik 150–160 200 30

SiO2, Al2O3, Na2O, K2O,
B2O3, ZrO2, CaO,

urethane
dimethylacrylate,
triethylene glycol
dimethylacrylate

[50,85]

PEEK
PEEK-

OPTIMA™,
Invibio

165 n/a 3.70 PEEK [103–105]

11. Adhesion–Bonding of CAD/CAM Restoration

Effective and stable bonding contributes to long-term high clinical success rates.
Resin bonding and self-adhesive resin cements are vastly recommended for CAD/CAM
restorations. A. Mine et al. created a review providing a broad outlook on the bonding
procedures of CAD/CAM materials [106]. The study states that the bonding procedure
should be preceded by generating microretentive surfaces by hydrofluoric acid etching.
The next step of the procedure is silanization, the aim of which is ensuring chemical
adhesion [107]. The study considers the presented bonding procedure regarding indirect
resin composite materials (including Lava Ultimet, KATANA AVENCIA block, Gradia
Block, Ceras- mart, Paradigm and Block HC) and CAD/CAM polymer-infiltrated ceramics
(such as Vita Enamic) [107]. Authors of the aforementioned review also notice that it is
possible to improve bonding to CAD/CAM PMMA resin materials by using materials
containing MMA. These are general recommendations on bonding for most CAD/CAM
materials, which may vary depending on the producer’s recommendations and personal
experience of clinical operators. As presented in another study from 2018 [108], resin
bonding has long been the gold standard for the retention and reinforcement of silica-
based ceramics. However, due to the complexity of the bonding procedure compared to
conventional cementation, many dentists seek a simplified bonding protocol. The bonding
procedure from the technical and scientific documentation of Vita Enamic can be presented
as an example [50]. Authors propose the following protocol: Etching for 60 s with VITA
CERAMICS ETCH (5% hydrofluoric acid gel) then silanizing with VITASIL, VITA or
Monobond Plus, Ivoclar Vivadent. The next step is using the bonding composites RelyX
Unicem (3M, Seefeld, Germany) and Variolink II (Ivoclar Vivadent, Schaan, Lichtenstein) in
accordance with the manufacturer’s instructions. This procedure ensures optimal bonding
with compressive shear strength of approximately 20 MPa.
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12. User Experience of CAD/CAM Hybrid Materials

In fact, VITA Enamic (VITA Zahnfabrik) seems to be an adequate material not only
for crowns in the posterior segment but also in aesthetic segment or restorations with
reduced wall thickness. This provides the possibility to create restorations based on
implant frameworks. The structure of VITA Enamic is based on two interpenetrating
networks—dominant ceramic mesh (86%) is reinforced by a polymer (14%). As mentioned,
the structure of the hybrid material allows us to combine the beneficial properties of
ceramics and composites. VITA Enamic has optimal flexibility, stress resistance and light
conductivity, which provide better visual adaptation. To adjust the optical aspect, it is
available in mono- and multichromatic types in three translucency levels. All these factors
influence not only patient satisfaction but also make dentist work more comfortable. After
designing, as an effect of milling, we can obtain anatomically precise restorations. It is
worth mentioning that milling, which in our case was performed by the CEREC System, is
faster (about 6.5 min for molar crown) for this material compared to others. According to
the manufacturer, milling performed on Sirona MC XL (normal mode, Dentsply Sirona,
New York City, NY, USA) for VITA Enamic blocks takes 7:56 min for the inlay, 7:10 min for
the anterior crown and 9:07 for the posterior crown [50]. The next step after milling is the
cutting of the sprue, polishing, preparing the inside surface by etching with hydrofluoric
acid applying a silane and bonding agent and cementing using resin cement. To support
the information provided by the manufacturer and our clinical experience, the study
of flexural strength, flexural modulus, fracture strength and microhardness of different
CAD/CAM materials may be referenced. Researchers compared IPS e.max CAD (lithium
disilicate), VITA Suprinity (zirconia- reinforced lithium silicate), GC Cerasmart (hybrid
high-performance polymer composite resin) and VITA Enamic. As a result of that study,
all tested materials were considered as suitable for posterior full-crown restorations, but
hybrid materials showed lower hardness and stiffness compared to glass ceramics [109].
Similar properties were presented in another study, which showed that the microhardness,
flexural strength and fracture toughness of VITA Enamic are similar compared to IPS e.max
CAD (Ivoclar Vivadent), IPS Empress CAD (Ivoclar Vivadent) and VITA Mark II (VITA
Zahnfabrik) [110].

13. Surface Finishing and Disguise of CAD/CAM Restorations.

Polishing and glazing of CAD/CAM restorations as the finishing elements is crucial
for smoothing the surface of the restoration and preserving the optical properties of the
material. After milling the ceramic and composite resin blocks by diamond burs, the
surface becomes rough. The roughness of the surface not only increases the level of biofilm
accumulation [111,112], which may negatively affect gum tissues, but also facilitates discol-
oration [113,114]. There is also a number of mechanical consequences of surface roughness,
such as decreasing mechanical resistance [115] or causing wearing of the opposing denti-
tion. To obtain a smoother surface of the restoration, after milling, a polishing is necessary.
This can be performed using different disks, polishing kits and pastes depending on the
material or the operator’s preference. Finopol Diamond Polisher rubber wheels (Finopol,
Praha, Czech Republic) or Hatho Habbras Discs (Hatho, Eschbach, Germany) are examples
of utilized instruments. Glaze application, according to the manufacturer’s instructions, is
a recommended procedure for ceramic CAD/CAM restorations. Afterwards, it is fired in a
ceramic oven. Examples of glaze products are Vita Akzent Fluid and Vita Glaze AKZ 25,
Empress Universal Glaze and IPS Empress Glaze Paste [116]. Glazing is also used to obtain
the effect of advanced characterization. After the restoration is cleaned, dried and fixed, the
operator can apply small amounts of shades and stains at the surface of the restoration. To
obtain the desired colours and workable consistency, it is necessary to mix glaze liquid and
different shades and stains on the pad. Glaze should be applied by a dedicated brush in a
very subtle way, considering that the firing process results in a more intense appearance. It
is recommended to apply a small amount of incisal shade to the incisal region and cusps
in order to increase translucency. To give a restoration a more natural look, it is possible
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to apply warm colours to the area of the central fossa. After this characterization, short
bursts of glaze spray in two or more series on the axial walls following the occlusal wall
should be applied. Once a restoration is glazed and dried, the operator may proceed to the
firing procedure using an appropriate programme. The subsequent steps are the cooling,
cleaning and cementation of the restoration. The glazing procedure was summarised in the
example of IPS e.max CAD Glaze given by the manufacturer Ivoclar Vivadent [117].

A study investigating the colour stability of zirconia-reinforced lithium silicate ceramic
and lithium disilicate glass ceramic in beverages after two months showed that the glaze
procedure led to enhanced colour stability. Moreover, authors noticed that due to the pol-
ishing, all changes in colour were clinically acceptable [113]. Another study on CAD/CAM
materials’ surface roughness proves that mechanical polishing is capable of reducing the
surface roughness, while glazing is facultative for fully crystallized/polymerized materials
and desirable for partially crystallized materials, such as lithium-based ceramics to reduce
the effect of roughening by milling [116]. The study by Tekçe N et al. on the surface of
selected CAD/CAM resin restorative materials also results in the conclusion that glazing
the surface contributes to its smoothing [118]. Similar conclusions were made by Vichi
et al. in a study, where the roughness and gloss of the surface of VITA Suprinity and
IPS e.max CAD (silica-based glass ceramics) were assessed after finishing and polishing.
Authors claim that the most effective procedures for lowering the roughness and yielding
the highest gloss of tested CAD-CAM materials are manual finishing and polishing for
60 s and applying glazing paste [119]. On the other hand, when glaze is not applied or
the restoration requires additional adjustment in a patient’s oral cavity after the finishing
procedure, faster plaque accumulation and discoloration may occur [119]. There is also a
theory that finishing and polishing the surface of hybrid ceramic materials may negatively
affect the physical properties of the restoration [120]. Marrelli et al. devote a lot of atten-
tion to surface roughness, which may influence the mechanical strength of zirconia-based
CAD/CAM crowns and bridges. In their study, it is also proved that colouring using a
commercial colouring liquid (Zirkon Zahn) has no significant effects on the mechanical
strength of the zirconium ceramic-based specimens (the example of Kavo Everest Bio ZS
Blank) [121].

14. Biocompatibility and Cytotoxicity of CAD/CAM Materials

It is extremely important for the new dental restoration to adapt to the conditions in
the oral cavity, not only regarding their shape but with mechanical and physical properties.
The crucial quality in the biological aspect is the compatibility with the surrounding tissues.
Biocompatibility is an interdisciplinary phenomenon which covers biological, chemical
and physical interactions and is highly connected with the concept of cytotoxicity—mainly
in terms of the cellular response.

In addition to possessing the mechanical properties, as well as chemical and thermal
resistance comparable to human bone, a CAD/CAM material needs to be biocompatible
with the surrounding tissues. A material is expected not to cause any irritation, swelling
or any kind of intolerance in the oral cavity. Therefore, a potential material needs to be
evaluated in the scope of biocompatibility.

Human biofilm contains about 1000 species of bacteria [122] that adhere not only
to the surface of the teeth but also to a prosthetic restoration. This adhesion depends
on the type and roughness of the material’s surface. The adhesion and development of
microorganisms being part of biofilm on different materials used for CAD/CAM was
studied. As a result, it can be claimed that tested sintered materials, such as IPS e.max and
polished IPS e.max, showed the best “anti-adhesive properties” with respect to Streptococcus
mutans and Lactobacillus rhamnosus [99]. In another study, materials such as VITA CAD-,
Celtra Duo, IPS e.max CAD and VITA YZ were tested to determine the cytotoxic effects
and collagen type I secretions on human gingival fibroblasts. Results show that after 72 h,
all groups reached biologically acceptable levels of cytotoxic potential. Moreover, it is

278



Materials 2021, 14, 1592

concluded that the ceramic materials (lithium disilicate) present a better cell response than
the polymers [123].

In terms of polymeric materials, the biocompatibility assessment of PEEK has been
conducted since the early 1990s, and in vivo biocompatibility has been assessed as posi-
tive [124].

Acrylates are another vast branch of materials used in dentistry and specifically
in CAD/CAM technology. They are known for their allergy potential. However, it is
shown that due to the material processing, this effect can be minimized, and the general
biocompatibility is sufficient for dental application. The aforementioned biocompatibility
is confirmed by a very small and practically undetectable level of residual toxic monomer
in the samples evaluated in vivo and in vitro tests [77].

Considering composites as a material for CAD/CAM blocks, there is a vital aspect of
monomer release which depends on the degree of polymerization and further degradation.
Depending on the degree of conversion and monomer composition, bisphenol dental
composites can release bisphenol A (BPA; low weight monomers, such as HEMA and
TEGDMA; high weight monomers, such as Bis-GMA and UDMA; and additives, such as
free radicals and photoinitiator molecules) [98]. Composite blocks currently available for
CAD/CAM technology are characterized by more applicable biocompatibility properties.
They exhibit a higher degree of conversion, utilize less toxic monomers in their composition
and lack in photoinitiators [98]. There are studies performed on RCB, Lava Ultimate (LAVA)
and Vita Enamic (VITA) and Paradigm MZ100 (MZ100) apparatus, which compare resin
blocks for CAD/CAM and conventional composites, which prove that no monomer elution
is seen from the RCB. However, the authors stipulate that resin blocks for CAD/CAM
show some worrisome results regarding cytotoxicity, and they require more studies [125].

