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Ciobanu, A.A.; Ionescu, B.A.;
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Vermeşan, H.; Stoian, V. Study on the

Possibilities of Developing

Cementitious or Geopolymer

Composite Materials with Specific

Performances by Exploiting the

Photocatalytic Properties of TiO2

Nanoparticles. Materials 2023, 16,

3741. https://doi.org/10.3390/

ma16103741

Academic Editor: Claudio Ferone

Received: 20 March 2023

Revised: 6 May 2023

Accepted: 11 May 2023

Published: 15 May 2023

Copyright: © 2023 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
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Geopolymer Composite Materials with Specific Performances
by Exploiting the Photocatalytic Properties of
TiO2 Nanoparticles
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4 Department of Microbiology, Facutly of Agriculture, University of Agricultural Sciences and Veterinary

Medicine Cluj-Napoca, 3–5 Calea Mănăştur, 400372 Cluj-Napoca, Romania; vlad.stoian@usamvcluj.ro
* Correspondence: adrian.lazarescu@incerc-cluj.ro (A.-V.L.); adrian.ciobanu@incd.ro (A.A.C.)

Abstract: Starting from the context of the principles of Sustainable Development and Circular
Economy concepts, the paper presents a synthesis of research in the field of the development of
materials of interest, such as cementitious composites or alkali-activated geopolymers. Based on the
reviewed literature, the influence of compositional or technological factors on the physical-mechanical
performance, self-healing capacity and biocidal capacity obtained was analyzed. The inclusion of
TiO2 nanoparticles in the matrix increase the performances of cementitious composites, producing a
self-cleaning capacity and an anti-microbial biocidal mechanism. As an alternative, the self-cleaning
capacity can be achieved through geopolymerization, which provides a similar biocidal mechanism.
The results of the research carried out indicate the real and growing interest for the development of
these materials but also the existence of some elements still controversial or insufficiently analyzed,
therefore concluding the need for further research in these areas. The scientific contribution of this
study consists of bringing together two apparently distinct research directions in order to identify
convergent points, to create a favorable framework for the development of an area of research little
addressed so far, namely, the development of innovative building materials by combining improved
performance with the possibility of reducing environmental impact, awareness and implementation
of the concept of a Circular Economy.

Keywords: self-cleaning cementitious composites; geopolymer; TiO2 nanoparticles; physical-mechanical
performance; microorganism resistance

1. Introduction

Worldwide, in line with the principles of Sustainable Development and Circular Econ-
omy, there is a strong orientation towards reducing the consumption of non-renewable
raw materials, increasing sustainability, reducing soil, water and air pollution and, con-
sequently, reducing the volume of waste or identifying possibilities for its recovery. In
the construction sector, there is a huge consumption of cement, which is the main raw
material in many technological processes specific to this sector [1]. Each ton of cement
produced requires between 60 and 130 kg of liquid fuel or its equivalent, depending on the
type of cement and the manufacturing process used, and about 110 kWh of electricity [2].
One ton of manufactured cement also releases between 0.8 and 1.1 tons of CO2 into the
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atmosphere as a consequence of fuel combustion and limestone calcination [3]. In 2008
alone, world cement production was about 2.9 billion tons and in 2014, about 4.2 billion
tons [4,5]. Producing such a large volume of cement/concrete is directly associated with
environmental problems—cement production is responsible for about 5–8% of total carbon
dioxide emissions. A “green” alternative to cement-intensive concrete can be the so-called
geopolymer concrete [6–8].

New binder materials, known as “geopolymers” were introduced in 1987 by Davi-
dovits to describe a group of mineral binders, with a chemical composition similar to
natural zeolitic materials, but with an amorphous microstructure. He stated that “binders
could be produced by a polymeric reaction of alkali liquids with silicate and aluminium,
with source materials of geological origin or with waste materials such as thermal power
plant ash” [9]. Geopolymer cements are under development, with research being driven
mainly by the need to reduce global CO2 emissions. With excellent mechanical properties
and strengths in aggressive environments, these materials represent an opportunity for
both the environment and engineering, an alternative to traditional technology [10,11]. The
concept of Alkali Activated Geopolymer Materials (AAGM) as an alternative to Portland
cement has been known since the 1980s. The durability of materials produced by this
process has also been demonstrated over the years in Belgium, Finland, Russia, China and
recently Australia and the UK. Since the 1990s, most research in the field of alkali-activated
geopolymeric materials has focused on the microstructure of these materials and much less
on studies on predictions of the engineering properties of these materials, their bearing
capacities under different types of stresses, durability, etc., and their actual serviceability.
On the other hand, the possibility of producing cementitious composite materials with self-
cleaning properties is currently reported worldwide, due to the photocatalytic properties
of TiO2 nanoparticles used as an addition or as a substitute for certain amount of cement.
The first tests were carried out using TiO2-enriched white cement-based mixtures. In 1996
the first relevant results were reported, and in 2003, the first large-scale construction of this
kind, the Dives in Misericordia church in Rome, Italy, was put into service.

Overall, an analysis of the trend of evolution of research in the field indicates that,
if at the beginning, this topic was approached more from the point of view of the effects,
respective of the influence of NT on the physical-mechanical performances, at the macro-
scopic level, nowadays, the emphasis is put on deepening the study of the phenomenon at
the micro-structural level.

Although there are numerous references in the literature, various research groups
have approached the problem from different points of view (physico-mechanical aspect,
chemical aspect, microstructural aspect, durability or micro-organism resistance aspects,
etc.), due to its complexity. It is therefore not possible to identify a pattern on which to
build a research programme, given the lack of flexibility and the possibility of recalibration
along the way, depending on the intermediate results obtained. This is a direct consequence
of the specific character of the locally/regionally available raw materials.

Therefore, the motivation of the research approach aims to contribute to the imple-
mentation of the Circular Economy concept by analyzing the possibilities of exploiting
waste resources and industrial by-products potentially supplying alumino-silicates, while
exploiting the specific performance of TiO2 nanoparticles (NT), with the direct destination
in the construction industry.

The aim of this work is to carry out a study on the specific performances of NT-
containing cementitious composite materials, respectively, alkali-activated geopolymer
(GP) materials, as a review of the available literature, thus contributing to the creation of
the context favorable to the development of future experimental research.

The scientific contribution of this study consists of bringing together two apparently
distinct research directions in order to identify convergent points, to create a favorable
framework for the development of an area of research little addressed so far, namely, the
development of innovative building materials by combining improved performance with
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the possibility of reducing environmental impact, awareness and implementation of the
concept of the Circular Economy.

The paper is a synthesis analysis of some of the papers published in the last 25 years
and is structured on the principle of “mirroring” the positioning of two innovative building
materials: cementitious composites with self-cleaning capacity vs. geopolymer composites.

On the one hand, based on references that indicate a better possibility of documen-
tation due to the earlier approach of the field, Section 2 presents a synthesis of research
in the field on the possibility of inducing self-healing capacity and increasing resistance
to the action of biological agents in cementitious composites by exploiting the specific
properties of NT. Other influences of NT use on cementitious composites are also pre-
sented, i.e., effects on the physical-mechanical performance of both fresh and hardened
cementitious composites. Finally, for a good argumentation of the specific innovative
element characteristic of these cementitious composites, aspects related to the NT specific
photoactivation phenomenon and the specific mechanisms leading to the self-healing and
biocidal performance are presented.

On the other hand, in Section 3, aspects related to geopolymer materials are addressed,
touching both specific elements of the geopolymerization reaction and specific elements
of the physical-mechanical performances. The field of self-healing geopolymers is still
poorly represented at the level of reports in the literature, there is still a strong interest
in understanding the mechanism and kinetics of the geopolymerization phenomenon in
general, the influencing factors and, only subsequently, the impact that the introduction of
nano-TiO2 has on the performance of this type of material.

Therefore, the challenge of carrying out such a synthesis study included identifying as
many bibliographical sources as possible for the two directions addressed. If in the case
of cementitious composites, the mechanism of hydration-hydrolysis reactions of cement
can be said to be, at present, amply documented. In the case of geopolymers, there are
still many aspects that need clarification. Moreover, in the case of the influence of NT on
the physical-mechanical performance, durability, self-healing and biocidal capacity, for
cementitious composites there is a wealth of reported studies. There is already a history,
in contrast to the situation of geopolymer materials which can be said to be still in their
infancy from this point of view. However, it should be specified that the purpose of
this work and the way of documentation was aimed to analyze strictly on the field of
cementitious composites produced with Portland cement vs. geopolymer binders, with NT
content, without analyzing other material, e.g., non-Portland cements, lime mortars, lime
and cement mortars and hydraulic lime mortars modified with TiO2.

2. Cementitious Composites with Self-Cleaning Capacity

Numerous studies indicate that the introduction of nanoparticles, including TiO2
nanoparticles (NT) in the mixture of a cementitious matrix, has beneficial effects on the
physico-mechanical properties and durability and induces some specific performances
resulting from photoactivation [12–18]. From the outset, the literature indicates two ways
of exploiting the self-cleaning and biocidal effects of NT-specific performance: by applying
an NT-containing film to the surface, or by developing NT-containing composite material
in mass. In this work the study focused on the documentation and analysis of these
NT-containing composite materials in the matrix.

In general, for use, NT is found as a mixture of rutile and anatase (both being crys-
tallographic forms of TiO2). There is also the situation where the crystallographic form
anatase is predominant (over 90%), and the literature recommends that TiO2 nanoparticles
be added dry, by direct mixing with cement powder, followed by the addition of hydration
water. Water does not chemically react with any crystallographic form of titanium diox-
ide, nor does a chemical reaction occur between the photosensitive nanoparticles and the
hydration-hydrolysis phases of the cement, therefore the hydration-hydrolysis reactions
are not chemically influenced [19], but, as will be seen in the following, their kinetics will
be influenced.
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However, the size and particle size distribution of the TiO2 powder used influences
the cementitious composite material, so research has been carried out at the University
of Milan, Italy, using TiO2 powder with micrometric size, m-TiO2, and nanometric size,
n-TiO2, respectively. The results showed that there are advantages and disadvantages in
both cases [19]. Thus, the dispersion and distribution in the matrix is more convenient when
using micrometer-sized granules, while nanometer-sized ones tend to agglomerate, thus
reducing the overall reactive surface available for the initiation of photocatalytic reactions.
On the other hand, the use of nanometric granules is advantageous and preferable, although
more difficult, because, under conditions of homogeneous, satisfactory dispersion, the
composite will have a better capacity for adsorption of pollutant oxides (NOx, SOx, dust,
exhaust fumes), which can easily penetrate the agglomerations of nanoparticles, and the
hydrophilicity effect is more intense, but the research carried out so far has not shown
a definite influence of particle size on the efficiency of TiO2-enriched cement matrix in
terms of the decomposition capacity of pollutant molecules and dirt particles [20]. Research
to date has explored both micrometer- and nanometer-sized TiO2. However, although
the photoactivation phenomenon of nano-TiO2 is more obvious in terms of the properties
induced in the cementitious matrix in which it is embedded, there is also the possibility
of using micro-TiO2, each of which has advantages and disadvantages. On the one hand,
nanoparticles raise the problem of homogeneous dispersion in the mass, which is easier to
achieve if the grain size is within micro limits. On the other hand, the physico-mechanical
characteristics, the hydrophilicity of the surface, the decomposition capacity of organic/dirt
particles and the biocidal effect are lower when using micro-sized TiO2 granules. A possible
solution to improve the dispersion rate of TiO2 particles would be to use dispersing agents
and superplasticizers.

However, the influence of the qualitative and quantitative parameters of the photoacti-
vation light should not be neglected either, as research has shown that there are differences,
even when keeping all the designed preparation parameters, whether the composite prepa-
ration takes place in artificial light, natural light or darkness, or in the same type of light
but with different intensities [19,21].

The unanimously accepted conclusion is that, for each case of a particular cementitious
composite, it is necessary to determine the optimal amount of TiO2 nanoparticles used in
the composite, as an additional amount is not economically justified and very often may
negatively influence some parameters of the cementitious composite matrix enriched with
TiO2 nanoparticles.

2.1. Influence on the Physical-Mechanical Characteristics of Fresh Cementitious Composites

Given the complex structure of cementitious composites and the hydration-hydrolysis
mechanisms underlying the formation of this structure, i.e., the C-S-H gel formation
phase, the introduction of NT involves a number of difficulties, especially in terms of
their tendency to agglomerate, which reduces the potential to obtain a homogeneous dis-
persion in the cementitious mass. Therefore, this aspect induces some modifications in
the C-S-H gel and, implicitly, on the physico-mechanical properties of the whole compos-
ite [22]. According to reported research, one of the biggest challenges is the uniform and
homogeneous dispersion of NT in the composite matrix [22–24]. This problem has been
analyzed by applying various dispersion methods, i.e., the success of water preparation
using plasticizers and superplasticizers [25,26] or the use of ultrasonic waves [27]. Thus,
Perez-Nicolas et al. [28] have shown the possibility of obtaining a homogeneous dispersion
using polycarboxylate-based superplasticizers that effectively prevented NT agglomeration.
Similarly, Zhao et al. [29] report results of research on engineered cementitious composites
(ECC) with NT, but also with polyvinyl alcohol fibers (PVA), in the preparation of which
polycarboxylate-based superplasticizers were also used, an additive which again proved
effective. As reported by Perez-Nicolas et al. [28], plasticizers and superplasticizers are
frequently used in the field of cementitious composites due to their mechanism of reduc-
ing water requirements and facilitating homogeneity through a mechanism based on the
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induction of these molecules which exhibit a dispersing action between cement particles
due their electrostatic repulsion and/or steric hindrance effects [30,31]. Their research [28],
however, focused on coatings made with water dispersions of different nanoparticles of
photocatalytic additives (titania and titania doped with iron and vanadium), analyzing
the efficacy of three types of polycarboxylate-based polymers, synthesized in the authors’
research, demonstrated the effect of preventing agglomeration of nanoparticles, improving
aqueous dispersions, unlike a fourth, commercial superplasticizer, which led to the forma-
tion of NT agglomerates. Therefore, not only the use of superplasticizers is important for
the production of homogeneously dispersed NT cementitious composites and therefore
with uniform and homogeneous properties, but also the type of superplasticizer, espe-
cially as this technique disperses nanoparticles in the preparation water, as a raw material
preparation phase prior to the preparation of the cementitious composite, is also frequently
encountered when considering the production of these composites with nanoparticles
dispersed in the mass, the homogeneous dispersion problem also being encountered in
the case of SiO2 nanoparticles [32]. Other research has addressed this issue in a different
way, e.g., the possibility of coating the NT granule with nano-SiO2 [26] was investigated,
leading to a reactive powder which, following microstructural analysis, was found to be
uniformly dispersed in the composite matrix.

Regarding the fresh self-cleaning cementitious composite, following the embedding
of TiO2 nanoparticles (NT), the following were observed: increased water requirement to
reach standard consistency, decreased workability, decreased initial and final setting time,
accelerated hydration-hydrolysis processes, increased heat of hydration and cement hydra-
tion rate, reduced porosity of the cement paste due to changes in pore size and distribution,
altered size and orientation of cement hydration product crystals and formation of a larger
amount of C-H-S calcium hydrosilicate gel [33–35]. Thus, Nazari et al. showed that partial
replacement of cement, or addition of nano-TiO2, contributes to the reduction in setting
time and intensification of cement hydration-hydrolysis processes, findings that correlate
with those reported by Lee et al. and Pimenta Teixeira [12,15–17,36–39]. The phenomena
can be explained both because TiO2 nanoparticles function as possible concentrating nuclei
for the hydration products and on the catalytic effect they have on the cement hydration re-
action. The first effect observed, as early as the preparation phase of cement-based mortars
and concrete, is an increase in the water required to reach the standard consistency [33].

In terms of workability, it can be said that it decreases with an increasing percentage
of TiO2 nanoparticles, introduced into the cement paste either as an addition or as a
substitution of a part of OPC [40–47], a similar issue being reported regarding the flowability
of the composite mixture [48]. These phenomena are reported in the literature for a
percentage amount of NT used, varying in the range of 0.5–10% relative to the amount of
OPC. At the same time, the literature indicates that the workability of nano-TiO2-containing
cementitious composites does not vary in proportion to the amount of nanoparticles used
and, moreover, different reductions in workability are identified even for the same amount
of nano-TiO2 [48]. This phenomenon can be attributed to differences in terms of the type of
cement used, its oxide composition, water/cement ratio, the type of additive used and in
terms of preparation conditions.

Thus, Salemi et al. [41] indicate a reduction of up to 50% in the flowability of the
composite when using a maximum of 2% NT; Nazari et al. [42] indicate a reduction
in workability of about 25% when replacing 2% OPC with NT for a water/cement ra-
tio of 0.4 and Li et al. [43,44] report workability reductions of over 50% when replacing
a maximum of 3% OPC with NT and even over 70% when using 5% NT. In contrast,
Meng et al. [47] report a workability reduction of only 21% and 40%, respectively, under
the conditions of substitution of OPC with 5% and 10% NT, respectively, for a water/cement
ratio of 0.5. Other research [34] indicated that substitution of OPC with max. 1% NT, mass
ratio, does not significantly influence the flowability of cement-based mortar. Therefore,
the existence of this controversy, the impossibility of a quantifiable prediction of how the
workability of the fresh composite will vary depending only on the amount of NT used, in-

5



Materials 2023, 16, 3741

duces the need for further experimental research and preliminary case-by-case customized
analyses specific to the raw materials used before designing any nano-TiO2-containing
cementitious composite mixtures.

In terms of setting time, research has shown that from 0.5% to 10% NT content, the
initial and final setting times decrease with increasing NT content, but at the same time,
the importance of NT type on these parameters is also indicated, i.e., rutile and anatase
concentration, both of which are crystallization forms of TiO2 [49–51]. Further research has
shown increased heat of hydration and increased hydration rate of OPC as well as change
in the structural orientation of CH crystals, i.e., their size [52]. Lee and Kurtis [53] showed
that the intensification of hydration processes, manifested by increased heat, hydration rate
and degree of hydration of OPC granules occurs during more than 3 days after preparation
of the cementitious composite. In agreement with them, Chen et al. [37] indicated the
intensification of the hydration process of OPC granule in the present NT, with an increase
in the hydration heat especially in the first 30 h after preparation, i.e., 22 h after preparation
as indicated by Senff et al. [54].

Additionally, Nazari and Riahi [55], Jalal et al. [56], Jayapalan et al. [57,58], Kurikara
and Maruyama [59], Baoguo et al. [60], Sakthivel et al. [61], Khataee et al. [62] and Hamidi
et al. [24] confirm the acceleration of OPC hydration processes in the presence of NT, for
amounts of up to 5% NT as a substitute of OPC used, the general result being a gain in terms
of mechanical strength at early ages, a phenomenon also influenced by the rutile–anatase
composition of NT, respectively, the grain size distribution of NT.

The decrease in workability and grip type, concomitant with the increase in hydration
heat and hydration rate of OPC leads to a possible explanation: due to the significant
increase in the specific surface area of the particles in the mixture used for the preparation
of the composite, a large, specific surface area of NT induces higher and faster water
consumption but also an increased reactivity overall, NT functioning as a catalytic effect of
the hydration-hydrolysis processes and functioning as potential accumulation nuclei of
hydration products.

2.2. Influence on the Physical-Mechanical Characteristics of Cementitious Composites in the
Hardened State

Nazari et al. showed that partial replacement of OPC or addition into the composite
cement matrix of NT contributes to densification of the composite material, reduction and
resizing of porosity and increase in mechanical strengths, findings that correlate with those
reported by Lee et al., Pimenta Teixeira and Feng et al. [12,15–17,36–39]. Up to a certain
dosage of TiO2 nanoparticles, the dosage limit above which a reduction in these parameters
occurs, also in agreement with those reported by Zhang and Li. [43,44].

Thus, as presented by Rashad [55], referring to Nazari et al. [15–17,53], shows that
partial replacement of OPC with 0.5–2% NT, for a water/cement ratio of 0.4, induces
an increase in mechanical strength at 28 days of specimens, by 15.91–25.00% for flexural
strength, by 5.55–66.67% for splitting tensile strength and by 6.79–17.93% for compressive
strength. However, it should be noted that these variations are not linearly increasing. The
variation curves showing a maximum for the case of OPC substitution with 1% NT, after
which the slope of increase in mechanical performance follows a downward trend. This
behavior could be explained precisely based on the phenomena that are proven to occur in
the preparation and early phase of the cementitious composite, namely, the consumption of
a quantity of the mixing water by the NT and the acceleration of the hydration-hydrolysis
processes of the cement granule in the first approximately 72 h after casting. It could thus
be said that substitution of OPC with an amount of more than 1% NT could have better
results if additional water was added to the mix.

In agreement with Nazari et al., Li et al. [24] report an increase in flexural strength of
10.27% and 2.93%, respectively, for cementitious composites at 28 days of age for replace-
ment of OPC with 1% and 3% NT under the condition of maintaining the water/cement
ratio of 0.42. In terms of compressive strength, Li et al. [24] but also Zhang and Li [63],
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under the same conditions of water/cement ratio of 0.42 and testing at the age of 28 days,
indicate an increase of the parameter by 18.03% for 1% NT, 12.76% for 3% NT and 1.55% for
5% NT. Agreement with the optimal NT percentage indicated by Nazari et al. is observed,
i.e., 1% mass percentage, an amount of NT that substitutes OPC without inducing an
increase in the preparation water requirement and that provides maximum benefit.

In contrast to general trends, Behfarnia et al. [64], Sandu et al. [65] and Meng et al. [47]
report reductions in compressive strength with the introduction of NT into the cementitious
composite. A series of reported results on the variation of compressive strength as a
function of the amount of NT substituting OPC is presented in Figure 1. Similarly, the
variation of the tensile strength is shown in Figure 2.
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In terms of internal structure, NT causes a reduction in open porosity, which will
also lead to a reduction in water absorption. Thus, Salemi et al. [41], in agreement with
Nazari [72], indicate that the introduction of 2% NT, respectively, 0.5%, 1%, 1.5% and 2%,
into the cementitious composite for specimens at 28 days of age, causes a reduction in
water absorption by 22%, 59.1%, 54.1%, 51.1% and 47.5%, as shown in Figure 3. Regarding
the resistance to chloride ion penetration, Hi and Shi [73], in agreement with Li et al. [74],
indicate a reduction in the penetration rate as a result of OPC substitution, i.e., the addition
of 1% NT, a phenomenon that can also be explained by a reduction in the porosity of the
composite. If a simple extension of these improvements in physical-mechanical perfor-
mance is made, it can be appreciated that a foreseeable consequence of the introduction of
NT in cementitious composites will also be an improvement in wear resistance, frost-thaw
resistance, essential elements of the general durability of these materials, as in fact indicated
by Li et al. [44], Hassan et al. [75] or Farzadnia et al. [76].
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In terms of influence on physical-mechanical performance, in accordance with the
literature, the identification of the optimal dosage of TiO2 nanoparticles introduced into
the cementitious composite matrix is still a controversial parameter, influenced by several
parameters: characteristics of the other raw materials, water/cement ratio, conditioning
conditions and test age, temperature, mode of introduction (mixing in the dry or wet
phase, introduction as an addition or substitute of OPC) to the preparation, knowing that
the photocatalytic activity, expected in these TiO2 cementitious materials, is critical for
this choice. Too much photocatalyst often leads to electron-hole coupling which reduces
the efficiency. Furthermore, Feng et al. [77] identify structural changes present in the
cement paste that could explain the evolution of the other physico-mechanical properties,
in particular, mechanical strengths, density and porosity. The authors, starting from what
is known, namely, that in Portland cement paste (OPC), through hydration reactions of the
cement granule, the formation of hydrated calcium silicate (C-S-H) takes place which, in
the hardened phase, becomes C3S with a Ca/Si ratio in the range 1.25–2.1. Consider, in
accordance with the literature, that in the hardened cement matrix this C-S-H divides into
two types of formations, one type where the silicate anions are entirely monomeric and
the other where a linear silicate chain is present in the tobermorite. With the introduction
of 1% (mass percentage) TiO2 nanoparticles and ensuring a good dispersion in the matrix,
a series of micro and nanostructural changes are achieved: reduction in microcracks and
internal defects in the cement paste, obtaining a densification of the material, reduction
in nanoroughness concomitant with the formation of nanoprecipitated, needle-shaped
hydration products that will function in the reinforced composite matrix as a dispersed
nano-reinforcement. Comparative analysis of the influence of NT both in cementitious-
based matrices (hydraulic binders) vs. lime-based composites (non-hydraulic binders)
showed on the one hand that the photocatalytic activity of TiO2 is not influenced by the
type of binder, as both materials are porous and NT acts by filling these pores, and on
the other hand that this positioning of NT in the composite matrix will lead to improved
physico-mechanical performance [22]. TiO2 will act as a filler for these pores and make
it possible to absorb NT in the case of hydration products and, at the same time, reduce
the available surface area of the photocatalyst. Furthermore, the literature shows that an
increase in electron-hole recombination can occur for adsorbed species [78,79]. In addition,
as the material ages, an increase in volume of almost 10% is observed, due to carbonation.
This phenomenon leads to a decrease in capillary adsorption and precipitation of calcium
carbonate. These precipitates will act as a barrier and decrease the TiO2 capacity [80,81].

2.3. Influence of the Introduction of TiO2 Nanoparticles into Cementitious Composites on Their
Resistance to the Action of Microorganisms—Self-Cleaning Capacity and Biocidal Mechanism

For the first time, in 1985, Matsunaga et al. [82] demonstrated the photocatalytic
cell killing mechanism of Saccharomyces cerevisiae (yeast), Lactobacillus acidophilus and
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Escherichia coli (bacteria) and Chlorella vulgaris (green algae) in water treated with TiO2
nanoparticles [82].

It is now known that the biocidal mechanism and self-cleaning capacity of composite
surfaces containing TiO2 nanoparticles is the result of two mechanisms, that of super-
hydrophilicity and that of degradation, destruction of molecules of an organic nature,
therefore, implicitly of the cells of microorganisms these having a structure of an organic
nature [18].

If in the case of inorganic substances adhering to the composite surface, the superhy-
drophilicity mechanism is sufficient for the manifestation of the self-cleaning capacity (the
water film picks up and washes the inorganic particles from the composite surface). In the
case of organic substances, large-volume organic molecules and microorganism cells, it
is necessary that this superhydrophilicity is complemented by the degradation capacity
of the organic molecules and/or cells. The schematic representation of the self-cleaning
phenomenon of composite cementitious surfaces containing TiO2 nanoparticles is presented
in Figure 4.
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Figure 4. Schematic representation of the self-cleaning phenomenon of composite cementitious
surfaces containing TiO2 nanoparticles.

An experimental test method based on a simple principle but demonstrating the
accumulation of the two mechanisms is the decolorization method for Rhodamine B (RhB),
an organic substance, N-9-(2-Carboxyphenyl)-6-(diethylamino)-N,N-diethyl-3H-xanthen-
3-iminium chloride, which is characterized by an intense pink-magenta coloring. The
principle of the method consists of the fact that, by applying a spot of RhB solution on a
cementitious composite surface with TiO2 nanoparticles, subsequently, under the influence
of UV radiation, with or without the accumulation of washing steps, discoloration is
rapidly observed, as a result of the degradation of the organic molecule (oxido-reduction
reactions) and, in the case of the existence of the washing step, the uptake of the reaction
products by the water film developed on the cement composite surface which has become
superhydrophilic [83]. A similar method has been identified in the literature as using
Methylene blue, Methylthioninium chloride with the formula C16H18ClN3S as the organic
staining substance [84], with the mention that the advantage of the RhB staining method is
primarily represented by the more intense highlighting of the stain and the bleaching effect.

The mechanism underlying the increase in hydrophilicity of TiO2 nanoparticle-containing
cementitious composite surfaces under UV exposure can be explained based on the increase
in hydroxyl (OH−) groups identified by X-ray photoemission spectroscopy (XPS), Fourier
transform infrared spectroscopy (FTIR) or nuclear magnetic resonance (NMR) [85–90].
The surface transition, under the influence of UV radiation, into a thermodynamically
metastable state is the result of the coexistence of two molecular forms of water: molecular
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water and dissociated water. In general, under the action of UV rays, titanium dioxide
being a semiconductor with a band gap of about 3.0 eV, by absorbing energy, generates elec-
trons (e−) and voids (h+). Electrons tend to reduce Ti(IV) cations to Ti(III) ions, and voids
oxidize O2− anions. This process will release oxygen, creating vacancies on the surface of
the titanium dioxide, vacancies that allow the water molecules to bind with the release of
hydroxyl groups (OH−). Additionally, in the case of TiO2-containing cementitious com-
posite surfaces, the literature also indicates [85–87,91] that photogenerated (h+) vacancies
(voids) cause the bond length within the TiO2 network to increase, bringing the surface
into a metastable state allowing adsorption of molecular water, simultaneously with the
formation of new hydroxyl groups and the release of a proton (Equations (1)–(3), Figure 5).
Research has shown that these generated hydroxyl groups are less thermodynamically
stable, therefore, the surface will allow flattening of the water droplet to cover a larger area
for stabilization purposes [85–87,91–94], thus achieving the effect of superhydrophilicity,
i.e., the water that will arrive on the photoactivated composite surface will no longer form
individual droplets, but lamellae that favor the uptake of impurities (Figure 5).