Another evaluation of resin material was performed in regard to human gingival
fibroblast response. Materials were divided into several groups with different chemical
compositions and fabricating methods. CAD/CAM materials in the study were repre-
sented by Yamahachi dental materials containing poly(methyl methacrylate) polymer and
a prefabricated hybrid ceramic block Vita Enamic, which is a polymer-infiltrated ceramic
and was used as a control group. The results show that poly(methyl methacrylate) and bis-
acryl have lower cytotoxicity to human gingival fibroblasts than poly(ethyl methacrylate).
Moreover, CAD/CAM restorations, as they are prefabricated from resin blocks, prevent
residual monomer and achieve high cell attachment [126]. Another study conducted on
gingival cells proved no significant difference in CAD/CAM block cytotoxicity [78].

Studies on the biocompatibility of lithium metasilicate glass ceramics utilized in the
CAD/CAM technique were performed. The material was not assessed as cytotoxic with
the usage of methyl tetrazolium salt and Alizarin Red. It showed the best cellular adhesion
and proliferation after 21 days [127].

15. Current Demand for the CAD/CAM Restorations

As already mentioned, CAD/CAM technology is constantly improving and gains
popularity among dental offices and their patients. However, as an expensive and innova-
tive technology, it is not available for everyone. Moreover, if the dentist does not perform a
large volume of restorations, the CAD/CAM system investment will not pay off [39]. Most
dental practices offering restorations made using CAD/CAM are located in high-income
areas, such as Western Europe and the United States of America [41]. In 2016, more than
30,000 dentists around the world owned scanning and milling machines. They are most
popular in the United States and Canada where almost one-third of all CAD/CAM devices
are used. Moreover, all over the world, more than 15 million CEREC restorations alone
have been completed [32]. In Poland, there are around 30 dental practices that use the
CAD/CAM Cerec System [128]. At this point, it is worth mentioning that in Poland, the
country of origin of this review, dental services provided using CAD/CAM technology are
not part of the benefits reimbursed by the National Health Found. Remaining only at the
field of private dentistry, they are available for the part of the society who can afford them.

279



Materials 2021, 14, 1592

In many cases, it is not considered that the final effect depending on long-term clinical
success and patients’ quality of life with this type of prosthetic restoration may outperform
other clinical approaches. There are many clinical studies proving the long-term success of
CAD/CAM restorations [108,129,130], which can confirm this thesis.

16. Conclusions

There is a wide range of materials used in CAD/CAM, including polymers, ceramics
and composites, which are becoming more accessible and easier to handle. This review
presented modern materials for CAD/CAM along with their characterization and high-
lighted their mechanical and clinical properties enabling satisfactory long-term restorations.
Furthermore, high biocompatibility and aesthetic properties are subsequent advantages of
the described material group.

New generations of powder-free intraoral scanners with greater resolution are being
developed; hence, the restorations are designed faster and more accurately for a higher
clinical success rate and prolonged longevity. The technology is gaining a strong position
in dentistry, especially in the field of fixed partial dentures and crowns. Undeniably, the
technology has its downsides, including the cost (of both materials and equipment) as well
as the need for highly qualified personnel. Moreover, the correct selection of a material
requires an experienced clinician. The technique of producing prosthetic restorations
must always be adapted to every patient personally. For example, in the case of maxillo-
mandibular relation disorders, the inability to define an occlusal plan may occur. Another
limitation is the inaccurate horizontal and occlusal vertical dimension. Each clinical case
has to be considered individually, and material and methods have to be chosen in order to
meet the patient’s personal needs.

We can observe an increased number of composite materials on the market due to
the possibility of mixing the properties of both the polymer, ceramic matrix and other
filler particles. The comparison and selection of the correct type of material allows us to
provide the patient with restorations characterized by acceptable and satisfying durability,
biocompatibility and aesthetics. There are multiple mechanical and clinical parameters
describing the materials, many of which are given by the manufacturer or are possible to
find in the literature (e.g., provided in this article).

In the field of in situ restoration materials, there is still a necessity for advancement in
terms of developing materials with superior properties to the contemporary used materials,
as well as conducting long-term studies of the biocompatibility and wear of multiple
materials in vivo. The aspect of surface finishing is of particular interest in the industry,
as it is proved to affect the mechanical properties of the restoration. The application
of CAD/CAM in dentistry provides state-of-art dental care. Hence, it is vital for the
CAD/CAM framework in dentistry to be developed for further benefit of the patients.
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44. Rogula, J.; Kuźniar-Folwarczny, A.; Sulewski, M.; Błaszczyk, A. Charakterystyka kompozytowych materiałów stomatologicznych

stosowanych w gabinetowych systemach CAD/CAM. Inżynier i Fizyk Medyczny 2020, 9, 57–61.
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Abstract: The presented study deals with the fabrication of highly stable and active nanobiocatalysts
based on Candida antarctica lipase B (CALB) immobilization onto pristine and poly(dimethylsiloxane)
modified MWCNTs. The MWCNTs/PDMS nanocomposites, containing 40 wt.% of the polymer
with two molecular weights, were successfully synthesized via adsorption modification. The effect
of PDMS chains length on the textural/structural properties of produced materials was studied by
means of the nitrogen adsorption–desorption technique, Raman spectroscopy, and attenuated total
reflectance Fourier transform infrared spectroscopy. P-MWCNTs and MWCNTs/PDMS nanocom-
posites were tested as supports for lipase immobilization. Successful deposition of the enzyme
onto the surface of P-MWCNTs and MWCNTs/PDMS nanocomposite materials was confirmed
mainly using ATR-FTIR spectroscopy. The immobilization efficiency, stability, and catalytic activity
of the immobilized enzyme were studied, and the reusability of the produced biocatalytic systems
was examined. The presented results demonstrate that the produced novel biocatalysts might be
considered as promising materials for biocatalytic applications.

Keywords: multi-walled carbon nanotubes; poly(dimethylsiloxane); polymer nanocomposites; Can-
dida antarctica lipase B; lipase immobilization; enzymes stability and reusability

1. Introduction

Carbon occurs in many forms, and the properties of each form with respect to their
special structure make carbon a truly unique building block for nanomaterials [1]. Owing to
their interesting electrical, magnetic, mechanical, and thermal properties, carbon nanotubes
(CNTs) have become the most promising materials in many scientific and technological
fields [2–7]. CNTs are made of one or more graphene sheets rolled-up to form tubes.
Single-walled CNTs (SWCNTs) comprise a single graphene layer seamlessly wrapped
into a cylindrical tube. Multi-walled carbon nanotubes (MWCNTs) comprise an array of
concentric cylinders coaxially arranged around a central hollow core with van der Waals
forces between adjacent layer [8,9]. CNTs exhibit extremely high surface area, large aspect
ratio, low density, remarkably high mechanical strength, and electrical as well thermal
conductivities [8,10]. Functionalization of carbon nanotube surfaces can be proceeded via-
covalent or non-covalent modification. Non-covalent surface modificationof CNTs, which
includes adsorption of surfactants, polymers, or biological macromolecules, is a method
that does not affect their intrinsic structure [11]. Among many methods, non-covalent
attachment (polymer wrapping and absorption) is of key importance when CNTs func-
tionalize with polymer molecules [11–13]. Polymeric materials includingsilicon rubbers,
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in particular poly(dimethylsiloxane) (PDMS), are used in everyday materials. It is related
to their excellent durability and mechanical properties that results from their high cross-
linking density and degree of polymerization. PDMS is hydrophobic, chemically inert, and
electrically resistant, and exhibits dielectric strength, high elasticity, and easy processing
and isenvironmentally-friendly [14–17]. The addition of PDMS to MWCNTs improves
the mechanical, electrical, and thermal properties of the resulting nanocomposites [18–20].
Based on our previous studies [21–25] concerning materials prepared in a similar way
but containing chemically different highly dispersed nano-oxides as well as PDMS modi-
fied MWCNTs, it was proved thatpolymer–filler interactions depend on nanocomposite
compositions and inorganic particle types (oxides). On the other hand, those interactions
are responsible for surface properties of the resulting nanocomposites such as roughness,
textural porosity, or hydrophobicity, which furthermore affect their potential applications
as catalysts supports, adsorbents, fillers, etc.

This current research may be a part of work on preparation of active biocatalyst
composed with the functional support and biomolecules—e.g., enzymes.

Recently, many studies have been devoted to the immobilization of enzymatically ac-
tive substances on inorganic, e.g., silica-based, supports towards heterogeneous biocatalyst
preparation. This is especially related to the nature of such systems—their availability and
relatively low cost as well as high mechanical strength and durability of biocatalyst granules
in the reaction media [26,27]. In particular, lipases are the most widely used biomolecules
in enzyme technology because of their widespecificity for some substrates, low production
cost, wide pH activity profiles, as well as ability to catalyze various different reactions,
such as hydrolysis, esterification, amination, transesterification, alcoholysis, etc. [28–30].
Graphene oxide (GO), having a large surface area (2630 m2/g) and abundant functional
groups (such as epoxide, hydroxyl, and carboxylic groups), provides a great substrate
for enzyme immobilization without any surface modification or any coupling agents [31].
Nevertheless, among the various nanostructured materials that might be used as novel
supports for enzyme immobilization and stabilization, CNTs are of great interest to many
research centers worldwide due to their stability, high adsorption capacity, improvedreten-
tion of catalytic activity, and biocompatibility [32–35]. Both SWCNTs and MWCNTs have
been used to immobilize enzymes [36]. MWCNTs are structurally similar to SWCNTs, but
their diameters can range from a few nanometers to dozens of nanometers [37]. SWCNTs
are attractive due to their larger surface area for protein interaction, excellent biocompat-
ibility, antifouling properties, and high conductivity, but MWNTs are desirable because
they are easier to prepare, exhibit better dispersibility, and are commercially available at a
relative lower price, which makes them more feasible for industrial applications. Therefore,
MWNTs are suitable materials as enzyme supports [38]. Enzymes can be immobilized
on the surface of MWCNTs by adsorption or covalent binding, whichresultsin enhanced
catalytic performance and stability. Moreover, lipases are well-known interfacially active
catalysts and exhibit their catalytic abilities at the interface between the organic phase
containing hydrophobic substrates and aqueous phase, so they can be activated at the
hydrophobic–hydrophilic interface [34,39].

Herein, in the present work, for the first time, the methodology to design and charac-
terize an alternative, highly stable, and active nanobiocatalyst based on Candida antarctica
lipase B (CALB) immobilized onto pristine and poly(dimethylsiloxane)modified MWC-
NTsis presented and discussed. The idea was to combine the textural properties as well
as functionality of PDMS modified with lipase activity, and to obtain a novel type of bio-
catalyst dedicated to biotechnological applications. As a result, high enzyme loading, its
improved stability and reusability, as well as activity of the biocatalyst produced, were
expected. The innovative nature of the presented study is based not only on application of
a novel, previously undescribed support material for lipase immobilization, but also on
the possibility to use MWCNT surface modifying agents at various molecular weights to
examine their effects on enzyme loading and catalytic activity.
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2. Materials and Methods

2.1. Chemicals and Materials

Commercial poly(dimethylsiloxane) fluids of two molecular weights (Wacker Chemie
AG, linear, –CH3 terminated, code names: PDMS-100 and PDMS-12500 with MW ≈ 3410
and 39,500 g/mol, respectively) and multi-walled carbon nanotubes (MWCNTs, obtained
by catalytic chemical vapor deposition (CCVD) [40] using pyrolysis of propylene on
complex metal oxide catalysts) [41] were used as initialmaterials forpolymer nanocompos-
itepreparation.