TiO2 + hV→ e− + h+ (1)

e− + Ti4+ →Ti3+ (2)

4h+ + 4O2− → 2O2 (3)
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In conjunction with the development of superhydrophilicity, using the energy pro-
vided by UV radiation, which is greater than the valence band gap of TiO2, pairs of electrons
(e−) and voids (h+) are generated, which react with O2 and H2O to form anionic radicals
(O2−) and (OH). These oxidative species (h+,·(O2−) and (OH)) are all highly reactive, con-
tributing to the destruction of microorganism cells [95] according to a sequence of chemical
reactions shown in Equations (4)–(9). This mechanism of organic cell destruction is coupled
with the superhydrophilicity mechanism specific to the surfaces of TiO2 nanoparticle-
enriched cementitious composites, so that after the initiation of destruction at the cellular
level, the organic residue, not yet completely degraded to CO2 and H2O, can be more
quickly and easily removed from the surface by simple washing (under rainy conditions),
leading to increased performance in terms of surface safety and hygiene.

TiO2 + hV→TiO2 (e−cb + h+
vb) (4)

O2 + e−cb→O2− (5)
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H2O + h+
vb→•OH + H+ (6)

•OH + •OH→H2O2 (7)

O2−· + H2O2→•OH + OH− + O2 (8)

•OH + Organic + O2→CO2 + H2O (9)

Subsequent research has examined hypotheses regarding the biocidal effect indicating
that the cell membrane is photocatalytically destroyed in Escherichia coli, as reported by
Sunada et al. [96]. The same results have been also supported by reports by Oguma
et al. [97], who propose a destruction mechanism explained by both cell wall destruction
and induction of cellular disruption following contact of the microorganism with TiO2,
while Saito et al. [98] propose a hypothesis of a destruction mechanism explained by
inhibition of bacterial cell respiration function once in contact with TiO2. Research indicates
a wavelength of incident TiO2 photoactivating radiation in the range 320–400 nm that
produces strong destruction at the cellular level [99].

Gogniat et al. [100] showed that the adsorption capacity of TiO2 in contact with the
cell wall is positively correlated with the biocidal effect and adsorption was consistently
associated with a reduction in bacterial membrane integrity. The authors indicate the hy-
pothesis that adsorption of cells onto photocatalyzed TiO2 is followed by loss of membrane
integrity, which is key to the biocidal effect.

Mazurkova et al. [101], analyzing the effect of photocatalyzed TiO2 nanoparticles on
the Influenza virus, showed that after 15 min of incubation, nanoparticles adhered to the
outer surface of the virus, the surface spinules of the virus were glued together, and the
outer membrane, lipoprotein in nature, was ruptured. The degree of destruction in the
influenza virus increased after 30 min of testing, and after 1–5 h of incubation, the virus was
destroyed. The researchers indicate that the biocidal effect is dependent on the existence or
not of photoactivation, the type of incident photoactivating radiation (natural light, UV
rays) the duration of exposure/incubation, the viral concentration and the concentration of
nano-TiO2, but in all cases, this effect was recorded sooner or later.

In support of the biocidal effect argument, tests by Adams et al. [102] showed that
the concentration of Bacillus subtilis and Escherichia coli was reduced 3.7 times, respectively,
2 times, upon contact with a nano-TiO2 suspension under photoactivation conditions under
natural light. A similar effect on Bacillus subtilis was also reported by Armelao et al. [103].

Research by Dedkova et al. [104] on samples of kaolinic composite material enriched
with TiO2 nanoparticles also confirmed the biocidal effect for Escherichia coli, Enterococus
faecalis and Pseudomonas aeruginosa after 2 days of exposure to artificial light, reporting also
in agreement with Gurr [105], who estimated that the antibacterial effect of TiO2 composites
manifests itself in the presence of natural light, without necessarily requiring additional
photoactivation with incident radiation with wavelength exclusively in the UV spectrum.

As for cementitious composites enriched with 3% and 5% TiO2 nanoparticles, it has
been shown that the viability rate of E-coli bacteria is reduced after 24 h by 60% to 70%,
compared to the situation without TiO2 nanoparticles, according to the study reported by
Hamdany [106]. The results of this research agree with reports by Davidson et al. [107],
Lorenzeti et al. [108] and Peng et al. [109]. The explanation for this ability would be
in line also with reports by Daly et al. [110], Carre et al. [111] and Kubacka et al. [112],
which confirm that by the formation of free radicals and strongly oxidized anions by
photoactivation of nano-TiO2 (OH• and O2−) at the cellular level, the cell membrane is
ruptured and plasma components such as DNA, RNA, lipids and proteins are destroyed.

In support of these hypotheses are also the results of pilot research by Huang et al. [113],
who showed that metals such as Ag and Cu enriched with TiO2 have the ability to reduce
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the survival rate of Aspergillius Niger spores under conditions of lack of light radiation and
even more so under UV irradiation, respectively, UV irradiation and presence of ozone.
Yadav et al. [114] summarized the reports of research results in the field, pointing out that
microorganisms are destroyed when they reach the photocatalytic surface, the effect being
demonstrated on both Gram-positive and Gram-negative bacteria, endospores, fungi, algae
and viruses.

Similar results supporting the antimicrobial character imparted by TiO2 nanoparticles
to composite cementitious surfaces have been presented by numerous studies [90,115–118],
showing that cementitious composites with 10 wt% TiO2 powder reduce algal growth on
the surface by 66% compared to cementitious surfaces without nanoparticle content.

Regarding the ability of different building materials to resist microorganism attack, the
most convenient method is the one adapted from the antibiogram method used in medicine
and known as the halo inhibition method [119] or the Kirby–Bauer method, currently
standardized according to AATCC TM147 and AATCC TM30.

The need for uniform evaluation of the behavior of various materials to the action
of micro-organisms has led to the development of dedicated method standards as well as
non-standardized but frequently used methods. Thus, method standards for qualitative
assessment and method standards for quantitative assessment are known [120]:

• ASTM E2149—presents a quantitative method for evaluating the behavior of irregular
surfaces to bacterial action. The principle of the method is to immerse the material
in a suspension with a known concentration of bacteria and to follow the evolution
of this concentration over time. The antimicrobial activity of the material is con-
sidered positive when the concentration of the bacterial suspension is significantly
reduced [121];

• ASTM E2180—presents a quantitative method for evaluating the behavior of hy-
drophobic surfaces to bacterial action. The principle of the method consists of making
a pseudo-film of nutrient medium on the surface of the material, on which bacteria
are inoculated in a suspension of known concentration and monitoring the evolution
of the concentration compared to a control [122];

• ISO 22196—presents a quantitative method. The principle of this method is also to
follow the variation of the concentration of the bacterial suspension inoculated on a
nutrient medium [123];

• ASTM E1428—presents a qualitative method featuring the so-called “pink spot test”,
in which an inoculation with Streptoverticullium reticulum is used and the appearance
of pink spots on the surface of the tested material is observed [124];

• STAS 12718/1989 offers the possibility of semi-quantitative quantification of the mi-
crobiological load of the system, providing a quantification grid as follows: 0(−) no
growth (sterile); 1(+) 1–10 colonies of microorganisms; 2(++) more than 10 colonies of
microorganisms; 3(+++) areas with confluent colonies; 4(++++) growth over the whole
surface area [125];

• ISO 27447—presents a method for evaluating the antibacterial activity of semicon-
ducting photocatalytic materials, can be applied for the analysis of some ceramic,
photocatalytic materials but not for permeable or rough materials [126].

Although the potential benefits of TiO2 nanoparticles have been known since 1921 [127],
the ability to destroy microorganisms was not documented until over 60 years ago, starting
with Matsunaga et al., in 1985 [128–130]. Currently, it is known that the anti-algal and
antifungal activity of nano-TiO2 is evident in 11 genera of filamentous fungi, 3 yeasts,
2 amoebae, 1 apicomplexan, 1 diplomonad, 1 ciliate and 7 algae, including 1 diatom, with
fungal spores being generally more resistant than vegetative forms [131–141]. Sassolini
et al. [142] considered the realization of surfaces from TiO2 nanoparticle-enriched cemen-
titious materials as a passive form of safety technology to increase safety in biological,
radiological and nuclear (CBRN) accidents.
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3. Geopolymer Composites with Self-Cleaning Capability

By geopolymer, it is meant that type of amorphous, alumino-silicate cementitious ma-
terial which can be synthesized by the polycondensation reaction between a geopolymeric
material and alkali polysilicates. This process is called geopolymerization [143]. This inno-
vative technology allows for the transformation of alumino-silicate materials into products
called geopolymers or inorganic polymers. Geopolymers, therefore, represent a material
developed as an environmentally friendly alternative for the construction industry, but also
as a solution for exploitation, reintroduction into the economic circuit of some industrial
wastes and by-products, the most common being fly ash, slag kaolin and metakaolin mostly
activated with alkaline solutions based on Na2SiO3 in combination with NaOH [8,144–147].

In 1979, Davidovits described this new family of materials, with amatrix based on a
Si-O-Al-O structure, by alternating tetrahedra of SiO4 and AlO4, joined together in three
directions with all oxygen atoms, calling them geopolymer materials [148]. In a simplified
method, it can be stated that geopolymers can be synthesized by alkaline activation of
materials that are rich in SiO2 and Al2O3 [149]. Although the whole process is still lacking
consistent data, there is concrete information that in geopolymerization mechanisms, the
dissolution of aluminium (Al) and silicon (Si) in an alkaline medium occurs, followed by
the transport (orientation) of the dissolved elements and then the polycondensation phe-
nomenon, as a result of which a 3D network of alumino-silicate structures is formed [150].
In 1999, Palomo proposed that pozzolanic materials (blast furnace slag, thermal power
plant ash) can be activated “using alkaline liquids to form a binder and totally replace
the use of Portland cement in concrete production” [151]. When the two components of
the geopolymer material (reactive solids and alkaline solution) react, an alumino-silicate
network is formed, resulting in a hard, water-resistant product, the geopolymerization
process can be expressed according to the following sequence of reactions (Equation (10),
Figure 6 and Equation (11)) [152]:

2SiO2·Al2O3 + 3OH− + 3H2O→ 2[Al(OH)4]− + [SiO2(OH)2]2− (10)
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The empirical formula for the whole polymerization product is shown in
Equation (11) [153]:

Mn{-(SiO2)z-AlO2}n,wH2O (11)

where M—represents the alkali element (which can be: K (potassium); Na (sodium); Ca
(calcium)), the symbol “-” indicates the presence of a bond; n—represents the degree of
polycondensation (or polymerization); z—is the Si/Al ratio which can be −1, 2, 3 or higher,
up to 32.

Wallah [154] presented a more detailed equation showing the process by which the
powder particles dissolve in alkali to produce the reactant product. In this equation, the
reaction of aluminosilicate, hydroxide (Na, K), water and silicate in gel form is shown,
followed by the dehydroxylation process to form a network of geopolymers. The reaction
is presented in Figure 7.
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According to studies, it is known that the reaction of alumino-silicate materials in a
strongly alkaline environment first causes the Si-O-Si bonds to break, subsequently, new
phases are produced, and the formation mechanism appears to be synthesis via solution.
The most important part of this process is the penetration of Al atoms into the original
Si-O-Si structure and the formation of alumino-silicate gels. The composition of these
gels can be characterized by Figure 7. The C-S-H and C-A-H phases may also originate
from their direct dependence on the chemical composition of the materials used and the
conditions of reaction production [155]. Additionally, the concentration of solid matter
plays an important role in the alkali-activation process [156].

Fly ash contains high percentages of aluminium and amorphous silicon, making
it suitable to produce geopolymers [157]. The steps of the chemical process producing
geopolymers by alkaline activation of fly ash, according to Buchwald et al. [158], can be
defined by the chemical reactions shown in Equations (12)–(17), specific to each constituent
oxide of the individual fly ash, and the general chemical reaction according to Equation (18).

• hydration process for vitreous silica with a pH > 12:

SiO2 + 2OH− → SiO3− + H2O (12)

• hydration of Al2O3:

Al2O3 + 2OH− → 2AlO2− + H2O (13)

• reaction of CaO and MgO:

CaO + H2O→ Ca2+ + 2OH− (14)

• reaction of Na2O and K2O:

Na2O + H2O→ 2Na+ + 2OH− (15)

• the Fe2O3 reaction:

Fe2O3 + 3H2O→ 2Fe3+ + 6OH− (16)

• hydration of TiO2:

TiO2 + OH− → HTiO3− (17)

SiO2
.αAl2O3

.βCaO.γNa2O.δFe2O3
.εTiO2 + (β + γ + 3δ)H2O + (2 + 2α + ε)OH→ SiO3

2− + 2αAlO2− +
βCa2+ +2γNa+ + 2δFe3+ + εHTiO3− + (1 + α)H2O + 2(β + γ + 3δ)

(18)
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3.1. Physical-Mechanical Characteristics of Geopolymer Composites

The Si/Al ratio is a significant factor affecting the degree of crystallization and re-
action with alkali activators [159], forming amorphous to semi-crystalline phases. Both
polysialate-siloxo (Si/Al = 2) and polysialate-diloxo (Si/Al = 3) provided good strength of
geopolymers. Polysialate-siloxo (Si/Al = 2) appears to be formed faster and has lower com-
pressive strength than polysialate-diloxo (Si/Al = 3). The monomeric group of [SiO(OH)3]−,
[SiO2(OH)2]2− and [Al(OH)4]− normally forms later than Si and Al species, because small
aluminium silicate oligomers can enhance geopolymer formation [160]. Research tends to
indicate that metakaolin-based geopolymers exhibit satisfactory compressive strength with
a Si/Al ratio of 1.9 ÷ 3, while the appropriate ratio for fly-ash-based geopolymers is about
2 ÷ 4 [161,162]. Due to the large availability of fly ash, and the need to reintroduce it into
the economic circuit, in line with the principles of the Circular Economy, much research
has been directed towards making these geopolymers using fly ash. In this context, the
issue of integrating affordable eco-efficient solutions into the value chains is a challenge,
while combating climate change and reducing the negative impact on the environment by
reducing waste and by-products from industry, reducing cement consumption and thus
reducing greenhouse gas emissions, etc., while ensuring the development of advanced
innovative materials. Class F fly ash has been identified as the most suitable raw material
for geopolymer materials due to its reactivity and availability. The mass ratio of SiO2
and Al2O3 in Class F fly ash is between 1.7–4.0, while the amorphous content is generally
higher than 50% [163–165]. Class C fly ash has a calcium content of 15–40%. It offers a
different geopolymer structure compared to class F fly ash due to the increased calcium
content. Temuujin et al. (2013) [165] reported that class C fly ash has self-cementing
properties, which, through alkaline activation, allow it to harden at room temperature.
Having a low calcium content, Class F fly ash, according to the literature studied, was
preferred for producing geopolymer binders because the high amount of calcium may
impact the polymerization process which may lead to changes in the microstructure of the
final product [165–169].

During geopolymerization, fly ash reacts with the alkaline medium and specifically
with aqueous solutions of polyisalates, leading to the formation of geopolymer materials
comprising alumino-silicate-hydrate (A-S-H) gel [167]. Fly-ash-based geopolymers have
demonstrated good mechanical strength and enhanced durability [167,168,170].

Several additions introduced at preparation in the geopolymer composite can have
beneficial effects, improving the characteristics of the material in the fresh state but espe-
cially in the hardened state. Thus, literature indicates beneficial effects of nano-SiO2 in
small amounts (max. 10 wt% relative to the amount of FA) on workability, polymeriza-
tion reaction, mechanical strength and durability [171–176], and the use of MgO powder
as an addition can improve aspects related to compressive strength, workability, drying
shrinkage and porosity [177]. However, all these should be analyzed in relation to the oxide
composition and specific characteristics of fly ash used as the main raw material.

The concentration of the alkali activator has a significant effect on the compressive
strength of the geopolymer. The test age and the temperature at which curing (heat
treatment) of the geopolymer takes place are other variables that influence the compressive
strength of the geopolymer. However, with all the still existing uncertainties, research has
shown that a sufficient concentration of activator is required during geopolymerization,
as the NaOH concentration has a greater influence on the compressive strength values
than on the curing time [178–180]. A common alkaline solution used for making fly-
ash-based geopolymers consists of sodium silicate and sodium or potassium hydroxide,
respectively, a solution with molar concentrations of sodium hydroxide between 7 and
10 M. The combination of NaOH and sodium silicate (Na2SiO3) is the most suitable for the
alkaline activator because sodium silicate contains partially polymerized and dissolved
silicon, which reacts more easily. Research shows that geopolymers with higher strength,
for the same type of fly ash, are obtained when the ratio (Na2SiO3/NaOH) is between
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0.67 and 1.00 [181], with a molar concentration of sodium hydroxide (NaOH) of at least
8–10 M [166,182].

In this direction, Al Bakri et al. [183] studied the effect of Na2SiO3/NaOH ratio
on the compressive strength of fly-ash-based geopolymer, showing that by increasing
the Na2SiO3/NaOH ratio from 0.6 to 1.00, the compressive strength increased, with the
maximum compressive strength obtained for Na2SiO3/NaOH ratio equal to 1.00 [184,185].
Morsy et al. (2014) [186] studied the effect of Na2SiO3/NaOH ratios of 0.5, 1.0, 1.5, 2.0 and
2.5 on the strength of fly-ash-based geopolymer mortar. The highest value of compressive
strength was obtained when the ratio was equal to 1.0 and increasing the Na2SiO3/NaOH
ratio caused a decrease in compressive strength. Álvarez-Ayuso et al. (2008) [187] showed
that when the NaOH concentration is higher, geopolymerization can be achieved even
without soluble sodium silicate.

Rangan et al. [188] proposed 0.2 < Na2O/SiO2 < 0.28 and 15 < H2O/Na2O < 17.5
as optimum oxide ratios in the activation solution to achieve improved performance in
geopolymer concrete. Provis et al. [189] stated that if the activator to binder mass ratio
is between 0.6 ÷ 0.7 and the activator has a SiO2/Na2O ratio in the range of 1 ÷ 1.5, the
resulting geopolymer binder imparts better mechanical properties. Another study showed
that as the ratio of sodium hydroxide to sodium silicate increased from 1 to 2.5 and the
molar concentration of NaOH increased from 8 to 16 M, the compressive strength of fly-
ash-based geopolymers increased, i.e., the highest compressive strength was obtained for
NaOH (16 M) concentration and sodium hydroxide/sodium silicate ratio in the range of
1.5 to 2.0 [190].

Vora and Dave [191] concluded that an increase in the sodium hydroxide/sodium
silicate ratio and a higher molar concentration of sodium hydroxide result in higher com-
pressive strength. However, Sindhunata et al. [192] reported that a soluble silicate content
(SiO2/M2O > 2, where M is alkali ion) may reduce the reactivity in alkali-activated mix-
tures, as the concentration of cyclic silicate species may inhibit further condensation of
aluminium ions. Therefore, higher concentration is judged to give rise to stronger ion
pair formation and provide a more complete and faster polycondensation process of the
particle interface [184,193], improving the dissolution of silicon and aluminium-containing
materials in the presence of activators [194], but too high concentration could lead to an
increase in the coagulated structure [195], causing lower workability with rapid curing
behavior [196].

The mass ratio of alkaline solution to raw material is widely used in geopolymer
synthesis to define both alkaline dosage and water content. In most cases, fly ash was
used and the ratio was called alkali activator to fly ash ratio (AA/FA). Barbosa et al. [197]
analyzed the effect of AA/FA ratio on strength development using 10 M NaOH solution as
alkaline solution with AA/FA ratio = 0.34 ÷ 0.46. It was observed that the compressive
strength increased when the AA/FA ratio increased to 0.40. Too high of an AA/FA ratio
could lead to a decrease in concentration as more sodium carbonate was formed and
obstructed the geopolymerization process [198]. It was found that, depending on the type
of alumina-silicate source materials, the recommended AA/FA ratio could be between
0.35 ÷ 0.50 to have good compressive strength as well as good workability [199,200].

In terms of heat treatment temperature, research conducted on geopolymer paste and
mortars for a temperature in the range (30 ◦C and 90 ◦C) demonstrated an increase in the
overall geopolymerization reaction, leading to an increase in compressive strength from
an early age [201]. However, exposure of the material to a treatment temperature above
90 ◦C will result in a geopolymer with a porous structure due to the rapid loss of water
from the mixture, which will result in a possible decrease in mechanical performance [202].
Therefore, heat treatment is considered to improve mechanical properties, but the optimum
temperature that improves the geopolymerization process and leads to the development of
a suitable geopolymer microstructure is in the range 60 ÷ 75 ◦C [203].

It is very difficult to accurately identify all the factors influencing the properties of
alkali-activated geopolymer materials and to quantify the influence of each. According to
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the literature, the main factors influencing the properties of geopolymer materials are: type
of raw materials and their Si and Al percentage content; Si and Al ratio; type of alkaline
activator used; molarity of NaOH or KOH solution used; Na2SiO3/NaOH mass ratio;
duration and temperature of heat treatment; test age of the geopolymer material [204–214].

In the case of geopolymers, temperature and curing time play a significant role in
the kinetics of the unfolding of chemical reactions: at low temperatures the evapora-
tion of geopolymer precursors and water molecules occur simultaneously, preventing
the formation of voids and cracks within the material, thus increasing the compressive
strength [215,216]. This suggests that a longer curing time at low temperatures is preferable
for the synthesis of geopolymer with higher compressive strength.

3.2. Influence of TiO2 Adding Nanoparticles in Geopolymer Composites

It should be noted that, as reported by several research [217–222], a problem in pro-
ducing these composites is the way of incorporation of NT, as this is relatively difficult to
ensure a homogeneous dispersion, NT tending to agglomerate. Another controversy is
in terms of self-cleaning capacity, with Guerrero et al. [220] indicating that 1 wt% NT is
sufficient and Yang et al. [221] indicating an optimum requirement of 10 wt% NT.

Geopolymer concrete has been used in various applications such as waste man-
agement [205], civil engineering [222,223], cements and concretes [224,225], building
retrofit [226] and as an alternative binder to replace OPC [226–228]. Applications have been
extended to pavements [229–232] and building facades [223,229,232] and special function
coatings [233]. Aguirre-Guerrero et al. [234] explored the potential of hybrid geopolymer
coatings as a protective coating for reinforced concrete structures subjected to a marine
environment. Sikora et al. [217] studied the applicability of geopolymer mortar as a coating
to protect concrete from chemical attack and corrosion. Self-cleaning facades are gaining
momentum in the construction industry. The applicability of self-cleaning facades is due
to improved performance in brightness and reflectivity without the need for frequent
maintenance [218,219].

Research reports on the influence of NT introduction in the geopolymer matrix on
micro- and macro-structural characteristics, physical-mechanical and durability perfor-
mances are found in a limited number of literatures. The literature indicates possibilities to
induce self-healing capacity on geopolymeric materials using ZnO, TiO2, WO3 or Fe2O3
nanoparticles, with preference for NT and ZnO due to their high stability and low toxic-
ity [9,235–242]. However, although they represent an environmentally friendly alternative
in the construction industry, the properties of geopolymer materials with self-healing
capacity are not yet sufficiently investigated so that they can be exploited.

3.2.1. NT Influence on Geopolymer Paste Properties

Experimental research conducted by Ambikakumari Sanalkumar and Yang [243] for
geopolymer produced using metakaolin and containing 1–10% nano-TiO2 (mass percent-
ages reported to the mass of metakaolin) showed that the addition of nano-TiO2 induces
reduction in the flowability of the geopolymer paste. Such behavior could be associated
with the high surface area of nano-TiO2 particles, which creates the water demand of the
mixtures [244]. In addition, the existence of very fine particles brings stronger cohesive van
der Waals forces inside the particles, resulting in flocculated and agglomerated particles,
which also makes the fluidity of the geopolymer paste in its fresh state become lower.
Specifically, the fluidity of the fresh geopolymer paste decreases, relative to the fluidity
of the control fresh geopolymer paste (without nanoTiO2) by 3.22%; 5.65%; 25%, and by
37% when 1%, 2%, 5% and 10% nanoTiO2 are introduced into the geopolymer paste (mass
percentages relative to the amount of metakaolin).

Research by Duan et al. showed that in the case of replacing 1%, 3% or 5% fly ash
with nano-TiO2 (massive percentages relative to the amount of ash), the effects are also
significant. Thus, a reduction in the workability of the nano-TiO2-containing geopolymer is
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reported, the workability decreasing by 7.9% for the case of 1% nanoTiO, and by up to 20%
if 5% fly ash is substituted with nano-TiO2.

3.2.2. Influence of NT on the Properties of Geopolymer in Hardened State

Mechanical properties: Several studies have reported that the inclusion of TiO2 in
geopolymer binders induces certain effects on the mechanical properties of the resulting
binder. Duan et al. [245] conducted a study to examine the impact of nano-TiO2 inclusion
on the physical and mechanical properties of a fly-ash-based geopolymer. The study
showed that the incorporation of nano-TiO2 particles increases compressive strength and
carbonation resistance, reduces the drying shrinkage of the geopolymer [245]. The addition
of nano-TiO2 densifies the microstructure of the geopolymer matrix, in contradiction to a
study [244] that reported that the inclusion of micro TiO2 particles does not improve the
mechanical properties of the geopolymer.

In terms of density, experimental research [244] reported an increase of up to 12%
in density and a reduction of up to 41% in the volume of pore sizes ranging from 2 nm
to 5 µm, concomitant with an increase in nano-TiO2 content. These manifestations are
thought to be due to the filling of fine pores by TiO2 nanoparticles, thus inducing changes
in the geopolymer at the microstructural level. Because of the densification of the material,
but not only, as expected, the compressive strength at 7 days was improved by up to
41% (compared to the compressive strength of the control sample without nano-TiO2)
as the amount of nano-TiO2 used was increased. Samples stored and tested at longer
than 7 days (14 days, 28 days) also showed increases in compressive strength but at lower
levels. This behavior shows that, unlike cementitious composites, where the increase in
compressive strength occurs as a result of hydration-hydrolysis processes taking place over
time (28 days), in the case of geopolymer binders the strength performance is obtained
as a result of aluminosilicate dissolution processes and formation of the specific three-
dimensional structure, and a densification of the material induces beneficial effects.

Research by Duan et al. showed that in the case of replacing 1%, 3% or 5% fly ash
with nano-TiO2 (massive percentages relative to the amount of ash), in terms of drying
shrinkage, the presence of nano-TiO2 in the geopolymer paste has a beneficial effect in
reducing this indicator. This behavior is attributed to the possibility of filling the pores of
the geopolymer paste with nanoparticles, which leads to densification of the material.

In terms of the performance of the hardened composite, there is an increase in the
compressive strength at 7 days after peening, compared to the control sample, by more
than 4% in the case of substitution of 1% fly ash with nanoTiO2 and by more than 17%
in the case of 5% nano-TiO2. This increase in compressive strength is also evident when
testing specimens at lower or higher ages, i.e., 1 day, 3 days after pouring or 28, 56, even
90 days after pouring. However, in agreement with other reports in the literature, the
intensity of the effect on the compressive strength at early ages is noted, with the highest
increases in compressive strength recorded compared to the control sample 24 h after
casting, respectively, 7.1% for 1% nano-TiO2 and 51% for 5% nano-TiO2, a sign that these
particles act as a densification spinner and induce microstructural changes.

According to Zulkifli et al. [246], the geopolymer made from metakaolin with NT
content shows a much more homogeneous, compact microstructure with low porosity
compared to the control sample made without NT. Syamsidar et al. [247] present results
on a geopolymer material made by heat treatment at 50 ◦C based on class C fly ash
from Bosowa Power Plant Jeneponto, Suth Sulawesi alkali activated, SiO2/Al2O3 = 3;
Na2O/SiO2 = 2 and H2O/Na2O = 10, in which 5%, 10% or 15% NT (mass percentage
relative to the amount of fly ash) were introduced. Tests on specimens matured up to
7 days showed a much more compact and smooth surface appearance, without apparent
porosity or surface defects, with apparent density increasing slightly with increasing %NT
(2.85%, 3.1% and 4.76% increase in apparent density for 5%, 10% and 15% NT samples,
compared to the apparent density of the control—0% NT). The compressive strength did
not show a continuous increase as %NT increased, with a maximum recorded for the
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10% NT composite, i.e., an increase of 12.36% for the 5%NT sample, 53.74% for the 10%NT
sample and 45.64% for the 15%NT sample, suggesting the need to identify the optimal NT
content interval in the geopolymer matrix in order to obtain the best compressive strength.
XRD diffractograms performed for the NT geopolymer showed that, at microstructural
level and compared to the control geopolymer (0%NT), no new crystallization phases
are identified in the structure, therefore NT added during the preparation does not react
with the constituents of the geopolymer, like the behavior of NT in cementitious matrices.
Supporting the results obtained in the compressive strength evaluation, SEM analysis of
the specimens indicates numerical reduction and decrease in microcracks opening for the
case of NT specimens compared to the control geopolymer. Additionally, SEM analysis
indicates a good adherence of the NT in the geopolymer matrix. In terms of resistance to
H2SO4 action (1M, immersion 3 days), the strong reaction with CaO in fly ash is indicated
with the formation of gypsum crystals (CaSO4-2H2O), which is favored by the existence of
NT in the geopolymer matrix. The formation of these crystals will induce internal stresses
in the composite matrix which will favor the degradation process of the material, therefore,
the use of a CaO-rich fly ash is not favorable for the use of a geopolymer composite with NT
if it is intended for use in an acidic environment. Regarding the self-healing capacity, it was
analyzed on specimens immersed in red clay solution showing that after removal from the
solution, the surface of the specimens remained clean, without adherent red clay particles.

Guzman-Aponte et al. [248] showed that the inclusion of up to 10 wt.% NT did not
influence the development of calcium silicate hydrate gel but did not indicate in detail the
effect of NT addition on the physico-mechanical properties of GP.