Candida antarctica lipase B (CALB) (EC 3.1.1.3, ~200 U/g), para-nitrophenyl palmitate
(p-NPP), para-nitrophenol (p-NP), gum arabic and Triton X-100 (laboratory grade), sodium
hydroxide, sodium chloride, 50 mM acetate buffer (pH 3–5), 50 mM phosphate buffer (pH
6–8), and 50 mM Tris-HCl (pH 8 and 9) were supplied from Sigma-Aldrich (St. Louis, MO,
USA). All of the reagents were of analytical grade and were used directly without any
further purification.

2.2. Preparation of MWCNTs/PDMS Nanocomposites

PDMS-100 and PDMS-12500 fluids were physically adsorbed onto pristine multi-
walled carbon nanotubes (P-MWCNTs) in the amount of 40 wt.%. Before adsorption, the
samples were dried at 110 ◦C for 2 h. A hexane solution of PDMS (1 wt.% PDMS) was
prepared, and its estimated amount wasadded to a fixed amount of dry carbon powder
material. The suspension was mechanically stirred and finally dried at room temperature
for 48 h and then at 80 ◦C for 3 h. All samples modified with PDMS in the amount
of 40 wt.% were in the form of powder similar to P-MWCNTs, while neat PDMS-100
and PDMS-12500 were liquids. The prepared polymer nanocomposites were marked as
MWCNTs/PDMS-100(40) and MWCNTs/PDMS-12500(40), respectively.

2.3. Lipase Immobilization

The pristine MWCNTs and MWCNTs/PDMS nanocomposites were used as supports
for the immobilization of Candida antarctica lipase B (CALB). In all experiments, 100 mg
of P-MWCNTs or modified MWCNTs (MWCNTs/PDMS-100(40) and MWCNTs/PDMS-
12500(40)) were added to 5 mL of lipase solution at concentration of 5 mg/mL in 50 mM
phosphate buffer solution at pH 7. The samples were then shaken for 24 h using a KS
4000i Control incubator (IKA Werke GmbH, Staufen im Breisgau, Germany) at ambient
temperature. Next, samples were centrifuged (4000 rpm at 4 ◦C) using an Eppendorf 5810
R centrifuge (Hamburg, Germany) and furthermore washed several times with 50 mM
phosphate buffer in order to remove unbounded lipase. The samples were labelled as
CALB@P-MWCNTs, CALB@MWCNTs/PDMS-100(40), and CALB@MWCNTs/PDMS-
12500(40), respectively.

2.4. Analysis of Nanocomposites before Lipase Immobilization
2.4.1. Textural Characterization

To analyze the textural characteristics of P-MWCNTs and MWCNTs/PDMS nanocom-
posites, low-temperature (77.4 K) nitrogen adsorption–desorption isotherms were recorded
using an automatic gas adsorption analyzer ASAP 2420 (Micromeritics Instrument Corp.,
Norcross, GA, USA). Beforehand, the measurement samples were degassed at 110 ◦C for
2 h in a vacuum chamber. The values of surface area (SBET) were calculated according to
the standard BET method (using Micromeritics software). The total pore volume, Vp, was
evaluated from the nitrogen adsorption at p/p0 = 0.98–0.99 (p and p0 denote the equilibrium
and saturation pressure of nitrogen at 77.4 K, respectively). The nitrogen desorption data
were used to compute the pore size distributions (PSD, differential f V(R)~dVp/dR and
f S(R) ~ dS/dR)), using a model with slit-shaped and cylindrical pores and voids between
spherical nanoparticles (SCV) with a self-consistent regularization (SCR) procedure for
MWCNTs/PDMS samples and slit-shaped pores for P-MWCNTs [42,43]. The differential
PSD with respect to pore volume f V ~ dV/dR,

∫
f VdR ~ Vp were re-calculated to incre-
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mental PSD (IPSD) at φV(Ri) = (f V(Ri+1) + f V(Ri))(Ri+1 − Ri)/2 at ∑φV(Ri) = Vp). The f V
and f S functions were also used to calculate contributions of micropores (Vmicro and Smicro
at radius R ≤ 1 nm), mesopores (Vmeso and Smeso at 1 nm < R < 25 nm), and macropores
(Vmacro and Smacro at 25 nm < R < 100 nm) to the total pore volume and surface area.

2.4.2. Spectral Analysis

The Raman spectra were recorded over the 3200–500 cm−1 range using the in Via
Reflex Microscope DMLM Leica Research Grade, Reflex (Renishaw, Wotton-under-Edge,
UK) with Ar+ ion laser excitation at λ0 = 514.5 nm. For each sample, the spectra were
recorded at several points in order to ascertain the homogeneity of the sample, and the
average results were plotted. The surface functional groups of the pristine MWCNTs and
MWCNTs/PDMS nanocomposites, before and after lipase immobilization, were investi-
gated using Fourier transform infrared spectroscopy (FTIR) in attenuated total reflectance
(ATR) mode (Vertex 70 spectrometer, Bruker, Germany). The FTIR spectra were recordedat
a wavenumber range of 4000–500 cm−1, and at a resolution of 1 cm−1.

2.5. Characterization of Free and Immobilized Lipase

The activity of free and immobilized lipase was estimated based on the model reaction
of p-nitrophenyl palmitate hydrolysis to p-nitrophenol. The spectrophotometric measure-
ments at 410 nm, using a Jasco V-750 UV–Vis spectrophotometer (Jasco, Tokyo, Japan), were
used for this purpose. In the reaction, 10 mg of free lipase and a corresponding amount
of the biocatalytic system produced (CALB@MWCNTs, CALB@MWCNTs/PDMS-100(40)
and CALB@MWCNTs/PDMS-12500(40)), containing 10 mg of the enzyme, were used.
Reactions were carried out for 2 min under continuous stirring (800 rpm). After the as-
sumedtime, the reaction was terminated, and absorbance was measured. The activity of the
free and immobilized lipase was calculated using a standard calibration curve for p-NP. The
amount of biocatalyst that hydrolyzed 1 μmol of p-NPP per minute was defined as the one
unit of lipase activity. The highest measured activity was defined as 100% relative activity.
The effect of pH on the activity of the free and immobilized lipase was determined based
on the above-mentioned reaction at a temperature of 30 ◦C, in the pH range 3–11, using
buffer solution at the desired pH. The effect of temperature on the activity of the free and
immobilized lipase was determined according to the above-presented methodology at pH 7
(50 mM phosphate buffer), over a temperature rangefrom 10 to 80 ◦C. All measurements
were made in triplicate; error bars are presented as means ± standard deviation.

2.6. Stability and Reusability of Free and Immobilized Lipase

Thermal stability over time was determined during incubation of free and immobi-
lized enzyme for 180 min under optimal process conditions (30 ◦C and pH 7). The relative
activity of free and immobilized lipase was further determined based on the model hy-
drolysis reaction of p-nitrophenyl palmitateat every specified period of time, applying
spectrophotometric measurements at 410 nm. The initial lipase activity was defined as 100%
relative activity. The inactivation constant (kD) and enzyme half-life (t1/2) were determined
based on the linear regression slope.

Storage stability of free lipase and products after immobilization were examined based
on the above-mentioned model reaction of p-NPP hydrolysis over 30 days of storage at
4 ◦C in 50 mM phosphate buffer at pH 7. The relative activity was measured every 2 days.

The reusability of the produced biocatalytic systems was also determined using
the same model hydrolysis reaction carried out under optimal process conditions, over
10 repeated catalytic cycles. Immobilized lipase was separated from the reaction mixture
by centrifugation, washed several timeswith 50 mM phosphate buffer at pH 7, and placed
in the fresh substrate solution.

The effect of 5% Triton X-100 and 0.5 M NaCl on relative activity of the immobilized
enzyme was examined over 24 h of incubation in a proper solution. After a specified period
of time, the relative activity of the immobilized lipase was determined based on the model
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reaction of p-NPP hydrolysis. All measurements were made in triplicate; error bars are
presented as means ± standard deviation.

3. Results

3.1. Analysis of Nanocomposites before Lipase Immobilization
3.1.1. Parameters of the Porous Structure

The structural characteristic of P-MWCNTs and MWCNTs/PDMS nanocomposites
wasstudied using low-temperature nitrogen adsorption–desorption isotherms (Figure 1a
and Table 1). All of the materials were characterized withthe nitrogen adsorption isotherms
of type II (H3 type of hysteresis loops) according to the IUPAC classification [44,45]. Capil-
lary condensation occurred at pressure p/p0 > 0.85 (due to adsorption in broad mesopores
and macropores).

  

(a) (b) 

Figure 1. (a) Nitrogen adsorption–desorption isotherms and (b) incremental pore size distributions
for P-MWCNTs (curve 1) and MWCNTs/PDMS nanocomposites (curves 2, 3).

Table 1. Textural characteristics of P-MWCNTs and MWCNTs/PDMS nanocomposites.

Sample
SBET

(m2/g)
Smicro

(m2/g)
Smeso

(m2/g)
Smacro

(m2/g)
Vmicro

(cm3/g)
Vmeso

(cm3/g)
Vmacro

(cm3/g)

Vp

(cm3/g)

Rp,V

(nm)

P-MWCNTs 222 74 134 14 0.039 0.418 0.357 0.814 23
MWCNTs/PDMS-

100(40) 76 0 56 20 0 0.056 0.203 0.259 62

MWCNTs/PDMS-
12500(40) 77 0 51 26 0 0.054 0.283 0.337 65

Surface area values (Table 1, SBET) demonstrated a significant reduction after adsorp-
tion of both types of PDMS onto carbon nanotube surfaces. Moreover, the total pore volume
(Vp) decreased for the MWCNTs/PDMS-100 and MWCNTs/PDMS-12500 nanocomposites
by 68 and 59%, respectively, as compared to the P-MWCNTs. Moreover, it was observed
that the pore average radii in MWCNTs/PDMS (−100, −12,500) samples was three times
greater than that of P-MWCNTs.

The incremental pore size distribution IPSD functions (Figure 1b) show that the textu-
ral characteristics ofMWCNTschanged after the modification with polymer. The textural
porosity of the pristine MWCNT resulted from mesopores and secondly due to microp-
ore presence. MWCNTs/PDMS nanocomposites were characterized by bimodal porous
structures (Figure 1b). In addition, MWCNTs/PDMS samples were characterized with a
significant decrease in mesopore contributions to the total porosity with a simultaneous
increase in contributions of macropores as compared to P-MWCNTs.

290



Materials 2021, 14, 2874

3.1.2. Raman Spectroscopy

Raman spectroscopy is a very valuable tool for the characterization of carbon-based
nanostructures. This technique is used to analyze the presence of amorphous and crystalline
phases corresponding to differences in graphitization. The spectra were collected in the
most informative range for carbon materials of 3200–500 cm−1 (Figure 2). Three major
peaks at 1341 cm−1 as the D-band (sp3 carbons in non-graphitic structures), at 1570 cm−1

as the G-band (sp2 carbons in graphitic structures), and its second-order harmonic at
2672 cm−1 as the G’-band, were noted [46]. The ratio between the integral intensities of
the G and D bands (AG/AD ratio as a measure of the graphitization degree) is an indicator
of the crystallinity degree [47]. The value of AG/AD was calculated by deconvolution of
the spectra using the Lorentzian function. After adsorption of polymer, relative intensity
ratio AG/AD tended to decrease from 1.1 for P-MWCNTs to 0.95 for MWCNTs/PDMS
nanocomposites, respectively.

 

Figure 2. Raman spectra for P-MWCNTs (curve 1) and MWCNTs/PDMS nanocomposites (curves 2, 3).

3.1.3. ATR-FTIR Spectroscopy

Fourier transform infrared spectroscopy was used to determine the nature of chem-
ical groups present on the surface of analyzed materials as well as to indirectly confirm
nanotube modification and enzyme immobilization (Figure 3).