Duan et al. [245], analyzing the influence of NT on the physico-mechanical charac-
teristics of geopolymer paste prepared by alkaline activation of fly ash (alkaline activator
prepared based on Na2SiO3 and NaOH), showed that 5 wt%, NT relative to the amount of
fly ash, compared to the geopolymer control sample without NT, contributes to an increase
in the compressive strength both at early ages and 28 days after casting, to obtain a more
compact microstructure with less microcracks and improves the carbonation resistance
of the composite. Duan et al. contribute by their research, and given that, reports on the
carbonation resistance of nano-TiO2-containing geopolymer are rare. Thus, it is shown that,
as a result of these microstructurally induced changes, the depth of carbonation decreases
as the number of nanoparticles substituting fly ash increases, the effect being even more
evident compared to the control geopolymer, the longer the duration of exposure to car-
bonation. These results agree with the results reported by Sastry et al. [249], which indicate
the increase in compressive strength of alkaline-activated fly-ash-based geopolymer for
2.5 wt% NT and Yang et al. respectively, [248] who, for the case of geopolymer made by
alkaline activation of slag indicate the role of NT on several factors, namely, on geopolymer
formation reactions, reduction in microcracks, cracks and improvement of compaction at
the microstructural level.

Subaer et al. [250] analyze the thermo-mechanical properties of geopolymer com-
posites made from alkali-activated metakaolin with soil. Na2SiO3 + NaOH, dispersive
reinforced with 1–2 wt% carbon fibres and with NT applied as surface coating. The results
showed that the geopolymer represents a good adhesion incorporating NT, but since NT are
not included in the composite matrix and represent only a surface coating, their influence
on the thermo-mechanical performance of the composite is not noticeable, carbon fibers
having a more significant influence.

Mohamed et al., analysing the effect of TiO2 on the performance of alkaline activated
meta-halosite based geopolymers with potassium hydroxide and potassium silicate-based
activator, indicate that additions of 2.5%, 5%, 7.5% or 10% nanoparticles (mass percentage)
reduce the total pore size (total porosity) by up to 49% compared to the control geopolymer,
proportional to the amount of NT used. An increase in tensile strength of up to 78% is
also reported, proportional to the amount of nano-TiO2 used. All this leads, in agreement
with other reports in the literature, to the conclusion that NT has a beneficial densification

19



Materials 2023, 16, 3741

effect at the microstructural level, but it is noted that rutile TiO has a stronger effect than
anatase TiO.

SEM-EDS analyses reported by Bonilla et al. [251] indicate the possibility of obtaining
more homogeneous, smooth, compact surfaces with a reduced number of cracks compared
to the control sample. In terms of physical-mechanical properties, a slight increase in density
was observed, but, probably due to the heterogeneous distribution and agglomeration of
nanoparticles both in the NT and nano-ZnO cases, the compressive strength decreased
significantly by more than 2.5 times compared to the control.

Self-cleaning capacity and biocidal capacity: The self-cleaning performance of nano-
TiO2 modified geopolymer as a potential building material has been rarely reported in
the literature [248]. However, as with cementitious composites, this self-cleaning ability
is the sum of two main mechanisms: the ability to modify the surface’s hydrophilicity
and the ability to decompose organic molecules and even microorganism cells through
redox reactions. The most common methods of evaluation from this point of view are
oriented towards the evaluation of surface hydrophilicity (induction of superhydrophilicity
of the surface), the evaluation of the decolorization capacity of rhodamine B or methy-
lene blue, respectively, the evaluation of resistance in the presence of an environment
contaminated with microorganisms. Experimental research by Ambikakumari Sanalku-
mar and Yang [243] showed an improvement of up to 15% in total solar reflectance (TSR)
for nanoTiO2-containing geopolymers compared to the control sample. Additionally, an
improvement in hydrophilicity and surface self-healing ability is indicated and obtained
on the one hand, as a result of the photoactivation of nano-TiO2 and, on the other hand,
as a result of the use of NaOH in the alkaline activation of the raw materials to obtain the
geopolymer, since it is known that NaOH has a strong decomposition effect on organic
molecules [252,253].

In agreement with Loh et al. [254], it is estimated that incorporation of NT into fly ash
or kaolin-based composites has the effect of increasing the photocatalytic activity of NT.
Moreover, even in the absence of light, based on the MB decolorization test and tests using
microbiological techniques, antifungal properties were demonstrated.

Zailan et al. [255] report a review on the induction of self-cleaning ability by introduc-
ing 2.5%, 5% and 7.5% NT into the geopolymer matrix and evaluating/demonstrating this
performance using rhodamine B (RhB) and methylene blue (MB) staining tests, respectively.
They also analyze the influence of ZnO nanoparticles on the performance of geopolymer
prepared based on fly ash (FA) class F from CIMA plant Perlis, Malaysia and alkaline
activator based on Na2SiO:NaOH, 12 M = 2.5:1.0 in which 2.5; 5; 7.5 and 10, wt%, ZnO
nanoparticles were introduced. The results of the research on specimens matured up to
28 days showed a reduction of the compressive strength by approx. 29–54% compared to
the control sample (0% ZnO nanoparticles), depending on the amount of nano-ZnO used,
a behavior also supported by microstructural analysis by XRD and Sem which reveals
changes in the crystallization phases. In terms of surface self-healing ability, based on
the methylene blue (MB) staining test, a continuously increasing stain discoloration is
recorded over time (over the evaluation time of 150 min UV exposure) and in relation to
the amount of nano-ZnO used. This phenomenon is explained by a mechanism similar to
the one presented for NT and confirms the possibility of inducing photocatalytic character
on geopolymer not only using NT but also using nano-ZnO.

In consensus, Min et al. [256], Gasca-Tirado et al. [257], Zhang and Liu [258] and
Luhar et al. [259], Kaya et al. [260], Chen et al. [261] indicate good results in terms of
self-healing ability by photocatalytically activated degradation of methylene blue (MB)
stains—Zhang and Liu indicating a 93% reduction of methylene blue stain staining for the
case of photoactivated alkaline activated fly-ash-based NT-containing geopolymer surface
within the first 6 h. However, research shows that part of the reduction in the degree of
staining is due to the absorption of the dye into the geopolymer mass, and the rest is due to
the degradation of the dye under the action of photoactivated NT [258,259]. Additionally,
some research even indicates that GP itself has its own antimicrobial, antifungal and
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decolorizing capacity of staining substances, but the addition of NT has a strong increasing
effect on these properties [254,260,262,263].

Yang et al. [264] report the effects of introducing 10 wt% NT on the performance of
a geopolymer matrix made from fly ash from Shenhua Junggar Energy Corporation in
Junggar, Inner Mongolia, China. Experimental XRD, SEM, BET analysis and photocatalytic
activity results indicated the possibility of uniform distribution of NT in the geopolymer
matrix and the influence of NT distribution mode on the specific geopolymer–NT sur-
face area and photoactivity, i.e., the decolorization capacity of MB, which collapsed with
increasing distribution homogeneity.

Alouani et al. [265] investigated the ability of geopolymer material produced by alka-
line activation of metakaolin as an adsorbent to remove methylene blue. Strini et al. [266]
showed that for 3 wt% NT added in geopolymer paste made from fly ash and metakaolin,
geopolymer binders can be effective matrices to support photocatalytic activation of NT
and induce specific material properties. Relating also to self-cleaning properties, Wang
et al. [267] show that 5 wt% NT would be the optimum percentage for maximum MB
decolorization effect, but research is insufficient because GP performance is influenced by
several factors, as shown in the head above. Finally, and in terms of the influence on the
physical-mechanical properties of GP, it is still controversial how much NT is introduced
into the GP paste to achieve optimal performance.

Qin et al. [268] indicate the possibility of making superhydrophobic geopolymer sur-
faces by alkaline activation of blast furnace slag (also Si and Al oxide supplier waste) with
reported good results in terms of hydrophobicity and therefore durability, including the
fouling resistance capability of the material. In a similar direction of research development,
Chindaprasirt et al. [269] indicate the possibility of inducing superhydrophobicity and
self-cleaning capability of the surface of a geopolymer made based on alkali-activated fly
ash, Na2SiO3/NaOH = 2, but in this case which benefited from a polymeric surface coating.
Permatasari et al. [270] indicate the possibility of inducing self-healing performance for the
surface of a geopolymer made from Gowa Regency soil deposit laterite, to which a thin
film of NT solution coating was sprayed. This method allows for inducing a self-cleaning
character, without influencing the flexural strength, with the mention that, once this film is
destroyed, the self-cleaning capacity is lost.

In terms of bactericidal effect on K. pneumoniae and P. aeruginosa, Bonilla et al. [271]
analyze a geopolymer composite based on powder material consisting of alumino-silicate
precursors (85%) and Portland cement (15%), alkaline activated and containing 5 wt%,
10 wt% NT, 5 wt%, 10 wt% nano-ZnO, respectively. Research results demonstrate the
development of inhibition halos and bactericidal effect such as a gentamicin antibiotic for
both composite paste and composite mortar. In the same paper, the authors also indicate
the self-cleaning effect developed by photocativation, an effect that causes rhodamine B,
RhB, to decolorize 76.4% after 24 h for NT and over 98% for nano-ZnO.

4. Future Perspectives

At present, possibilities for increasing the specific effect induced by NT in both cemen-
titious and alkali-activated geopolymer composites are reported in the literature. Thus, due
to the specificity of NT being a wide bandgap semiconductor, i.e., 3.2 eV vs. the normal
hydrogen electrode (NHE), it is indicated that through photoactivation, electrons jump
from the valence band to the conduction band but a rapid charge recombination, i.e., a
return of electrons to the valence band, occurs. This behavior is not beneficial from the
point of view of the electron lifetime in the conduction band and, therefore, the perfor-
mance of the composite by photoactivation. In order to improve these performances of
the composite, acquired by photoactivation, in terms of increasing the charge separation
efficiency (production of electrons and holes) and implicitly, the duration of manifestation
of the self-cleaning effect as well as the biocidal effect, after the light source is removed,
the literature indicates the possibility of introducing carbon-based materials (graphene,
graphene oxide, carbon particles, fullerenes, which function as absorbers, acceptors and
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electron carriers) [271–281]. Therefore, the composites will show an increased absorption
of light also in the visible spectrum, this technique becoming a possibility to improve the
performance of the composites, i.e., to induce the possibility of photoactivation also with
incident rays with wavelength in the visible spectrum. Hamidi and Aslani [22,282–287]
indicated that the efficiency of the NT photoactivation process is influenced by a number
of factors, the most important of which are: efficient absorption of sunlight, separation of
products from the photocatalyst surface, rapid charge separation after light absorption to
prevent electron-hole recombination, compatibility of the redox potentials of the valence
band hole and conduction band electron with those of the donor and acceptor species, and
long-term stability of the photocatalyst. Furthermore, research has shown [22,287–289]
that the photocatalytic properties of TiO2 are influenced by particle size, surface area, pore
volume, surface hydroxyl content and degree of crystallinity. Crystallinity is an important
factor contributing to the high photoactivity, as the presence of an amorphous phase would
facilitate the recombination of photoexcited electrons and holes. Therefore, on a case-by-
case basis, the optimal dosage of NT in cementitious composites or geopolymer materials
is strongly influenced by a combination of all these factors.

This paper addresses a current research topic, with the aim of contributing to the
creation of a favorable framework for the development and validation of materials with
specific performances of the “smart-innovative” concept (the ability of a composite in-
tended for the construction sector to harden in the absence of cement, while at the same
exploiting the self-cleaning capacity), thus opening up new opportunities for the imme-
diate exploitation and valorization of waste and by-products in accordance with current
international environmental and sustainable development policies.

The multi- and transdisciplinary as well as eco-innovative character derives from the
strongly applicative-exploratory approach of a research field involving on the one hand
aspects of sustainable development of the built environment, and on the other hand specific
aspects responding to the European requirements of environmental impact and population
health. At the same time, a cross-cutting connection is made between the industries
generating waste/industrial by-products (energy, metallurgy, natural resource processing)
and the construction industry, creating a favorable framework for the implementation
of emerging technologies with a high degree of novelty and the possibility of obtaining
innovative intelligent products with the potential to advance in global value-added chains.
Moreover, the exploitation of the specific performance of nanomaterials provides a link
with other areas (safety, hygiene, health) by contributing to the production of knowledge
needed to develop technologies that induce a high degree of safety in terms of surface
hygiene, with high resistance to the development of biological films of microorganisms
(moulds, lichens, algae, bacteria). Consequently, a synergistic connection is achieved
between applied research activities aimed at (1) developing innovative composite materials
for the sustainable development of the built environment; (2) developing materials with low
environmental impact; (3) expanding the range of possibilities for introducing industrial
wastes and by-products into the economic circuit; (4) developing innovative intelligent
materials with self-cleaning capacity and increased resistance to biological agents; and
(5) developing effective solutions for increasing safety in terms of public health.

Therefore, the contribution of this review responds to the need to connect current
research to the European and global scientific frontier, in line with societal challenges related
to responsible consumption and production; combating climate change and reducing
negative environmental impacts.

5. Conclusions

The aim of this study was to summarize, as far as possible in parallel, the current state
of research into the development of high-performance, self-healing composites with low
environmental impact, or which allow the reduction in environmental impact by using
industrial waste or by-products as raw materials. Thus, an analysis focused on the field
of cementitious composites based on Portland cement vs. geopolymer composites based
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on alkali-activated fly ash, with NT content in mass, without analysing other materials,
(non-Portland cements, lime mortars, lime and cement mortars, hydraulic lime mortars
modified with TiO2).

Based on the above presented, in general, the following can be said:

• in the current context, where the need to identify sustainable development solutions
is imperative, the development of innovative materials contributes to the creation
of a favorable framework for increasing the implementation of the principles of the
Circular Economy, reducing environmental impact and increasing sustainability in the
construction sector;

• innovative directions in this respect, still niche, are the development of cementitious
composites or geopolymer composites that include nanoparticles in the matrix, the
most used being NT;

• in parallel, the development of geopolymer materials allows for the reuse of waste
or industrial by-products which contributes to reducing the environmental impact of
other industries.

• In terms of cementitious composites, studies conducted to date have shown that:
• inducing exceptional properties by exploiting specific features of the nanoparticles

embedded in the composite matrix has already proven to be a possible way forward;
• to date, although the research carried out is encouraging, there are several controver-

sies and uncertainties, which point to further research;
• the introduction of NT into the cementitious matrix has consequences on the physical-

mechanical performance, durability or resistance performance to the action of micro-
organisms, improving them;

• the results of the research carried out at microstructural level, corroborated and re-
flected by the results of the research carried out at macrostructural level, indicate the
need for in-depth analysis so as to gain a thorough knowledge of the mechanisms
underlying the phenomenon and to be able to determine more easily and more pre-
cisely the optimal quantity of nanoparticles and the way in which they are introduced
during preparation, so as to achieve good performance in terms of physical-mechanical
properties, self-healing capacity and increased surface hygiene.