(a) (b) 

Figure 3. FTIR spectra of (a) P-MWCNTs, MWCNTs/PDMS-100, and (b) MWCNTs/PDMS-12500
nanocomposites, before and after lipase immobilization.

The FTIR spectrum of the P-MWCNTs showeda broad peak with a maximum at
1060 cm−1 that corresponded to the stretching vibrations of C–O bonds in carboxylic
groups present onto the surface of MWCNTs. Upon modification by PDMS, irrespectively
of the molecular mass of the modifying agent used, additional signals could be observed.
The small signal at 2950 cm−1 was related to the presence of C–H stretching vibrations,
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peaks at 1250 and 780 cm−1 corresponded to the stretching and bending vibrations of
Si-CH3 groups, whereas peaks at 1010 and 1055 cm−1 were characteristic for the stretching
vibrations of Si–O–Si bonds [48]. After enzyme immobilization onto both materials, the
presence of additional signals, characteristic for the enzyme structure, was clearly seen.
Among them, the most important was a peak at 3400 cm−1, assigned to the stretching
vibrations of –OH groups, and two signals at 1655 and 1545 cm−1, ascribed to the stretching
vibrations of amide I and amide II bands, respectively. Further, it could be seen that the
intensity of signals characteristic for enzyme was higher in the CALB@MWCNTs/PDMS-
100(40) spectrum, as compared to the CALB@MWCNTs/PDMS-12500(40) spectrum.

3.2. Characterization of Free and Immobilized Lipase

The next stage included tests of obtained materials (MWCNTs modified with 40 wt.%
of PDMS-100 and PDMS-12500) as supports for enzyme immobilization. Lipase was
selected as a model enzyme, as itexhibitsimproved catalytic activity in a hydrophobic
microenvironment. The effect of various process conditions on thestability and activity of
the immobilized enzyme was determined, and the reusability of the produced biocatalytic
systems was examined.

3.2.1. pH Profiles of Free and Immobilized Lipase

Free lipase and biocatalytic systems produced showed maximum activity at pH 7
(Figure 4). Further, their pH profiles weresimilar. In the tested pH range (beside pH 7),
free enzyme exhibited relative activity not higher than 60% and even less than 30% at pH
ranges from 3 to 5 and from 9 to 11. By contrast, enzyme immobilized on both pristine and
modified MWCNTs showed about 10–30% higher relative activity over whole analyzed pH
range. Further, lipase deposited onto MWCNTs/PDMS nanocomposites retained over 80%
of its relative activity over a wide pH rangefrom 6 to 9 and more than 30% relative activity
at pH 3 to 10. It should also be highlighted that lipase immobilized onto MWCNTs/PDMS-
100(40) material exhibited around 5–10% higher activity than enzyme immobilized onto
carbon nanotubes functionalized by PDMS withhigher molecular weight.

Figure 4. pH profiles of free lipase and enzymeimmobilized onto P-MWCNTs and MWCNTs/
PDMS nanocomposites.

3.2.2. Temperature Profiles of Free and Immobilized Lipase

Temperature profiles of free and immobilized lipase were determined over a tem-
perature range of 10–80 ◦C (Figure 5). The optimal temperature for all analyzed samples
was found to be 30 ◦C. Even a slight change in temperature conditions resulted in a sharp
decrease of catalytic activity of free enzyme. Only at temperatures ranging from 20 to
40 ◦C did free lipase show over 60% of relative activity. Although temperature profiles
of immobilized biomolecules exhibited similarity in shape to those of free enzyme, sig-
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nificantly higher relative activityof those systems was observed over the whole analyzed
temperature range. At temperatures ranging from 20 to 70 ◦C, over 60% of relative activ-
ity was noticed for all analyzed biocatalytic systems. Finally, similarly as analyzing pH
effect on relative activity of immobilized lipase, slightly higher activity was noticed when
MWCNTs/PDMS-100(40) material was used as support for enzyme immobilization.

 

Figure 5. Temperature profiles of free lipase and enzyme immobilized onto P-MWCNTs and MWC-
NTs/PDMS nanocomposites.

3.2.3. Thermal Stability of Free and Immobilized Lipase

Thermal stability of free and immobilized lipase was determined via samples incuba-
tion for 3 h at a temperature of 30 ◦C and atpH 7 (Figure 6). A relative activity decrease
over incubation time for free and immobilized lipase was observed. However, the drop
of catalytic properties was more pronounced for free enzyme, which retained less than
20% of its relative activity after 3 h of incubation. Significantly higher values of relative
activity were noticed for biocatalytic systems produced. The decrease of catalytic activity of
immobilized lipase was much slower as compared to the free counterpart; after 1 h and 3 h
of incubation, immobilized enzyme showed around 40% and 50% higher values of relative
activity, respectively. Finally, both biocatalytic systems obtained using MWCNTs/PDMS
nanocomposites showed relative activity exceeding 80% after specific incubation periods.

 

Figure 6. Thermal stability of free lipase and enzyme immobilized onto P-MWCNTs and MWC-
NTs/PDMS nanocomposites.

In order to clearly present improvement of lipase stability and activity upon immobi-
lization, enzyme inactivation constant (kD) and enzyme half-life (t1/2) were determined
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(Table 2). These parameters were calculated based on the linear regression slope from
the above-presented Figure 6. Free lipase was characterized by kD = 0.01075 min−1 and
a half-life of 64.74 min. Inactivation constant and enzyme half-life of immobilized lipase
were improved. The most predominant increase of enzyme stability was noticed for lipase
immobilized onto MWCNT/PDMS-100(40) material. Over a seven-fold lower inactiva-
tion constant (0.00126 min−1) and consequently over a seven-fold higher enzyme half-life
(446.15 min) were observed for this particular biocatalytic system.

Table 2. Inactivation constant and half-life of free lipase and enzyme immobilized onto P-MWCNTs and MWCNTs/
PDMS nanocomposites.

Parameter Free CALB CALB@P-MWCNTs
CALB@MWCNTs/

PDMS-100(40)
CALB@MWCNTs/
PDMS-12500(40)

kD (min−1) 0.01075 0.00268 0.00156 0.00208
t1/2 (min) 64.74 259.70 446.15 334.61

3.2.4. Storage Stability and Reusability of Free and Immobilized Lipase

From apractical application point of view, storage stability and reusability are the
crucial properties determining possible large-scale use of the immobilized enzymes. In
this study storage stability of free and immobilized lipase was followed over 30 days, and
reusability potential was examined over ten repeated reaction cycles (Figure 7).

  

(a) (b) 

Figure 7. (a) Storage stability and (b) reusability of free lipase and enzyme immobilized onto
P-MWCNTs and MWCNTs/PDMS nanocomposites.

It can be seen (Figure 7a) that storage stability of the lipase gradually decreased from
the first day of storage; after 30 days it reached less than 20%. By contrast, storage stability
of all tested biocatalytic systems with immobilized enzyme was improved significantly.
Obtained biocatalytic systems showed over 90% relative activity after 6 days of storage and
over 80% after 30 days. Further, lipase immobilized onto MWCNTs/PDMS nanocomposites
showed over 90% activity retention at the end of the test.

Results of the reusability study (Figure 7b) showed that relative activity of the lipase
immobilized onto MWCNTs/PDMS nanocomposites and P-MWCNTs remained almost
unaltered for the first three reaction steps. Over the next experimental steps, catalytic
activity decreased slightly. After ten cycles, relative activity of lipase immobilized onto
P-MWCNTs reached 85%, whereas activity of lipase immobilized onto MWCNTs/PDMS
nanocompositesattained over 90%.
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3.2.5. Effect of Solvents on the Immobilized Lipase

The effects of surfactant (Triton X-100) and salt solution (0.5 M NaCl) on catalytic
activity of immobilized enzymes and stability of enzyme binding were determined by
incubation of produced biocatalytic systems in the presence of the mentioned solutions over
time. In Figure 8, it can be seen that relative activity of immobilized enzymes decreased
gradually over first 6 h of incubation. After that time, all biocatalytic systems showed less
than 50% and less than 30% of relative activity in the presence of Triton X-100 and NaCl,
respectively. Further treatment of the biocatalysts withthe solvents did not result in such a
pronounced drop in relative activity. After 24 h of incubation of lipase immobilized onto
MWCNTs/PDMS nanocompositesin Triton X-100 and NaCl solution, analyzed samples
retained over 40% and over 20% of relative activity, respectively.

 

(a) (b) 

Figure 8. Effect of (a) 5% Triton X-100 solution and (b) 0.5 M NaCl solution on the relative activity of
lipase immobilized onto P-MWCNTs and MWCNTs/PDMS nanocomposites.

4. Discussion

4.1. Analysis of Nanocomposites before Lipase Immobilization

The presented results demonstrate the changes in the textural/structural properties
of MWCNTs after modification with polymer. The obtained data can be discussed also
in terms of the absolute values of the surface area, SBET, which sharply decreased from
222 m2/g to 76–77 m2/g after PDMS (−100, −12,500) grafting (in the amount of 40 wt.%)
onto carbon nanotube surfaces. That can be explained by two factors: reducing the content
of MWCNTs in the resulting polymer composites after PDMS modification, as carbon
nanotubes are responsible forsurface area, as well as increasing the size (diameter) of
MWCNTs due to the polymer grafting onto carbon nanotubes. It is known that surface area
is inversely proportional to the particle size of the dispersed phase. In general, the polymer
adsorption leads to suppression of the values of Vp, Vmeso, and Vmacro because each long
PDMS macromolecule can bind carbon nanotubes and aggregate themin more compacted
structures, whichleads to adecrease in the volume of voids between MWCNTs [49].

It was found that the prepared nanocomposites are characterized by different graphi-
tization degrees according to the data of Raman spectroscopy. A relatively lower AG/AD
ratio (about 0.9) for polymer nanocomposites indicates a low graphitization degree and
shows that graphitic layers are semi-crystalline and possess many defects related to the D
band due to introduction of new functional groups to carbon nanotube surfaces. The G’
peak appears at 2672 cm−1 as an overtone of the D band and is believed to originate from
finite-size disordered structures of graphite (i.e., with the sp2C atoms) in the surface layers
of the nanocomposites [50]. It would be interesting to check in futurework the results
obtained here with respect to other polymers and other carbon-based fillers.

The results of FTIR analysis confirmed the carbon structure of the P-MWCNTs and
indicatedthe presence of carboxylic groups on their surface that facilitate further MWC-
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NTs modification. Upon PDMS adsorption onto MWCNTs, new signals are observed in
the FTIR spectra of both modified samples, whichsuggests effective modification using
poly(dimethylsiloxane) at various molecular weights. Nevertheless, the most important
findings were made based on analysis of FTIR spectra of samples after lipase immobi-
lization. The presence of signals characteristic for vibrations of amide I, amide II, and
hydroxyl groups clearly indicate effective deposition of the enzyme onto the surface of
both modified materials [51]. Moreover, the higher intensity of the signals ascribed for
lipase structure, observed in FTIR spectrum of the system formed using MWCNTs modi-
fied with PDMS-100, indicate that a greater amount of the enzyme was immobilized, and
immobilized biocatalysts retained higher catalytic properties [52].

4.2. Immobilized Lipase Characterization

Obtained data clearly showed that although pH and temperature profiles of free and
immobilized lipase are similar, enzymes attached to P-MWCNTs and MWCNTs/PDMS
nanocompositesshowed significantly higher relative activity over wider pH and temper-
ature ranges as compared to free counterparts. Moreover, significant improvement of
thermal stability and enzyme half-life of the lipase after immobilization was observed.
A drop of the catalytic properties of the lipase in conditions different than optimal is
related to the electrostatic repulsion of positively and negatively charged ionic groups in
the enzyme structure and is also caused by thermal denaturation of the enzyme at harsh
temperature conditions [53,54]. By contrast, immobilized lipase showed over 80% relative
activity over wide pH (6–9) and temperature (30–60 ◦C) ranges. This might be explained
by the fact that upon immobilization, an external backbone for the enzyme structure is
provided due the formation of stable enzyme–support interactions, which stabilize enzyme
structure and protect against biocatalyst denaturation at harsh reaction conditions [55].
Nevertheless, similarity in the pH and temperature profiles, and the presence of optima
at the same conditions for free and immobilized lipases, as well asretention of high cat-
alytic activity by produced systems indicate that immobilization did not significantly
interfere with enzyme structure and its active site. It should be highlighted that among
tested samples, the highest activity and tolerance to reaction conditions are ascribed to
the lipase immobilized onto MWCNTs/PDMS-100(40) material. This is directly related
to the fact that PDMS provides the hydrophobic nature of the surface and consequently
the hydrophobic microenvironment for the immobilized lipase. In these conditions, lipase
might undergo a phenomenon called interfacial activation, whichis based on opening
of the polypeptide lid of the enzyme active site, leading to improvement of the activity
of the immobilized enzyme [56,57]. Finally, significant enhancement of enzyme thermal
stability (up to 50% higher relative activity, as compared to free enzyme) and reduction
ofinactivation constant of immobilized enzymes are related to the fact that immobilization
providesa protective environment for the enzyme molecules, whichreduces conformational
changes of the enzyme structure in the presence of long-heat exposure. The advancement of
using PDMS modified support for lipase immobilization was recently proved. Li et al. [58]
modified silk fabric by amino-functional poly(dimethylsiloxane) (PDMS) and used it as
a support for lipase from Candida sp. immobilization. It was shown that lipase activity
and stability increased upon immobilization onto the hydrophobic surface. However, it
was emphasized that the amount of the PDMS used affected catalytic properties of the
immobilized enzyme. In another study, macroporous ZIF-8 was modified with PDMS in
order to builda hydrophobic pore space for lipase from Aspergillus niger immobilization.
Immobilized lipase showed improved stability and was found as an effective biocatalyst in
the transesterification process in biodiesel production [59].

Determination of the storage stability and reusability of immobilized lipases is of
crucial importance, as these parameters are key, determining possible practical application
of the biocatalytic systemsproduced. All produced biocatalysts showed over 80% relative
activity, even after 30 days of storage and 10 repeated uses, clearly indicating possible
large-scale application. Such improvement of long-term stability and reusability is mainly
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related to the stabilization of the enzyme structure upon immobilization as well as the
protective effects of both the MWCNTs support and the PDMS layer on the enzyme
structure against inactivation over storage and reuse [60]. In the next part of the study, in
order to determine the stability of the formed enzyme–support interactionsand the effects
of various solvents on relative activity of immobilized enzymes, produced systems were
incubated for 24 h in Triton X-100 and NaCl solutions. A significant drop in relative activity
of immobilized lipase in the presence of both solvents might be explained mainly by two
factors. Firstly, enzyme support interactions are based mainly on hydrogen and van der
Waals interactions, which in the presence of Triton X-100 and NaCl lead to the partial
elution of the enzyme from the support and decreased catalytic properties. Further, ionic
strength might also affect catalytic properties of the immobilized enzyme by disturbing
ionic interactions in the structure of the enzyme [61]. Partial elution of the enzyme and its
inhibition by the reaction products are also explained by a slight decrease in the relative
activity of the enzyme under repeated use. All of the above-mentioned facts negatively
affect storage stability and reusability of the biocatalytic systems produced. Nevertheless,
retention of over 80% activity after 30 days of storage, and 10 repeated catalytic cycles
by the designed system, suggest that further study ofapplication of MWCNTs and PDMS
modified MWCNTs as supportsfor enzyme immobilization are still required. In another
study, Jamie et al. [62] immobilized lipase by covalent binding onto MWCNTs modified by
n-2-hydroxysuccinimide/(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) (NHS/EDC)
approach. Significant improvement of enzyme activity and operational stability was
noticed, which is in agreement with the findings presented in this manuscript. Further,
Khan et al. [63] immobilized lipase by adsorption onto MWCNTs treated with NHO3 and
H2SO4. In this study, a protective effect of the support material was confirmed; however, it
was highlighted that the initial concentration of the enzyme solution plays an important
role in the final activity of immobilized lipase.

Recently, lipases of various origin were immobilized using a wide range of support
materials, including sol–gel derived silica, zeolites, as well as synthetic polymers and
biopolymers [64–68] (Table 3). In the presented studies, usually adsorption immobilization
was applied resulting in production of biocatalytic systems characterized by retention of
high catalytic activity and significant long-term stability and reusability. Further, applica-
tion of obtained systems in hydrolysis reactions results in the attaining of over 90% process
efficiency. In this context, lipase immobilized using biopolymers (modified chitin, spongin
scaffolds), the application of which results in 100% transesterification efficiency, seems to
be of particular importance [30,68]. Presented in this study approach, where MWCNTs
modified with PDMS were used, results in production of a highly active biocatalytic system
that retained 94% of its catalytic activity and over 90% of activity after 20 days of storage
and 10 repeated catalytic cycles. High long-term stability and recycle potential of the
obtained systems facilitates their potential in real condition applications, for instance in
biodiesel production or in the pharmaceutical industry.
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5. Conclusions

In the presented study, the fabrication of highly stable and active biocatalysts based
on Candida antarctica lipase B (CALB) immobilized onto pristine and modified MWCNTs
by poly(dimethylsiloxane) was reported. During material characterization, it was proved
that the textural characteristics ofMWCNTs change after the modification with polymer,
and that the prepared nanocomposites are characterized by a different graphitization de-
gree, which results from, e.g., surface modification of carbon nanotubes with polymer—a
lower graphitization degree; graphitic layers are semi-crystalline and possess many defects
related to the introduction of new functional groups to carbon nanotube surfaces. Effective
MWCNTs with poly(dimethylsiloxane) as well as enzyme loading were confirmed by
bands present on FTIR spectra, characteristic for both modifier and biomolecule struc-
tures, which all together confirmed relative high potential of synthesized MWCNTs-based
materials as a support for lipase immobilization. Enzyme loaded onto P-MWCNTs and
MWCNTs/PDMS nanocomposites showed significantly higher relative activity over wider
pH and temperature ranges as compared to free counterparts. Moreover, significant im-
provement of thermal stability and enzyme half-life of the lipase after immobilization was
observed. It was confirmed that after immobilization, the external backbone for the enzyme
structure was provided due the formation of stable enzyme–support interactions, which
stabilize the enzyme structure and protect against biocatalyst denaturation under harsh
reaction conditions. This fact suggests wide application potential of designed novel types
of biocatalytic systems in various technological/biotechnological applications.
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Jesionowski, T. Candida antarctica Lipase B Immobilized onto Chitin Conjugated with POSS® Compounds: Useful Tool for
Rapeseed Oil Conversion. Int. J. Mol. Sci. 2016, 17, 1581. [CrossRef] [PubMed]

302



Citation: Sztyler, K.; Wiglusz, R.J.;

Dobrzynski, M. Review on

Preformed Crowns in Pediatric

Dentistry—The Composition and

Application. Materials 2022, 15, 2081.

https://doi.org/10.3390/ma15062081

Academic Editors: Jakub Zdarta and

Agata Zdarta

Received: 31 December 2021

Accepted: 3 March 2022

Published: 11 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Review

Review on Preformed Crowns in Pediatric Dentistry—The
Composition and Application

Klaudia Sztyler 1,*, Rafal J. Wiglusz 2,* and Maciej Dobrzynski 1,*

1 Department of Pediatric Dentistry and Preclinical Dentistry, Wroclaw Medical University, Krakowska 26,
50-425 Wroclaw, Poland

2 Institute of Low Temperature and Structure Research, Polish Academy of Sciences, Okolna 2,
50-422 Wroclaw, Poland

* Correspondence: klaudia.sztyler@umw.edu.pl (K.S.); r.wiglusz@intibs.pl (R.J.W.);
maciej.dobrzynski@umw.edu.pl (M.D.); Tel.: +48-71-7840-361 (K.S. & M.D.); +48-71-3954-159 (R.J.W.)

Abstract: The purpose of this review is to compare and contrast the various types of preformed
crowns that can be used to restore the primary teeth in children. Historically, preformed crowns
have been widely available for the past 50 years. The clinical performance of preformed crowns
has evolved to meet higher functional, mechanical, and aesthetic demands. Preformed crowns are
available in a range of prefabricated sizes and shapes. Preformed crowns can vary depending on
their properties, compounds, methods of preparation, and biocompatibility.

Keywords: pediatric crowns; primary teeth; material composition; teeth restoration; repair procedures

1. Introduction

Dental caries is one of the most widespread medical conditions both in adults and
children [1]. According to WHO Oral Health facts, more than 530 million children suffer
from dental caries of primary teeth [2]. A survey from 2019 conducted by Public Health
England shows that one in four five-year-olds have had dental caries [3]. The National
Dental Inspection Program in Scotland found that 15% of Scottish children had at least one
tooth extracted due to caries before the age of five [4]. This number increases to 42% for eight-
year-olds [5]. The consequences of primary tooth decay include local and systemic problems.
Local potential problems include pain due to pulp or periapical tissue inflammation and
infection of permanent tooth buds, which can interfere with odontogenesis and cause a defect
called Turner’s tooth. Premature loss of primary teeth can potentially cause malocclusion,
tongue movement disorders, chewing disorders, change of facial features, and behavioral
difficulties. The presence of caries in primary teeth increases the risk of caries in permanent
teeth. Systemic implications include symptoms of infection such as high temperature and
apathy. Long-term pain can lead to eating difficulties, which can cause weight loss and
growth and development disorders. This illustrates how crucial it is to keep primary
teeth healthy and prevent the development of caries [6]. If caries develops, it is highly
recommended to implement treatment as soon as possible. The treatment options for
irreversible caries contain nonrestorative cavity control [7] including the Hall technique [8]
and techniques associated with the removal of caries. Removal can be performed selectively,
either through selective caries removal or stepwise caries removal [9,10], or non-selectively
by removing all demineralized dentin. The use of the latter-mentioned procedure has not
been recommended [11]. After preparation, the dental tissue must be restored. Choosing
the best method of restoration is another important step to provide the best treatment
results. The most chosen restoration material is glass ionomers, composite resin, compomer,
and amalgam, or prefabricated crowns [9]. Many studies compare these materials to each
other in terms of durability, secondary caries, endodontic complications, or restoration
loss. According to many studies, the best outcome is achieved by using prefabricated
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crowns [12–14]. A study by Isabel Cristina et al. analyzed the survival rate of stainless-
steel crowns compared to composite restorations in primary teeth undergoing endodontic
treatment. The study showed that the overall success rate was higher in the SSC group
(88%) compared to composite restorations (75%), but more importantly, failure of composite
restoration resulted in endodontic treatment failure, whereas endodontic failure in SSCs
group was not associated with restoration failure [15]. Stainless steel crowns present the
highest success rate, with a performance level of 96.1%. In comparison, resin modified glass-
ionomer shows a 93.6% success rate, compomer 91.2%, and metal-reinforced glass ionomer
cement 57.4% [16]. Roberts et al. compared the survival of resin-modified glass ionomer
cement (RMGIC) to PMC. Their study shows that PMCs present a very high survival rate,
especially for large cavities and teeth that have undergone endodontic treatment [13]. It is
also worth noting that prefabricated crowns can be used to restore non-carious lesions or
developmental defects such as hypoplasia, hypomineralization, etc. [17].