• In terms of geopolymer materials, studies conducted so far have shown that:
• the field of self-healing geopolymers is an area of interest, but one that has been

addressed only in recent years;
• so far, a number of results are reported, but there is still some controversy about the

mechanisms of the geopolymerization reaction, the influence of a significant number
of factors (e.g., type and oxidative composition of the raw material, characteristics of
the alkaline activator, existence or not of nanoparticles or the type of nanoparticles
used, working temperature, etc.) on the physical-mechanical performances, which
have been studied more intensively, but also on some performances of durability,
self-healing capacity, resistance to the action of microorganisms, etc.

The scientific contribution of the paper derives from the cumulative approach, in
parallel, presenting possibilities of integrating smart functions within the eco-friendly
function for the development of technologies and materials for the construction sector, in
the context of applying and integrating the principles of the Circular Economy as a tool for
Sustainable Development. Therefore, the general objective of the work has been set in order
to respond to the need to connect current research to the European and global scientific
frontier, in line with societal challenges related to responsible consumption and production
through the efficient use of resources and raw materials, having as basic benchmarks the
elements of scientific novelty in the field of smart-eco-innovative composite materials.
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Abstract: The results presented in this paper on the appropriateness of using of blast furnace slag
(BFS) in the composition of roads make an original contribution to the development of sustainable
materials with the aim to reduce the carbon footprint and the consumption of natural resources.
The novelty of this work consists of determining the optimal percentage of BSF in road concrete,
in order to: increase mechanical resistances, reduce contractions in the hardening process, and
ensure increased corrosion resistances, even superior to classic cement-based mixtures. Thus, the
physical-mechanical characteristics and the microstructure of some road concretes were studied in
the laboratory for three different recipes. We kept the same amount of ground granulated blast
furnace slag (GGBS) as a substitute for Portland cement, respectively three percentages of 20%,
40%, 60% air-cooled blast furnace slag (ACBFS) and crushed as sand substitute from now on called
S54/20, S54/40, S54/60. Drying shrinkage, mechanical resistances, carbonation-induced corrosion,
microstructure characterization of hardened concretes, and degree of crystallinity by SEM and XRD
measurements were analyzed after a longer curing period of 150/480 days. The obtained results
on the three BSF mixtures indicated a reduction of drying shrinkage and implicitly increased the
tensile resistance by bending to 150 days well above the level of the blank composition. The degree of
crystallinity and the content of the majority phases of the mineralogical compounds, albites, quartz,
and tobermorite out of the three BSF samples justifies the increase in the compressive strengths at the
age of 480 days in comparison with the test samples. Scanning electron microscope (SEM) and X-ray
diffraction measurements showed the highest compactness and lowest portlandite crystal content for
the S54/20 slag composite. Future research concerns are the realization of experimental sections in
situ, the study of the influence of BFS on the elasticity module of road concrete, and the opportunity
to use other green materials that can contribute to the reduction of the carbon footprint, keeping the
physical and mechanical properties of road concrete at a high level.

Keywords: concrete shrinkage; mechanical resistances; carbonation; concrete microstructure; ground
granulated blast furnace slag (GGBS); air cooled blast furnace slag (ACBFS); cement concrete roads

1. Introduction

The construction industry has developed numerous measures to reduce the green-
house gas emissions associated with cement production [1,2]. Moreover, the hydraulic
cement manufacturing process is responsible for approximately 7–9% of global carbon
dioxide emissions, on par with emissions from fuel combustion [3–5]. There are several
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materials resulting as byproducts or industrial waste that can be used as multi-component
binders in cement mixtures to minimize the carbon footprint [3,6–14]. Using industrial
byproducts such as GGBS from blast furnace iron ore extraction as a substitute for cement
can reduce greenhouse gas (GHG) emissions by 47.5% [15,16]. The global environmental
emission factor for producing of one ton of GGBS is 0.143 t CO2-e/ton, well below the value
of 0.91 t CO2-e/ton for cement, which includes the cement transporter to the plants for the
concrete mixture preparation [17]. Globally, slag production (GGBS) is almost 530 million
tons, of which only 65% is absorbed by the construction industry [18,19]. Research has
been carried out on the influence of GGBS on the performance of some types of concrete
and mortar [3,20,21]. The research done in the study [22] shows that the use of an optimal
combination of microsilica (MS) and GGBS can improve the resistance characteristics of
concretes compared to the individual use of these additional cementitious materials. The
experimental investigations within the paper [23] show that geopolymer concrete with
GGBS as the main binder and substitution of slag powder with 20% micronized biomass
silica (MBS) made from rice husk without Portland cement achieved optimal resistance and
durability performance. The effects on the durability characteristics of waste glass-derived
nanopowder (WGBNP) with the inclusion of fly ash (FA) and ground blast furnace slag
(GBFS), evaluated on alkali-activated mortars (AAM), led to improved durability perfor-
mances through reduced drying shrinkage and increased resistance to sulfuric acid, wear,
and freeze-thaw cycles [24]. According to other research, the optimal dosage for replacing
cement with GGBS is limited to max. 20%, because the resistances decreased significantly
above this level compared to the reference concrete, due to low workability and increased
porosity [15,25].

The impact of GGBS mixed with cement develops properties in fresh and hardened
concrete, such as workability, reduced bleeding of fresh concrete, and hydration heat,
increases long-term resistance, and increased resistance to corrosion, porosity, and low
permeability [26–29]. The study [3] shows an increase in the workability of concrete up to a
40% substitution level with GGBS. Increased consistency is due to better particle dispersion
(GGBS) [30]. More cement paste minimizes internal friction between concrete compo-
nents by filling the micro-spaces in the concrete aggregate, resulting in more workable
concrete [25]. Developing tensile strength, the main characteristic of road concrete, requires
the careful establishment of design parameters for any structural element that requires
crack control [31]. An important clue for determining the cracking resistance of concrete
results from the evolution of shrinkage and the maximum level of shrinkage. The drier
the air and the higher the temperature, the stronger the shrinkage [32]. Materials such as
cement, water, and aggregates significantly influence concrete shrinkage. Cement leads to
increased drying shrinkage by increasing dosage, tricalcium aluminate C3A component, gel
component, alkali content of cement, deficiency, and excess of gypsum influence shrinkage
curing [33]. The volume contraction of the cement paste represents approx. 1% of the abso-
lute volume of dry cement [33,34]. Currently, the shrinkage has a value below 0.6 mm/m;
this can be exceeded in concretes rich in binders [35]. Some authors appreciate the evolu-
tion of concrete shrinkage as follows: after 1/2 month 5% is recorded, after 3 months 60%,
and after a year 75% of its maximum value [32]. The increase in the A/C ratio leads to
an increase in concrete shrinkage, because the number of concrete pores also increases.
Increasing the amount of aggregates reduces shrinkage due to their nature, rigidity, and
granularity [36]. An increased concentration of CO2 and a humidity greater than 50%
causes an increase in shrinkage to a value more than double. Carbon dioxide decalcifies
and dehydrates hydrosilicates of the C2S type [35]. Increasing CO2 concentrations in the
external environment also increases the carbonation rate for permeable concretes [37]. The
carbonation phenomenon lowers the pH value from the typical values (12–13) to less than
9 in the pore solution and destroys the passivity of the reinforcing bars embedded in the
concrete, triggering the corrosion process [38–40].

Another significant impact on the environment is the consumption of aggregates since
they represent the largest share of the mass and volume of concrete. It is estimated that
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worldwide demand for construction aggregates is over 10 billion tons annually [41,42].
Much research explores the durability of concrete containing recycled aggregates (RAC)
from building demolition [43,44], from road asphalt pavements (RAP) [45–47], quarry sand
(QS) [48], or ecological mortars in which natural aggregates have been replaced by glass
waste [49].

A sustainable source for substituting natural aggregates in road concrete is air-cooled
crushed blast furnace slag (ACBFS) [50,51]. There are research studies related to the use
of blast furnace slag as a substitute for natural aggregates in asphalt mixtures leading to
these conclusions [52]. The Japanese Guide using blast furnace slag aggregates for concrete
structures recommends using fine aggregates mixed with natural fine aggregates at a ratio
between 20 and 60% [53]. In our country, since 2003, the characteristics of blast furnace
slag aggregates used for concrete have been covered by the SR EN 12620 standard [54].
These byproducts from the steel industry can be used in road concrete mixes, but require
proper evaluation to ensure that their properties do not adversely affect fresh and hardened
concrete [55]. Applying reusable artificial materials and new technologies will positively
impact on the environment by protecting non-renewable materials and reducing production
costs [56,57].

The objective of this study is to continue investigations into the physical and me-
chanical characteristics of road concrete compositions with blast furnace slag made in
previous works [58,59], to establish the optimal percentages of BSF to improve the quality
of durability in concrete road production. It is known that cements containing blast furnace
slag are characterized by a slower hydration rate, lower hydration heat, higher resistance
after longer hardening periods, and greater resistance to chemical aggression [60]. The
curing mechanism specific to concretes containing SCMs, such as GGBS, makes it possible
to measure reference mechanical resistances after the age of 56 days [32]. Most concrete
research with GGBS monitors curing times at 56 days [25] and 90 days [3] and fewer up to
360 days [61]. The relative humidity of the environment has a great influence on the size of
the contraction. Thus, for a relative humidity of 100%, contraction decreases with age, while
for a relative humidity of 50–70% (specific to road concretes that are kept in the air), the
contraction can increase up to 20 years [32]. Variations in drying contraction influence the
development over time of mechanical resistances (stretch and compression) and durability
such as carbonation depth. This study aims to examine the influence of powdered blast
furnace slag (GGBS) on the road concretes, analyzing the evolution of contraction and
long-term resistance, 150/480 days. More than most previous research, road concrete
compositions added fine aggregates (ACBFS) made of blast furnace slag. Consequently,
tests were carried out on the samples made in the laboratory to evaluate some physical
and mechanical properties (shrinkage on drying, tensile strength by bending at 150 days,
and compressive strength at 480 days), durability (corrosion from carbonation at 150 and
480 days old), and microstructural properties (X-ray diffraction and SEM scanning electron
microscopy at 480 days old). Mechanical resistance values obtained were reported at the
reference age of 28 days.

2. Materials and Methods
2.1. Materials

As binder, CEM I 42.5R cement acquired from Holcim Romania was used according to
SR EN 197-1 [62] and GGBS from local sources, Galati Steel Mill (in Romanian). The 28-day
activity index of granulated slag, amounting to 0.95, was taken from the manufacturer’s
tests. By grinding BSF to a size smaller than 63 µm, slag activation by grinding fineness
was pursued [63–65]. The GGBS powder recorded after grinding a specific surface area of
3775 cm2/g lower than that of Portland cement of 4385 cm2/g. The GGBS characteristics
were analyzed according to the system (CaO-SiO2-Al2O3-MgO), in compliance with SR EN
15167:1 [66], from the XRF spectral analysis by the manufacturer. The requirements of this
standard require that the sum of the masses of CaO + MgO + SiO2 be greater than 2/3 and
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the mass ratio (CaO + MgO)/(SiO2) > 1. The values recorded in Table 1 show that these
requirements are met.

Table 1. Oxidative analysis of granulated slag (GGBS).

GGBS SiO2 Al2O3 MnO MgO CaO Fe2O3 Na2O K2O

(%) 36.70 9.50 0.23 8.70 42.00 0.55 0.28 0.53

The aggregate (ACBFS) crushed to a size of 0/4 mm was produced by the Galati
Steel Mill. XRD measurements performed on the aggregates (ACBFS) in the paper [58]
indicated the percentage of 100% crystalline phase, the danger of disaggregation being
removed [35]. The fineness modulus (Mf), evaluated in Table 2, resulting as the sum of the
total percentages retained on the site series, placed the aggregates (ACBFS) in the category
of large-grained sands with values between 2.4 and 4.0 and fine natural aggregate (NA) in
the category of sand with medium grains having Mf between 1.5 and 2.8, in compliance
with SR EN 12620 [54]. The water absorption coefficient WA24 for natural fine aggregates
and ACBFS brought to the condition SS with the saturated surface and to the condition
SSD with the dry saturated surface recorded the values in Table 2.

Table 2. Fineness modulus (Mf) and water absorption coefficient (WA24) of aggregates of size
0/4 mm [59].

Aggregate
Mixture Mf WA24 (SS) WA24 (SSD)

100% (NA) 2.72 20% (water saturated) 2% (after 4 days air cooled)
100% (ACBFS) 3.15 30% (water saturated) 2% (after 8 days air cooled)

The selection of natural aggregates and the granulometric curve of the total mixture
was in accordance with the requirements of the national standard NE 014 [67]. River sand
(0/4), crushed river gravel (4/8), and crushed quarry screening were used for sorting
(8/16) and (16/25) acquired from local sources (Balastiera Beclănut, and Bologa quarry).
When preparing the concrete, the superplasticizer additive Master-Glenium SKY 527,
(SP MG-SKY 527) and the air trainer additive Master Air 9060 (MA 9060) were added,
having characteristics in compliance with SR EN 934-2 [68]. The additives (Ad) used were
acquired from the Master Builders Solutions Romania group. The water was taken from
the supply system of the city of Cluj-Napoca, the characteristics being in compliance with
SR EN 1008 [69].

2.2. Concrete Mixtures

Five mixtures were made, of which the first two compositions were made with con-
ventional materials, with Portland cement, CEM I 42.5R, and natural aggregates. In three
mixtures, GGBS and the ACBFS aggregates were added. A quantity of 54 kg/m3 of slag
(GGBS) was used as an addition in the percentage of 15% of the mass of cement in the
control composition S360, as a substitute in the percentage of 13% of the mass of cement in
the control composition S414. The sand (NA) was substituted in percentages of 20%, 40%,
and 60% with crushed aggregates (ACBFS) with a size of 0/4 mm.

The amounts of materials per m3 are summarized in Table 3, and the abbreviations for
mixtures are symbolically noted as follows.

In the preparation of slag concretes, the added water content and additives were
helped to achieve consistency within the range 20–40 mm, workability being an important
feature of road concretes.
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Table 3. Quantities of materials per m3.

Mixtures (kg/m3) S360 S414 S54/20 S54/40 S54/60

Cement 360 414 360 360 360
(GGBS) - - 54 54 54

Total binder (l) 360 414 414 414 414
Water (w) 166.47 174.39 172.91 181.23 167.64

w/l 0.46 0.42 0.42 0.44 0.41
(NA_0/4 mm) 607 594 478 355 240

(ACBFS_0/4 mm) - - 119 237 359
(CA_4/25 mm) 1290 1261 1269 1256 1275

(SP MG-SKY 527) 3.60 4.14 4.39 4.55 4.97
(MA 9060), 1.80 2.07 2.07 2.07 2.07

The design parameters of road concrete classified in the BcR 5.0 class followed the
requirements set out in NE 014 [67], presented in Table 4, and the obtained results are
presented in detail in the paper [59].

Table 4. The design parameters of road concrete composites in compliance with NE 014.

Cement Dosage (w/l) Consistency Occluded
Air Content

fcm
28 Days

fcfm
28 Days

min. 360 kg/m3 max. 0.45 (30 ± 10) mm (3.5 ± 0.5)% min. 50 MPa min. 5.5 MPa

2.3. Methods
2.3.1. The Drying Shrinkage of Road Concretes with Blast Furnace Slag

The shrinkage of hardened concrete was measured in compliance with SR 2833 [70],
with the help of the Huggenberger deformer, the landmarks being located at a distance of
250.50 mm. The shrinkage measurement was carried out on prisms with dimensions of
150 × 150 × 600 mm3. The samples were kept in water until the age of 7 days, then in air
until the age of 150 days at a humidity of 65 ± 5% and a temperature of 20 ± 2 ◦C, as in
Figure 1a,b. The initial reading was taken at 7 days, followed by further readings at 14, 28,
42, 56, 90, and 150 days. At each test age, the shrinkage was calculated as the arithmetic
mean of the values obtained on three samples on three test tubes, applying (Equation (1)):

εci =
δ0 − δi

l

(mm
m

)
, (1)

In which:

εci—shrinkage of the hardened concrete, in mm/m;
δ0—initial reading at 7 days old (standard) with deformer, in mm;
δi—reading at the age of i days, with deformer, in mm;
l—distance between landmarks, in mm.

2.3.2. Tensile Strengths by Bending, Compression, and Carbonatation

The determination of mechanical resistances was carried out on three prism test tubes,
with dimensions of 150× 150× 600 mm3, respectively on three cubes with a side of 150 mm
for each composite. The prismatic samples for determining the bending tensile strength in
compliance with SR EN 12390-5 [71] were the same as those monitored for drying shrinkage
evaluation up to the age of 150 days, images in Figure 1c. The compressive strengths
were determined in compliance with SR EN 12390-3 [72], after a longer curing period,
at the age of 480 days, images Figure 1d. The evolution of the mechanical resistances
was compared to those at the reference age of 28 days, found in the paper [59]. The
determination of the resistance to carbonation at 150/480 days was performed on the
freshly crushed faces of the three cubes and prisms remaining after the mechanical tests
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from each composite. According to the methodology of SR CR 12793 [73], they were sprayed
with 1% phenolphthalein solution to measure the depth of the carbonation layer dk (mm).
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Figure 1. (a,b) Pictures of drying shrinkage measurement; (c) Images after the bending tensile test of
the 150 × 150 × 600 mm prism; (d) Images after the compression test on the 150 mm cube.

2.3.3. Characterization of the Microstructure of Road Concrete

The XRD patterns were recorded using a D8 Advance diffractometer (Bruker, Karl-
sruhe, Germany) with Ni-filtered CuK α1 radiation of λ = 1.54060 Å wavelength, operating
at 40 kV and 40 mA, at room temperature. The degree of crystallinity was determined
as the ratio between the area of diffraction peaks and the total area of diffraction peaks
and halos.

SEM-EDX scanning electron microscope measurements were performed on small
samples at the age of 480 days. The SEM-EDX analysis was performed at room tempera-
ture using a scanning electronic microscope (VEGAS 3 SBU, Tescan, Brno-Kohoutovice,
Czech Republic) with a Quantax EDX XFlash (Bruker, Karlsruhe, Germany) detector. Sam-
ples of ~4 mm2 were mounted with carbon tape on an SEM stub. For each composite,
XRD-SEM-EDX measurements were performed on a single sample.

3. Results
3.1. The Drying Shrinkage of Road Concretes with Blast Furnace Slag

In the same conservation conditions (7 days in the humid environment and the rest in
the air with controlled humidity), Table 5 shows the values of the contraction upon curing
(ε) up to the age of 150 days.

Table 5. Curing shrinkage of road concretes up to the age of 480 days.

Curing Shrinkage S 360 S 414 S 54/20 S 54/40 S 54/60

ε (mm/m)—14 days 0.039 0.057 0.040 0.057 0.051
ε (mm/m)—28 days 0.065 0.112 0.064 0.104 0.076
ε (mm/m)—42 days 0.083 0.134 0.083 0.125 0.092
ε (mm/m)—56 days 0.097 0.150 0.098 0.141 0.105
ε (mm/m)—90 days 0.104 0.161 0.106 0.154 0.114
ε (mm/m)—120 days 0.110 0.172 0.113 0.165 0.122
ε (mm/m)—150 days 0.116 0.178 0.121 0.174 0.129

3.2. Tensile Strengths by Bending and Compression

Tensile flexural strengths at 150 days, compression at 480 days, standard deviation
(SD), and coefficient of variation (CoV) of mechanical strengths are given in Table 6.
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Table 6. Tensile flexural strengths at 150 days, compression at 480 days, standard deviation (SD), and
coefficient of variation (CoV) of mechanical strengths.

Mixture S 360 S 414 S 54/20 S 54/40 S 54/60

fcfm 150 days (MPa) 6.06 5.77 6.57 5.78 6.31
SD-fcfm (MPa) 0.33 0.35 0.19 0.28 0.29
CoV-fcfm (%) 0.05 0.06 0.03 0.05 0.05

fcm 480 days (MPa) 72.5 80.97 83.44 81.56 87.00
SD-fcm (MPa) 2.94 4.65 4.27 1.10 4.48
CoV-fcm (%) 0.04 0.06 0.05 0.01 0.05

3.3. Corrosion Resistances from Carbonation

Figure 2a presents photo images of fragments from prisms tested at the age of 150 days.
In Figure 2b, fragments from cubes were tested at the age of 480 days after one hour of
spraying with phenolphthalein solution in a concentration of 1%.
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Figure 2. Samples after one hour of spraying with 1% phenolphthalein solution; (a) Fragments from
prisms tested at the age of 150 days; (b) Fragments from cubes tested at the age of 480 days.

3.4. Characterization of the Microstructure of Road Concrete
3.4.1. X-ray Diffraction

The XRD diffraction patterns of the samples S360, S414, S54/20, S54/40, and S54/60
are presented in Figure 3.

XRD patterns showed the existence of quartz (SiO2), portlandite (Ca(OH)2), ettringite
(Ca6Al2(SO4)3(OH)12·26H2O), calcium silicate hydrate (CaSiO3·H2O), and albite
(NaAlSi3O8). The RIR (Reference Intensity Ratio) method was used for the quantitative
phase analysis of the samples investigated at 480 days (Table 7).

41



Materials 2023, 16, 3332

Materials 2023, 16, x FOR PEER REVIEW 7 of 21 
 

 

Table 6. Tensile flexural strengths at 150 days, compression at 480 days, standard deviation (SD), 
and coefficient of variation (CoV) of mechanical strengths. 

Mixture S 360 S 414 S 54/20 S 54/40 S 54/60 
fcfm 150 days (MPa) 6.06 5.77 6.57 5.78 6.31 

SD-fcfm (MPa) 0.33 0.35 0.19 0.28 0.29 
CoV-fcfm (%) 0.05 0.06 0.03 0.05 0.05 

fcm 480 days (MPa) 72.5 80.97 83.44 81.56 87.00 
SD-fcm (MPa) 2.94 4.65 4.27 1.10 4.48 
CoV-fcm (%) 0.04 0.06 0.05 0.01 0.05 

3.3. Corrosion Resistances from Carbonation 
Figure 2a presents photo images of fragments from prisms tested at the age of 150 

days. In Figure 2b, fragments from cubes were tested at the age of 480 days after one hour 
of spraying with phenolphthalein solution in a concentration of 1%. 

 
(a) 

   
(b) 

Figure 2. Samples after one hour of spraying with 1% phenolphthalein solution; (a) Fragments from 
prisms tested at the age of 150 days; (b) Fragments from cubes tested at the age of 480 days. 

3.4. Characterization of the Microstructure of Road Concrete 
3.4.1. X-ray Diffraction 

The XRD diffraction patterns of the samples S360, S414, S54/20, S54/40, and S54/60 
are presented in Figure 3. 

 
20 30 40 50 60 70 80

In
te

ns
ity

 (a
.u

.)

2 theta (o)

● ● ●●

● Quartz
♦ Portlandite

♦ ♦ ♦ ♦▲ ▲■■■ ■ ●●● ■○ (a)

(b)

(c)

(d)

■ ▲

(e)

○

▲ C-S-H

●
♦

○ Ettringite
■ Albite

● ●●

Figure 3. Diffraction patterns of the samples (a) S360; (b) S414; (c) S54/20; (d) S54/40; (e) S54/60.

Table 7. Quantitative analysis results obtained by the RIR method (%) of the samples investigated at
480 days.

Sample S 360 S 414 S 54/20 S 54/40 S 54/60

Degree of crystallinity (%) 77 75 69 74 71
Amorphous phase (%) 23 25 31 26 29

Albite (Ab) ++ ++ +++ +++ +++
Quartz +++ +++ +++ ++ +++

Tobermorites (C-S-H) ++ ++ +++ + +++
Portlandite (CH) + + + + +

Ettringite (C-A-S-H) + + + + +
+++ major phase (>20%), ++ minor phase (5–10%), + phases in traces (<5%).

3.4.2. SEM-EDX Scanning Electron Microscopy Measurements

SEM investigations, at sizes from 20 µm to 500 µm, resulted in the surface topography
for the compositions S360, S414, S54/20, S54/40 and S54/60, aged 480 days. Table 8 shows
the pore size measured on the studied samples.

Table 8. Pore size was measured on the studied samples from the compositions S360, S414, S54/20,
S54/40, and S54/60.

Sample Pore Identification
Code

Pore Radius
(µm)

Pore Diameter
(µm)

Distance Identification
Code Qi (Ci-Ci+n) Distance (µm)

S360 C1 2.61 5.22 Q1 (C1–C2) 7.95
C2 1.75 3.51

S414 C1 13.69 23.79
C2 11.05 22.10 Q1 (C1–C3) 288.16
C3 22.76 45.51 Q2 (C2–C4) 44.47
C4 6.58 13.17 Q3 (C1–C2) 77.69
C5 10.11 20.21 Q4 (C5–C6) 203.85
C6 6.74 13.48

S54/20 C1 8.09 16.19 Q1 (C1–C2) 380.79
C2 6.44 12.89

S54/40 C1 31.41 62.83 - -
S54/60 C1 6.60 13.20 Q1 (C1–C2) 76.22

C2 4.67 9.34 Q2 (C1–C3) 28.77
C3 6.52 13.05

EDX was used to map the surface of the measured samples, the results for the concen-
tration of the identified elements are presented in Table 9.
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Table 9. Element concentrations (%) in S360, S414, S54/20, S54/40, and S54/60 obtained by mapping
the sample surface.

Mixture O Ca Si Al Ca/Si

S360 53.30 22.37 21.92 2.41 0.42
S414 50.83 4.45 30.44 9.07 0.15

S54/20 54.18 28.54 14.54 2.74 1.96
S54/40 55.57 21.68 19.31 3.44 1.12
S54/60 68.79 27.02 2.10 2.10 12.86

4. Discussion
4.1. The Drying Shrinkage of Road Concretes with Blast Furnace Slag

The highest shrinkage value was recorded for the S414 composite, 0.178 mm/m, which
represents 63.33% of the maximum shrinkage value, respectively 0.283 mm/m, below the
allowed value of 0.6 mm/m according to the principle presented in the paper [32,35],
Figure 4a,b. The lowest shrinkage corresponds to the composite S360 in the amount of
0.116 mm/m. This result is justified by a reduced dosage of cement 360 kg/m3 compared
to the dosage of 414 kg/m3 used for the rest of the composites. It is observed, for all
composites, that the shrinkage value decreases with the decrease of the water content in
the mixtures, recorded in Table 3.
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Figure 4. (a) Drying shrinkage at 28 and 150 days; (b) Evolution of drying shrinkage up to 150 days.

Reducing the amount of cement by substitution with GGBS reduced shrinkage in slag
composites. Moreover, from the pozzolanic reaction of GGBS with calcium hydroxide (CH),
a lower drying shrinkage value resulted in samples with GGBS compared to the control
mixture with the same binder dosage [12]. Increasing the amount of water while reducing
the volume of aggregates in the S54/40 composite increased the shrinkage value compared
to the S54/20 and S54/60 composites. The shrinkage mitigation of S54/20, S54/40, and
S54/60 composites compared to S414 can be justified by the grinding fineness of GGBS
with the specific surface (3775 cm2/g) lower than the specific surface of Portland cement
(4385 cm2/g). Finer ground cements react more energetically with water and develop
greater shrinkage after setting through stronger hydration and greater increase in the
amount of gels [32].

The slag aggregates (ACBFS) also influenced the concrete shrinkage through grain
size, porosity, and angularity greater than fine sand (NA) [74]. The ACBFS aggregates
have larger grains than (NA) and higher porosity. After 24 h of immersion in water, the
absorption coefficient was 10% higher in ACBFS aggregates compared to NA, the results in
Table 2. Due to the crushing process, the angularity is higher in ACBFS aggregates than
in NA. The larger grain size, shape, and porosity of ACBFS aggregates compared to NA
lead to higher water absorption, in agreement with NA [75]. To avoid early shrinkage
and reduction of freeze-thaw resistance, the slag aggregates must be brought to the SSD, a
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saturated state with the dry surface at the time of concrete preparation, as well as the use
of a water-reducing admixture and an air-entraining admixture [76], conditions met in the
laboratory for the compositions in this experiment.

4.2. Tensile Strengths by Bending and Compression

The tensile strength results show acceptable values between 3 and 6% for CoV and
deviations between 0.19 and 0.35 MPa, of max. 6.06% for SD. For the compressive strengths,
the coefficient of variation (CoV) of 4.65 MPa and the standard deviation (SD) of 0.6% with
the highest value was recorded for the control composite S414. It can be appreciated that
the dispersion of the results in Table 6 has a reasonable quality in a range from 1 to 6%,
below the allowed limit of 15%, indicated in the paper [77].

Figure 5a presents the diagram of the tensile strengths at the age of 150 days and
the evolution coefficients related to the reference resistances at 28 days. There is a more
pronounced growth in the control composite S360 (1.23) and the composite with the furnace
slag S54/20 (1.19) compared to the rest of the composites, in which the ratio was within
the range 1.10–1.11. The decrease in tensile strength of the composite S414 (5.77 MPa)
and S54/40 (5.78 MPa) has been largely influenced by the increase of shrinkage, caused
by the superficial microcracking that develops especially at high cement dosages [32]. In
Figure 5b, it is observed in the composites with high dosage of cement 414 kg/m3 a decrease
in tensile strength with the increase of contraction, the function of the power between the
two features registered a very good correlation coefficient (R2 = 0.98), confirming results
also found in the paper [78]. Substitution (NA) with aggregate ACBFS led to increased
tensile strength in the composite S54/20 (6.57 MPa) and S54/60 (6.31 MPa). The use of
aggregate (ACBFS) increased adhesion to cement paste and tensile strength, because the
asperities of the crushed aggregate surface are greater than those of NA [76].
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Figure 5. (a) The tensile strengths at 150 days and evolution coefficients from 28 to 150 days; (b) the
relationship between contraction and tensile strength at 150 days; (c) compression strength at 480 days
and evolution coefficients from 28 to 480 days.