2. Materials and Methods

Pediatric crowns are a prefabricated solution for full crown restoration of deciduous
teeth. They are available in sets containing different sizes and shapes dedicated to primary
teeth. The first commercially available primary crowns were made of steel and contained
large amounts of nickel. Subsequent generations of crowns had improved the composition
of metal crown material, as well as enhancement of their prefabricated shape. Today, most
pediatric steel crowns are made of stainless steel, however, their compositions can vary. Due
to the poor aesthetics of grey stainless-steel crowns, patients prefer white crowns to match
the color of other natural teeth. Most crowns include pre-veneered stainless-steel crowns
(PVSSCs), crowns made of polymers, pre-veneered aluminum crowns, or prefabricated
zirconia crowns. These types of crowns are intended to mimic the natural color of the teeth,
which is highly desired by parents, especially in the anterior segment of the dental arch.
The use of crowns allows the reconstruction of teeth with severe damage, both caused by
caries and processes associated with the disruption of hard tissue development. They are
often the best, or one of the few solutions determining clinical success and maintenance of
the tooth in the oral cavity until physiological tooth replacement.

This review will focus on basic types of prefabricated pediatric crowns by comparing
their characteristics, indications, contraindications, advantages, and disadvantages.

It should be noted that the quantitative compositions of individual brands of pre-
formed pediatric crowns can vary. The information on composition was gathered from
product safety data sheets. The selected publications contain a thorough description of
each group of crowns, their properties, advantages, disadvantages, indications, contraindi-
cations, preparation protocols, and treatment results (Figure 1) [18].

Figure 1. A flowchart of the database search strategy (accessed on 1 August 2021).
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3. Crowns

Prefabricated crowns have been widely used in pediatric dentistry for the last 50 years [19].
The three recently most used ones are preformed metal crowns, resin veneered stainless steel
crowns, and strip crowns [20]. More aesthetic solutions include pre-veneered crowns and
zirconia crowns. The use of pediatric crowns involves the proper preparation of the tooth
crown for it to fit well, or it may involve no preparation and the use of the Hall technique.
In the Hall technique, the reconstruction of the tooth is performed without local anesthesia
by placing the crown on the remaining tooth tissue and pressing it to the correct position
using finger pressure or the patient’s occlusion force. The use of crowns is especially
recommended for teeth after pulp treatment or with advanced decay damage. They are
also a good solution in the case of developmental disorders of dental hard tissue. They can
also be used as a method of reconstruction of deciduous teeth during procedures under
general anesthesia. Their primary purpose is to allow tight restoration, with a long-term
positive outcome and without major failures. The overall procedure should cause as little
pain and as little trauma for the young patient as possible. Innes et al. in their systematic
review conclude that the use of crowns is associated with a reduced risk of major failure,
pain, and formation of abscess in the long term compared to conventional restorations.
The use of crowns may be associated with a higher risk of gingival bleeding [17]. There
are a small number of studies comparing different types of crowns. Therefore, we cannot,
in the current state of knowledge, say which crowns are best. This refers to the use of
zirconia crowns as a replacement for stainless steel crowns [21]. Pediatric crowns should
be easy to adapt, the bonding strength should be high enough to withstand masticatory
forces. Crown materials should be safe for antagonist teeth. They should not hamper oral
hygiene maintenance and should be biocompatible with the surrounding tissue [22–24].
Sahana S et al. divide crowns into two groups (see Figure 2) [25].

 
Figure 2. Classification of crowns used in pediatric dentistry.

3.1. Preformed Metal Crowns

Preformed metal crowns (PMCs) can be divided into two groups depending on the
composition. The first group is represented by stainless steel crowns (SSCs), while the
second group include nickel-chromium crowns [19]. SSCs were introduced to dentistry
in 1950. Their first prototypes were usually too large, with straight and very long sides.
Proper adaptation to teeth required many steps such as trimming, contouring, crimping,
and finishing [26,27]. The next generation of SCCs was focused on improving the imitation
of natural tooth anatomy, which would help simplify the adaptation process. Introducing
nickel-chromium crowns helped eliminate many disadvantages found in the first SSCs.
Firstly, Cr-Ni crowns are fully shaped and resistant to defects [27]. Secondly, thanks to
improved anatomical accuracy, they rarely require trimming [27]. It is worth noting that
they also need to be modified to improve adaptation, but they usually need fewer steps to
achieve it. Figure 3 presents an example of modern preformed metal crowns available on
the market (below).
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Figure 3. Preformed metal crowns.

Preformed metal crowns (PMCs) are represented on the market by three main types
of crowns. The first is untrimmed crowns. They require long adaptation due to a lack of
trimming and contouring in the production process. An example of these crowns is Rocky
Mountain Crowns. The second type are pre-trimmed crowns. The sides of these crowns
are straight and festooned to follow the gingival crest line. They still require contouring
and sometimes need to be trimmed [28]. The third type are pre-contoured crowns. The
sides of these crowns are pre-contoured and festooned. They show the best imitation of
anatomical geometry, yet occasionally minimal trimming and recontouring are required
in the adaptation process. An example of these crowns is Unitek Stainless Steel Primary
Crowns by 3M [28]. PMC usually contains 67% iron, 10–13% nickel, 17–19% chromium,
and 4% of minor elements, although each brand available on the market has a slightly
different composition in Table 1.

Table 1. The composition of preformed metal crowns.

Brand Composition Toxicity Ref

DENOVO
Stainless

Steel Crowns
DENOVO
DENTAL

Iron—69.22%
Chromium—18.12%

Nickel—9.58%
Manganese—1.59%

Silicon—0.52%
Molybdenum—0.39%

Copper—0.35%
Cobalt—0.18%
Carbon—0.05%

Phosphorus—Trace Amounts
Titanium—Trace Amounts
Sulphur—Trace Amounts

Aluminum—Trace Amounts
Oxygen—Trace Amounts

Iron—30,000 mg/kg Oral—Rat
Chromium—>9000 mg/kg Oral—Rat

Nickel—n/a
Manganese—9000 mg/kg Oral—Rat

Silicon—n/a
Molybdenum—n/a

Copper—3160 mg/kg
Cobalt—n/a

Carbon—6171 mg/kg
Oral—Rat

Boric Acid—n/a
Petroleum distillates—n/a

Potassium Fluoborate—n/a Potassium
Fluoride—n/a

[29]
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Table 1. Cont.

Brand Composition Toxicity Ref

Hu-Friedy
PEDO CROWNS

Hu-Friedy

Carbon—0.03%
Sulphur—0.03%
Silicon—0.75%

Molybdenum—2.00%
Phosphorus—0.045%

Copper—0.22%
Molybdenum—n/a

Nickel—8.0–12%
Chromium—18–20%

Cobalt—n/a
Iron—69.00%

n/a [30]

Primary
Stainless Steel

Crowns 3M ESPE

Stainless steel
12597-68-1—100%

Iron—65–74%
Chromium—17–19%

Nickel—9–13%

n/a
calculated acute toxicity estimate >5000 mg/kg

[31]
[32]

Unitek
Primary SSC

3M ESPE

Stainless steel
12597-68-1—100%

Iron—65–74%
Chromium—17–19%

Nickel—9–13%

n/a
calculated acute toxicity estimate >5000 mg/kg

[31]
[32]

KTR
DentalCrown

KTR

Iron—70–90%
Chromium—15–35%

Nickel—5–10%
Manganese—2.5%

Silicon—2.5%
Copper—2.5%

n/a [33]

Acero
Stainless

Steel Crown
Acero Crowns

n/a n/a

Indications for use in primary molar teeth [19,27,28,34]:

1. Decay affecting two or more tooth surfaces;
2. Inability to place an amalgam filling;
3. Restoration after pulp treatment procedures;
4. Restoration in non-carious lesions or developmental defects;
5. Restoration of fractured primary molars;
6. Severe bruxism;
7. Restoration in children who require general anesthesia for treatment;
8. In children with a high risk and high susceptibility to caries;
9. An abutment for a space maintainer.

Indications for use in permanent molar teeth [19]:

1. Temporary restoration after tooth fracture;
2. Temporary restoration until orthodontic opinion and treatment plan;
3. Temporary restoration before final prosthetic restoration;
4. Economic reasons;
5. Restoration in non-carious lesions or developmental defects;
6. Restoration of a permanent molar that must cover the entire crown.

Contraindications for the use of PMC [28]:

1. Allergy or vulnerability to nickel;
2. Uncooperative patient;
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3. A primary tooth near its exfoliation time;
4. A radiograph showing resorption of more than half of the tooth root.

The main advantages of PMCs are their capability of tight and long-term survival
restoration even when the risk of caries is high. The application procedure is simple, which
lowers the possibility of errors during the treatment. Lastly, they have the advantage of
multiple clinical indications [13,14,19,35]. Their main disadvantage is low aesthetics. They
also cannot be used on partially erupted teeth [19]. Possible complications during the prepa-
ration and application of PMCs are crown draft, usually towards a massively destructed
wall, interproximal ledge, or poor margins when crowns are incorrectly adapted [36–40].

Preparation [27,28] (Figure 4):

1. Prior to placing the PMC, the dentist should discuss the treatment with the child and
the parents/guardians and obtain their consent;

2. The dentist should estimate the crown size, to enable it to click into place. When
choosing the appropriate crown size, it is recommended to measure the mesial-distal
width between the contact points of the adjacent teeth with calipers. If this cannot
be achieved, the mesial width of the contralateral tooth in the opposite arch can be
measured. It is advised that the smallest matching crown should be selected;

3. Local anesthesia and tooth isolation;
4. If necessary, caries removal, pulp therapy;
5. Tooth restoration with glass-ionomer cement or compomer;
6. Occlusal reduction of about 1.5 mm;
7. Mesial and distal reduction, so that the probe can pass through, maximally 1 mm;
8. No buccal and lingual reduction or minimal reduction;
9. Try in of the crown; the crown should go maximally 1 mm subgingival, if it goes

deeper, it requires adaptation. Trimming is performed with special crown scissors or
an abrasive wheel. After trimming, the crown needs to be crimped with crimping
pliers. Finally, the margins should be thinned with white stone and finely polished;

10. Cementation with the use of resin-modified glass ionomer, polycarboxylate phosphate
cements, or RelyX™ Luting Plus Cement. Placing is usually performed from the
lingual side and rolled during the preparation to the buccal margin.

Figure 4. Proper preparation for preformed metal crowns. The dashed line shows the range of hard
tissue removal, which will later be used for proper crown fit and restoration [25].
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Sometimes crown adaptation involves various difficulties. If the smallest size of
PMC is too large to be used for restoration, metal edges can be sized down by cutting
and overlapping, which results in the reduction in crown circumference. In the next step,
overlapped margins are welded together [27]. On the other hand, if the largest PMC
available is too small, the best fitting crown can be cut, and filled with an additional piece
of orthodontic stainless steel band material welded over the space [41]. When multiple
crowns are fitted and adjusted, it is recommended to reduce proximal surfaces more than
usual [42]. Another option for adjusting PMC is the Hall technique.

3.2. Hall Technique

The Hall Technique is a method of adjusting and establishing PMCs which belongs
to nonrestorative cavity control techniques [43]. The first step of this technique is to
separate the tooth by using dental floss or separating pliers [44,45]. Separators are left in
for approximately five days. After that, the separators are removed, and the proper size of
the crown is estimated and placed on a tooth with glass ionomer cement [8]. The crown is
fitted on a tooth with the pressure exerted by the dentist with his or her fingers or with the
child’s bite force [46]. The last step is the removal of excess cement. This procedure does
not require local anesthesia, caries removal, or tooth preparation. The idea of this technique
is to arrest caries and force them to change into less cariogenic flora, which will stop or at
least slow down the progression of caries [47].

Indications for the use of the Hall technique in primary molars [44]:

1. Used in occlusal caries or non-cavitated teeth, if the patient is unable to tolerate fissure
sealant, partial caries removal, or conventional restoration;

2. Proximal caries or non-cavitated teeth if the patient is unable to tolerate partial caries
removal or conventional restoration.

Contradictions for the use of the Hall technique in primary molars [7]:

1. Pulp infection;
2. Irreversible pulpitis;
3. Pulp exposure;
4. Lack of clear band of dentine on the radiograph;
5. Clinical or radiological signs of peri-radicular pathology;
6. Extremely damaged crowns.

This technique presents many advantages. Firstly, it is very non-invasive, because it
does not require the injection of local anesthesia, caries removal, or tooth preparation [48].
The procedure is quick and less traumatic, which can improve the child’s future coop-
eration [48]. Some authors show that it is also more cost-effective than conventional
restorations [49,50]. On the other hand, this technique is controversial and causes some
concerns. Firstly, there is no tooth preparation which leaves the crown without additional
space, which in turn leads to premature occlusal contact after cementation. In the days
following the procedure, biting forces resolve premature contact and usually after one
or two days the juvenile patient does not feel discomfort [43]. It is worth noting that
further studies are needed to analyze the effect of the Hall technique on occlusion and the
temporomandibular joint [46]. Another important disadvantage is the use of non-aesthetic
PMCs. Overall, the Hall technique shows promising results. Data show that it can provide
a lack of pain and infection and general high effectiveness [51–53].

3.3. Open-Faced Stainless Steel Crowns

This is a form of the use of SSCs in the anterior section of the dental arch. The
procedure includes adapting proper SSC. If needed, the crown is trimmed, crimped, and
polished. After the crown is cemented and the cement sets, the labial wall of the crown is
cut out and the luting cement is partially removed to create undercuts. In the following
step, the space is filled with a more aesthetic material such as composite [19,54].

Indications to use open-faced SSC [54]:
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1. Crown fracture;
2. Pulp protection.

Contraindications to use open-faced SSC [54]:

1. Allergy or vulnerability to nickel;
2. Uncooperative patient;
3. A primary tooth near its exfoliation time;
4. A radiograph showing resorption of more than half of the tooth root;
5. Tooth fracture level below gingival margin.

Their main advantage is better aesthetics compared to traditional SSCs, however, the
procedure is time-consuming and requires a dry restoration area. The restoration may have
poor color stability and the metal margins of the crown might still be visible [55].

3.4. Pre-Veneered Stainless Steel Crowns

PVSSCs combine the mechanical properties of SSCs with the additional aesthetic
factor of composite resin or thermoplastic resin [19]. The aesthetic part is either chemically
or mechanically bonded to the crown [56]. At first, the restoration of anterior primary
teeth were introduced to their indications; later on, they were also developed to restore
primary molars [19,54,56]. The examples of PVSSCs available on the market are Nusmile
Primary Crowns, Kinder Krowns, Cheng Crowns, Flex Crowns, Dura Crowns, and Whiter
Biter [56,57]. The exemplary composition of these crowns presented in Nu Smile Pediatric
Crowns safety data sheet contains composite paste, iron, copper, silver, 2-hydroxyethyl
methacrylate, chromium, nickel, zinc, manganese, silicon, molybdenum, cobalt, and car-
bon [58]. A study by Sean Beattie et al. compared three pre-veneered stainless steel
crown manufacturers for their fracture resistance. Their study involved EC crowns, Kinder
Krowns, and NuSmile Primary Crowns. The crowns were subjected to uniaxial force. The
results showed no significant differences in fracture resistance between the crowns tested,
and furthermore, the forces required for fracture in each case exceeded the control child’s
occlusal force in the 6- to 10-year age range [59]. Their advantages are long durability and
a good aesthetic. PVSSCs allow restoration when the treatment area cannot be perfectly
dry [19,60]. On the other hand, they require more aggressive tooth preparation compared
to SSCs. They come with some limitations such as prefabricated resin shade, which can look
artificial [19]. They are also wide mesio-distally, which can cause problems with placing
them in patients with crowding [19,54]. The labial section cannot be crimped, because it
might weaken the aesthetic facing and cause premature failure [19,56]. It is also worth
noting that clinically try-in crowns that do not meet the proper parameters and require
sterilization procedure, which can exert stress on the resin [56]. To reduce the impact of
stress, it is recommended to use steam sterilization [56].

Preparation [56] (Figure 5):

1. Discuss the procedure with the parents and child and obtain their consent;
2. The dentist should estimate the crown size;
3. Local anesthesia and tooth isolation;
4. Occlusal reduction around 2 mm or incisal reduction around 2 mm;
5. Circumferential reduction 25–30%;
6. In posterior teeth buccal reduction 1.5–2 mm;
7. Feather-edge subgingival preparation 1.5–2 mm;
8. If necessary, removal of caries and pulp therapy;
9. Try in of the crown;
10. Cementation of the crown. The cement of choice is glass-ionomer.
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Figure 5. Proper preparation for pre-veneered stainless-steel crowns. The dashed line shows the
range of hard tissue removal, which will later be used for proper crown fit and restoration [61].

3.5. Pedo Pearl

These crowns can be included in the group of pre-veneered crowns. The base of these
crowns is made of aluminum covered with epoxy paint which gives them an aesthetic
tooth color [54]. They are easy to adapt by cutting and crimping [43]. If necessary, they can
be covered with composite [62]. Their disadvantages are their soft structure and possible
shorter durability [63].

3.6. Polycarbonate Crowns

Anterior primary teeth are usually damaged due to early childhood caries (ECC)
caused by bottle feeding without proper hygiene. ECC usually starts on the labial surface
of the upper incisors and progresses rapidly. The treatment depends mostly on the co-
operation with the patient and includes non-restorative cavity control, preparation, and
restoration with conventional materials. Crowns can also be used for restoration and
are especially useful when the caries damage is extensive and conventional restoration
might be problematic. Polycarbonate crowns are made of aromatic polyesters of carbonic
acids [19,54]. They can be described as thermoplastic resins. The use of high temperature
(around 130 ◦C) and pressure makes the material easy to mold and shape into the desired
form [19,54]. The material properties are thin structure and flexibility greater than that of
acrylic resin crowns [64]. On the other hand, these crowns do not resist high abrasive forces
which can cause fracture or premature crown loss [64]. Figure 6 presents an example of
polycarbonate crowns available on the market (below).
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Figure 6. Polycarbonate crowns.

Indications for the use polycarbonate crowns [19,54]:

1. Full restoration of anterior teeth destroyed by caries;
2. ECC as lesion stabilization;
3. Discolored teeth;
4. Restoration after pulp therapy;
5. Restoration in non-carious lesions or developmental defects;
6. Abutment for space maintainers.

Contraindications to use polycarbonate crowns [54]:

1. Too small teeth;
2. Crowded anterior teeth;
3. Excessive tooth damage preventing retention;
4. Bruxism;
5. Excessive abrasion;
6. Overbite;
7. Deep impinging bite.

Preparation [61] (Figure 7):

1. Discuss the procedure with the parents and child and obtain their consent;
2. The dentist should estimate the crown size; the most important part is to properly

estimate the mesiodistal dimensions to obtain proper tooth contour;
3. Local anesthesia and tooth isolation;
4. Incisal reduction by about 2 mm;
5. Tiny mesiodistal preparation. The walls should be slightly parallel;
6. Facial/Lingual reduction by about 1 mm;
7. Old protocols suggest performing a chamber 1 mm below gingiva on labial and

proximal surfaces;
8. Feather subgingival preparation 1 mm;
9. If pulp procedures had been performed on the tooth, the lingual opening can be used

as additional retention;
10. Crown fitting;
11. Cementation;
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12. Removal of excess resin cement.

Figure 7. Proper preparation for polycarbonate crowns. The dashed line shows the hard tissue
removal range, which will later be used for proper crown fit and restoration [64].

Polycarbonate crowns are at risk of fracture, dislodgement, and discoloration, all of
which contribute to a possible unsuccessful treatment outcome [64]. For this reason, many
clinicians choose to use a different type of polymer crown type, strip crowns [61].

3.7. Strip Crowns

Strip crowns are transparent plastic forms used to simplify work within upper incisors
restoration. They can be filled with both chemical and light curing composite material.
Once the material has set, they can be easily removed, leaving a smooth surface. According
to Kupietzky et al., their advantages ease of fitting, trimming, and removal [65]. They
are also thin and transparent, which makes them easier to match to natural dentition and
control composite color. For the best treatment results, patients require proper hygiene
instructions and further proper hygienization. Parents must be aware that the lack of proper
oral hygiene decreases the chances of successful treatment, which means that they are
partially responsible for the procedure’s overall outcome [66]. The surrounding soft tissue
must be free of inflammation [66]. Strip crowns provide high aesthetics and functionality.
They are also cheap and easy to repair [65]. However, their disadvantages include the
need to maintain a dry restoration area. Any moisture or blood can interfere with the
bonding, and blood can also cause discoloration of the composite material [67]. Their use
is also restricted to primary teeth having enough enamel to allow proper bonding after
preparation [54]. Minimal reduction is required for proper preparation [61].
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Preparation [54]:

1. Discuss the procedure with the parents and child and obtain their consent;
2. Local anaesthesia and tooth isolation;
3. The dentist should estimate the crown size. To facilitate crown size selection, the

length of the incisal edge of the tooth being treated or—if the tooth is damaged—of
the matching tooth can be used;

4. Reduction in tooth length;
5. Mesial-distal preparation;
6. Knife edge preparation at gingival margin;
7. Choosing composite shade;
8. Preparing vent holes in incisal corners;
9. Firmly seating the crown with composite on the tooth;
10. Curing the composite;
11. Strip crown removal. For safety, the best way is to use a hand piece such as a carver.

Indications to use strip crowns [66]:

1. Extensive decay of the primary anterior teeth;
2. Fractured teeth;
3. Restoration in non-carious lesions or developmental defects;
4. Teeth discoloration;
5. Teeth after pulp therapy.

Contraindications to use strip crowns [66]:

1. Significant teeth tissue loss preventing proper retention;
2. Deep overbite;
3. Periodontal disease.

3.8. Pedo Jacket Crown

Similar to strip crowns [19], Pedo Jacket Crowns primarily differ in the material
used. They are made from tooth-colored copolyester and filled with resin material. Pedo
Jacket Crowns are only available on the market in a single-color shade. Another difference
compared to strip crowns is that Pedo Jacket crowns are left on the tooth after polymeriza-
tion [62]. They cannot be adapted by trimming and reshaping with high-speed finishing
bur, as doing so would melt the copolyester [50].

3.9. New Millennium Crowns

The New Millennium Crowns are made of laboratory-improved composite resin mate-
rial [19,54] and are also similar to strip crowns. Their advantages include high aesthetics
and parental satisfaction [68]. They can be adapted by reshaping them with a high-speed
bur, however their disadvantages include a fragile structure, the need for a dry restoration
area, as well as the possible discoloration of the crown by the hemorrhage [19]. They also
cannot be crimped [62]. Preparation for New Millennium crowns is similar to strip crown
preparation [54].

Indications [19]:

1. Restoration of multi-surface caries;
2. Discolored primary incisors;
3. Anterior teeth fracture;
4. Restoration in non-carious lesions or developmental defects.

Contraindications [19]:

1. Difficulty in keeping the restoration area dry;
2. Overbite;
3. Deep impinging bite;
4. Extensive tooth damage that prevents retention;
5. Periodontal disease.
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3.10. Artglass Crowns

Artglass Crowns, also known as Glastech, are made up of polymer glass which forms a
three-dimensional molecular network with a cross-linked structure [54]. They contain such
fillers as micro-glass and silica, which improve their durability and aesthetics compared to
strip crowns [54]. Their longevity is comparable to that of porcelains [62].

3.11. Zirconia Pediatric Crowns

Zirconia has three forms including a monoclinic, tetragonal, and cubic one [69]. These
structures are stable in various temperature ranges. The Monoclinic form is stable at room
temperature; above 1170 ◦C, zirconia changes into a tetragonal form, while at 2370 ◦C, the
main form is the cubic one [70]. When zirconia is cooled, the tetragonal phase changes into
the monoclinic phase, causing a volumetric expansion of 3–4% [70]. In dentistry, zirconia
is used in the form of yttria-stabilized tetragonal polycrystal (Y-TZP), magnesia-partially
stabilized zirconia, and zirconia-toughened alumina [69]. Zirconia has many beneficial
properties. Firstly, it is very strong, and secondly, it offers good aesthetic properties and
good biocompatibility. Zirconia shows high wear and corrosion resistance [69]. It can also
resist crack propagation due to a change in the crystalline phase [71]. Zirconia pediatric
crowns require minimal preparation; moreover, the whole preparation and restoration
process can be completed during a single visit. They are also an alternative for patients
with Ni-Cr allergy or sensitivity. Their disadvantage is their high cost. While they can-
not be modified, they also show greater thickness than PMCs [70]. According to Sumer
et al., zirconia crowns exhibit less plaque accumulation, as evidenced by follow-up visits.
They also show nearly zero risk of developing secondary caries and significantly lower
restoration loss rate in comparison to strip crowns [71]. A study by Pinar et al. shows that
plaque index and gingival index exhibit lower values around zirconia crowns compared
to SSCs [72]. This results in better gingival health [73]. Zirconia pediatric crown brands
available on the market include Ez-Pedo, NuSmile ZR, and Kinder Crowns Zirconia (see
Table 2).

Table 2. The composition of zirconia crowns.

Brand Composition Toxicity Ref

NuSmile Zr
NuSmile
Pediatric
Crowns

Zirconium oxide—88–96%
Yttrium oxide—4–6%
Hafnium oxide—5%

Organic Binder—2–5%
Pigment—1–4%

n/a [74]

Ez-Pedo
Ez-Pedo

Zirconium oxide > 85%
Hafnium oxide < 5%
Yttrium oxide < 6%

Organic binder < 5%

Acute oral toxicity:
LD50 > 5000 mg/kg (rat)
Data for zirconium oxide.

Acute dermal toxicity: n/a
Acute inhalation toxicity:

LC50 > 4.3 mg/L (4 h exposure, rat)
Data for zirconium oxide

[75]

Kinder Krowns
Zirconia

Kinder Krowns

Zirconium dioxide—70–100%
Aluminum oxide—0–1%

Yttrium oxide—1–5%
Iron hydroxideoxid—0–3%

Mixture of glycols < 1%
Sodium, potassium,

boron, and aluminum
silicate glass < 1%

n/a [76]
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Indications for the use of zirconia crowns [19]:

1. Decay affecting two or more teeth surfaces;
2. Inability to use amalgam restoration;
3. Restoration after pulp treatment procedures;
4. Restoration in non-carious lesions or development defects;
5. Restoration of fractured primary molars;
6. Restoration of fractured anterior teeth;
7. Bruxism;
8. Restoration in children who require general anesthesia treatment;
9. In children with high caries risk and tendency;
10. An abutment for a space maintainer;
11. Discolored primary incisors.

Preparation [69] (Figure 8):

1. Discuss the procedure with the parents and child and obtain their consent;
2. Local anesthesia and tooth isolation;
3. Reduction in incisal wall of around 1.5–2 mm or occlusal reduction around 2 mm;
4. Buccal reduction around 0.5–1 mm, lingual reduction around 0.75–1.25 mm;
5. Knife edge subgingival preparation 1–2 mm;
6. Checking the occlusion to see if there is adequate clearance from the opposing dentition;
7. Cron selection. This can be achieved by placing the incisal edge of the zirconia crown

against the incisal edge of the identical tooth;
8. Cementation with the use of resin-modified glass-ionomer or calcium aluminate cement;
9. Removal of excess cement.

Figure 8. Proper preparation for zirconia crowns. The dashed line shows the hard tissue removal
range, which will later be used for proper crown fit and restoration [69].
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3.12. Summary of Crowns Used in Pediatric Dentistry

The following Table 3 provides summary of crowns used in pediatric dentistry pre-
senting their advantages and disadvantages.

Table 3. Summary of crowns used in pediatric dentistry [61].

Material Available Brands Advantages Disadvantages

Stainless Steel

Hu-Friedy
PEDO CROWNS

Hu-Friedy
Primary Stainless

Steel Crowns
3M ESPE

Unitek Primary SSC
3M ESPE

Acero Stainless
Steel Crowns

Acero Crowns
DENOVO SSC DENOVO

DENTAL

1. Minimal tooth
reduction required

2. High strength reliability
3. Good flexibility

4. Easy to contour and crimp
5. To improve the aesthetics, they

can be used in open-faced
crown technique

1. Low aesthetics
2. Possible nickel allergy

and sensitivity

Pre-veneered
Stainless Steel

NuSmile Signature
NuSmile Pediatric Crowns

Cheng Crowns
Cheng Crowns

Flex Crowns
Success Essential
Kinder Krowns

Next Generation Kinder
Krowns

1. High aesthetics
2. Metal edges can be crimped

3. Some brands provide
personal customization

1. Pre-veneered
material can crack from either

crimping or wear-off
during usage

2. Requires deeper preparation
3. Possible nickel allergy

and sensitivity

Pre-veneered
Aluminum

Pedo Pearls
Java Crowns

1. High aesthetics
2. Minimal tooth

reduction required
3. The tooth-colored coating is

flexible which enables
contouring and crimping

1. Lower strength
2. May offer decreased longevity

3. The tooth-colored coating is
very thin and can wear off

during use

Zirconia

Ez-Pedo
Ez-Pedo

NuSmile Zr NuSmile
Pediatric Crowns
Kinder Krowns

Zirconia

1. Highest strength of all
pediatric crowns
2. High aesthetic

1. Expensive
2. Cannot be crimped

3. Require deep preparation
4. Need to have good isolation

for effective bonding

Polymer
1. Acrylic

2. Polycarbonate
3. Strip crowns

PedoNatural
Crown

Strip Crowns
Forms 3M

ESPE
Pedo Jacket Crowns
Success Essentials

Pediatric Strip Crowns
Success Essentials

DirectCrown
DirectCrown

Products

1. Minimal tooth
reduction required

2. Some brands offer crowns
flexible enough to crimp

1. Due to decreased strength,
their suitability for use in

posterior location is questionable
2. Some polymerized polymers

will not bond to placed resin

4. Risks of Using Pediatric Preformed Crowns

4.1. Periodontal Aspects

Many researchers present a link between restoration using pediatric crowns and
plausible periodontal complications. It is worth emphasizing that patients in need of

317



Materials 2022, 15, 2081

pediatric crowns might lack an oral hygiene routine, which might increase both plaque
accumulation and caries risk. This aspect prompts us to properly educate both patients
and their parents. Preventive hygiene instructions should be included as a first step in
the treatment plan [77,78]. The second aspect that might increase gingivitis risk around
pediatric crowns is the inadequate contour of the crown margins [79–83]. Goto found out
that posterior crowns presented a higher percentage of gingivitis, which could be caused
by more difficult access and the fit of the crown itself [84]. Many studies show that good or
moderate fitting of the crown does not significantly increase gingival problems or plaque
accumulation [76–80]. The last factor that can be associated with gingivitis is the presence
of residual cement left in the gingival pocket [85,86].

4.2. Nickel Allergy and Sensitivity

Nickel percentage content in PMCs changed over the years. Modern PMCs contain
around 5–12% nickel, significantly less compared to old formulation nickel-chromium
crowns. A study by Feasby et al. shows that a group of children who received old
formulation crowns presented an increased nickel-positive patch test, whereas children
with modern PMCs showed no statistical difference compared to a control group with no
history of nickel appliance use [87]. Nickel hypersensitivity is more frequent in females
than males. This relates to ear piercing and the usage of jewelry containing nickel. A
study by Keruso et al. and Hoogstraten et al. reported that orthodontic treatment with
nickel-containing stainless-steel appliances before ear piercing shows a lower risk of nickel
hypersensitivity [88,89]. It is also worth noting that any adjustment to a crown, including
cutting or crimping, might increase the risk of corrosion, so margins should be smoothed
and polished to a high gloss to minimize this process [90–92]. According to Leila Basir et al.,
the number of released nickel ions decreased with the trimming of margins. They also
noticed increased nickel release as the temperature increased [93]. A study by Dr. Deepak
Bhayya et al. shows a difference in nickel ion release from 3M ESPE stainless steel crowns
depending on the pH. The results show significant nickel ion release of pH 4.3, 5.5 and
6.3 in artificial saliva, with a maximum nickel release of pH 4.3, followed by 5.5 and 6.3 [94].
According to a survey by the Clinicians Report Foundation, allergy to SSCs is very rare [61].

4.3. Biological Response

Every material introduced to the oral environment can be associated with a biological
response. PMCs contain various heavy metals, which might be released due to mechanical,
chemical, and thermal intraoral stimulation. While experiments performed on laboratory
rats showed that metal pieces containing Fe, Cr, and Ni were found to be cytotoxic to DNA
and cultured cells [95], the amounts of metal ions present were not harmful to human
health [96,97]. Various human studies show an increase in Ni, Cr, and Fe ions in the saliva;
however, although the maximum amounts were always lower than dietary intake and were
not capable of causing toxicity, further studies are needed [98–106].

5. Conclusions

In pediatric dentistry, a great deal of effort is required to obtain proper restoration.
The first difficulty is to ensure the child’s cooperation due to their age; a fear of dentistry is
a frequent obstacle in the treatment process. Therefore, it is vital for treatment procedures
performed in pediatric dentistry to utilize the simplest and least traumatic procedures that
have the best prognosis regarding long-term durability. This review presents one of the
approaches for full coverage restoration in pediatric dentistry practice using different types
of preformed pediatric crowns. The use of pediatric crowns makes it possible to achieve
long-term and positive therapeutic effects. Their use is often easier and faster than manual
reconstruction, especially in the case of multi-surface cavities. They are also a good option
for restoring teeth after pulp treatment and those with abnormal hard tissue development.
PMCs are the most used crowns. Currently, these crowns contain very low levels of nickel
and are associated with a low risk of nickel allergy and hypersensitivity. It should be
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mentioned that there are many types of PMCs available on the market. They differ in terms
of composition and prefabrication methods. Therefore, it is important to select solutions
corresponding to the dental operator’s needs and demands. Over the years, new types of
pediatric crowns were introduced to the market to overcome the disadvantages of stainless-
steel crowns and respond to the demand for higher aesthetics, such as zirconia crowns. An
important factor that requires further investigation is a comparative analysis of the use
of crowns from different materials, such as a comparison of the long-term durability of
zirconia crowns in comparison with PMCs. Ultimately, it is always up to the dentist and
the parents to choose the optimal type of restoration based on the child’s cooperation, as
well as the parents’ aesthetic requirements and economic factors.
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