Figure 5c presents the compression resistance diagram and evolution coefficients
related to the reference resistances at 28 days. The highest compression resistance is
observed for composite S54/60, closer for S54/20, and lower for S54/40, but the values
registered are above the level of the control composites S360 and S414, at the age of
480 days. As expected, the evolution coefficients of mechanical resistances at the age of 480
are higher than those at 150 days compared to the reference attempts at 28 days. According
to other studies, compression resistances have improved considerably after the age of
56 and 90 days of hardening for the concrete that contained GGBS. The improvement of
compression resistances is attributed to the pozzolanic reaction of GGBS, which continues
gradually compared to hydration (OPC) [79–81].
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4.3. Corrosion Resistances in Carbonation

The photo images in Figure 2a,b show that the samples were not affected by the
carbonation up to the age of 480 days, as the color of the indicator solution (red-purple)
remained uniform throughout the surface of the cement stone, from the inner region to the
outer edges of the samples. These results suggest that the diffusion of carbon dioxide has
not occurred in the cement matrix, a phenomenon prevented by the compactness of the
concrete cement stone [37,82].

4.4. Characterization of the Microstructure of Road Concrete
4.4.1. X-ray Diffraction

Albite (Ab) is a component of the plagioclase feldspar family, which is often present in
the siliceous mineral aggregates that make up concrete [83] and in cement-based mortars
containing recycled fine aggregates [84]. Ab is the major crystalline component for compos-
ites with blast furnace slag S54/20, S54/40, and S54/60, while for the control samples S360
and S414, quartz (SiO2) becomes the main crystalline phase. The C-S-H product, which
influences the increase of mechanical resistance and impermeability [76,85], registers a
high frequency for the S54/20 and S54/60 composites, a reduced frequency for the control
(S360 and S414) compositions, and a low frequency for the S54/40 composite (Table 7).
This evolution is consistent with the mechanical resistance results presented above. The
CH product does not influence the mechanical resistances, but the addition of SCM in the
cement paste can form additional C-S-H [86]. The ettringite (C-A-S-H) affects concrete
structures due to the formation of secondary ettringite, which is expansive within the
material [87]. After a longer curing period, the products (CH and C-A-S-H) display lower
frequency. It is known that the presence of the amorphous phase leads to the development
of a high pozzolanic activity [88]. The amorphous phase presented as the difference from
the crystalline phase suggests the highest pozzolanic activity in the composites S54/20 and
S54/60, followed by S54/40, all being above the level of control samples S414, a possible
explanation being the addition of GGBS (Figure 6a). The slag (GGBS) reacts slowly in
the presence of water but becomes reactive in the presence of calcium hydroxide (CH)
in the pore solution of hydrated Portland cement [76]. For the same cement dosage, the
compressive strengths increase with the decrease of the crystalline phase according to a
second-order polynomial relationship, having a very good correlation coefficient (R2 = 0.96)
(Figure 6b).
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Figure 6. (a) The crystalline and amorphous phase content at 480 days of age: (b) Relationship
between compressive strength and crystalline phase of S414, S54/20, S54/40, S54/60 samples at
480 days.

4.4.2. Measurements with Electronic Microscopy with SEM-EDX Scanning

The topography, pore size, and morphology of S360, S414, S54/20, S54/40, and
S54/60 samples at advanced age (480 days) were studied by SEM-EDX and are shown
in Figure 7. For a more complex characterization of the pore structure, some authors use

45



Materials 2023, 16, 3332

methods such as mercury intrusion porosimetry (MIP) and fractal dimensions [89–91]. Still,
for this work, the SEM technique was used because it provides information about the
surface structure and several information about the porosity of the sample up to the mini-
mum size at which one can be identified. As can be observed, their surfaces are irregular
and inhomogeneous with large pores characteristic of air holes (>several µm) [92]. The
presence of several characteristic mineral phases can be observed. Figure 7a–e show higher
magnification images of examined samples, giving more information about the structure
on the surface of the sample. S360 (Figure 7a) has large pores filled with ettringite needles
and calcium hydroxide platelets [93,94]. With increasing Portland cement content, S414,
the presence of well-defined portlandite crystals [94] can be observed at high magnification.
In the case of S54/20 and S54/40, the addition of slag leads to a decrease of portlandite
crystals, on the surface of which only small crystals can be observed. For S54/60, the den-
dritic growth of CaCO3 [94] can be observed in addition to the calcium hydroxide platelets.
SEM analysis is consistent with XRD patterns showing maximum peaks for portlandite at
S360 and S54/60.
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Figure 7. SEM images of (a) S360; (b) S414; (c) S54/20; (d) S54/40; (e) S54/60.

Knowing that the pore radius and spacing demonstrate the samples’ compactness, a
comparison was made using the data in Table 8 and Figure 8a–e. The smaller pore radius
(characteristic of air holes) is for samples S360 and S54/60 which show the highest content
of portlandite crystals. The highest spacing between pores was obtained for S54/20, which
shows the lowest content of portlandite crystals. The results indicate a correlation between
the samples’ compactness and the portlandite crystals’ content. Portlandite being the most
soluble constituent, it is the easiest to wash with water, it affects the cement stone through
corrosion. The presence of a higher portlandite content in S360 and S54/60 results in
smaller pores located at smaller a distance between them and thus a higher pore density.
A lower quantity of portlandite content is observed in S54/20 which has higher pores at
higher distance between them.
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Figure 9a–j show the map surface and spectra of S360, S414, S54/20, S54/40, and
S54/60 samples and the results obtained are presented in Table 9.
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(i,j) S54/60 samples at high magnification.

For all samples except S414, the predominant element besides oxygen is calcium. The
results obtained for S414 indicate an inhomogeneity of the sample, with areas with many
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portlandite crystals and areas with small amounts of calcium, with the formation of silicon
structures.

The ratio Ca/Si shows different variation:

• for S360 and S414, the values are below a value of 0.66 [95,96]. This indicates the
formation of other silicate phases in the samples.

• for S54/20 and S54/40, the values are in the interval of values indicating the presence
of different forms of C-S-H in the samples [95,96];

• for S54/60, the value of 12.86 indicates the presence of a majority of calcium-based
structures.

5. Conclusions

In this paper, the performance of road concretes with GGBS and ACBFS were evaluated
in the long term up to the age of 150 and 480 days. The results obtained from the evaluation
of the contraction and the tensile strength at the age of 150 days, of the compression,
carbonation, and microstructure characterization by the degree of crystallinity and the
mineralogical composition at the age of 480 days lead to the following conclusions.

Up to the age of 480 days, the road concrete composites were not affected by carbona-
tion corrosion.

XRD-SEM-EDX analysis suggests the lowest content of portlandite crystals for the
S54/20 composite.

Very good compactness and low portlandite content result in the best corrosion resis-
tance for the S54/20 blend.

The compressive strengths recorded the highest values for the compositions S54/20,
S54/40, and S54/60.

The reaction products of the tobermorite group (C-S-H) as well as albite and quartz
content were the main phases for the S54/20 and S54/60 composites with obtained the best
mechanical strengths.

The reduction of the water-to-binding ratio as well as the grinding fineness of the GGBS
powder diminishes the contractions in the slag mixtures compared to the control samples.

The reduction of hardening contractions positively influenced the tensile strength by
bending to the composites S54/20 and S54/60 compared to the control composite S414.

Using crushed aggregate (ACBFS) with higher asperities than sand led to increased ten-
sile strengths in S54/20 and S54/60 composites due to higher adhesion to the cement paste.

For the S54/20 and S360 composites, due to the decrease of contractions in the hard-
ening process, there were the largest increases in bending tensile strengths at 150 days
compared to 28 days.

For the same dosage of binder, the value of shrinkage during hardening decreased by
32.02% in the S54/20 composite and by 27.53% in the S54/60 composite compared to the
control mixture S414 at the age of 150 days.

For the control composites, the main phase was quartz, while for the S54/40 composite
it was albite. The addition of GGBS indicated a change in the morphology of the cement
paste, favoring the formation of hydration product (C-S-H) for S54/20, S54/40, and calcium-
based structures for S54/60.

The results presented in this paper contribute favorably to the opportunity and neces-
sity of using road concrete containing blast furnace slag.

Future research should focus on the realizing of experimental concrete sectors with
blast furnace slag subject to monitoring under the combined effect of temperature variations,
traffic and chemical actions.

Last but not least, it is necessary to study the variation of the elasticity module in the
case of slag road concretes as well as the opportunity to use other green materials that can
reduce the carbon footprint, while maintaining the physical and mechanical properties at a
high level.
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Abstract: This paper presents an assessment of the effect of isothermal annealing of Sn whisker
growth behavior on the surface of Sn0.7Cu0.05Ni solder joints using the hot-dip soldering technique.
Sn0.7Cu and Sn0.7Cu0.05Ni solder joints with a similar solder coating thickness was aged up to
600 h in room temperature and annealed under 50 ◦C and 105 ◦C conditions. Through the observa-
tions, the significant outcome was the suppressing effect of Sn0.7Cu0.05Ni on Sn whisker growth
in terms of density and length reduction. The fast atomic diffusion of isothermal annealing con-
sequently reduced the stress gradient of Sn whisker growth on the Sn0.7Cu0.05Ni solder joint. It
was also established that the smaller (Cu,Ni)6Sn5 grain size and stability characteristic of hexag-
onal η-Cu6Sn5 considerably contribute to the residual stress diminished in the (Cu,Ni)6Sn5 IMC
interfacial layer and are able to suppress the growth of Sn whiskers on the Sn0.7Cu0.05Ni solder
joint. The findings of this study provide environmental acceptance with the aim of suppressing
Sn whisker growth and upsurging the reliability of the Sn0.7Cu0.05Ni solder joint at the electronic-
device-operation temperature.

Keywords: Sn whisker; Sn0.7Cu0.05Ni; IMC interfacial; (Cu,Ni)6Sn5; solder joint; annealing;
suppression; mitigation

1. Introduction

The main impetus of Sn whisker nucleation and growth is residual stress [1–3] by
soldering. As a response over time, stresses release mechanism by diffusion [2,4,5] and
compressive residual stress, and Sn whiskers are initiated and protrude out spontaneously
at their base of substrate that may contribute immense apprehension to the electronics
industry [1,6,7]. The major source of compressive stress in lead-free solder joints is inter-
metallic compound (IMC) interfacial evolution as per the continuous reaction of a Sn-rich
solder with a copper (Cu) substrate forming intermetallic compounds within the grain
boundaries [2,5,7–11]. The formation of the Cu6Sn5 layer by the IMC growth–diffusion
gradient between 109 ◦C and 220 ◦C is an adequate and continuously controlled deliberate
reaction process [1]. Illés et al. established the ability of spontaneous Sn whiskers to initiate
and grow on surface of a solder joint with an average thickness of solder coating of 400 nm
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as deposited. They also provided evidence that the main stimulus of the whiskering inten-
sity on the solder coating surface is induced by high compressive stress of IMC interfacial
layer [2].

The properties of the lead-free solder joint between the Sn-rich solder and the Cu
substrate affect the Sn whisker growth behavior of the surface. Horvath et al. concluded that
the thickness of the solder coating and the grain size are the main properties accountable
for Sn whisker behavior [12,13]. A thicker solder coating provides better stress relaxation
capacity [2,14] and exhibits a lower inclination to whisker nucleation and growth. A thicker
solder coating requires more incubation time for the interfacial IMC to diffuse and move
up the grain boundaries to develop the occupied compressive stress cell [13]. Horváth et al.
endorsed that the thickness of the solder coating for electronic devices should be 8 µm at
minimum in order to suppress the vulnerability of Sn whisker growth, as well to prolong
incubation time [13]. The effect of solder grain size also correspondingly contributes stress
that is induced in solder coating. To correlate the atomic diffusion of the grain boundary and
the formation of the IMC interfacial layer, it is accepted that more stress is produced during
grain boundary diffusion of smaller grains. However, Sn whiskers proceed with lower
stress for the purpose of grain boundary sliding for nucleation and growth in small grain
boundary diffusion. As an outcome, the resistance of smaller grains is improved against the
low residual stress gradient on behalf of the stress relaxation of the solder coating layer [13].
In a previous study, Hashim et al. found that Sn0.7Cu0.05Ni with a smaller grain size of
(Cu,Ni)6Sn5 had a lower inclination to Sn whisker propensity compared to the Sn0.7Cu
solder joint [14].

Numerous studies of mitigation methods have been suggested to suppress Sn whisker
formation. The conformal coating or the added-nickel (Ni) under-layer between the solder
and the Cu substrate is a well-known method used to mitigate Sn whisker formation [10],
which has comparable outcomes to avoiding large grain growth of the IMC interfacial layer
between a Sn-rich solder and a Cu substrate. Distinctly, these approaches are significant in
terms of temporary effect as, in many cases, Sn whiskers are able to penetrate conformal
coatings. The findings of these reference studies are accepted in terms of delayed incuba-
tion time for Sn whisker growth [3,10]. Isothermal annealing is also one of the common
methods used to mitigate the Sn whisker by developing a fine and uniform IMC interfacial
layer between the Sn-rich solder and the Cu substrate. This IMC interfacial layer inhibits
the formation of a large grain in the IMC layer by promoting fast diffusion of Cu grain
boundaries in the Sn-rich layer and yielding the relief of internal stresses in the solder
joint [8,13].

In the view of the constrained temperature range for the nucleation and growth of Sn
whiskers, there has been limited significant research on how isothermal annealing affects
Sn whisker behavior [15]. When the temperature is too low, slow atomic diffusion, takes
place, owing to the insufficient kinetics. Furthermore, when the temperature is too high,
fast atomic diffusion occurs; therefore, there is not enough of a driving gradient because of
stress release [8]. As stated in previous research, isothermal annealing at 150 ◦C and aged
for 30 min is a representative technique used for the inhibition of Sn whisker growth at
ambient temperatures. Fukuda et al. conducted a reduction assessment of whisker density
periodically over 8 months with isothermal annealing at 50 ◦C [7]. They also detected a
reduction in maximum Sn whisker length with isothermal annealing at 150 ◦C and ageing
for 1 h. In addition, Kim et al. also asserts that annealing at 125 ◦C is useful to the inhibition
of Sn whisker growth without the growth of Cu3Sn [13].

The purpose of this study was to analyze the effects of isothermal annealing on
Sn whisker growth behavior of the Sn0.7Cu0.05Ni solder joint using the hot-dip solder-
ing technique. Isothermal annealing at 50 ◦C and 105 ◦C with an ageing time of up to
600 h pointedly represents an accelerated test to obtain life extrapolation at the electronic-
device-operation temperature. To evaluate the practicality of the mitigation strategies of Sn
whiskers, the Sn0.7Cu solder joint was used as a point of reference.

57



Materials 2023, 16, 1852

2. Materials and Methods
2.1. Materials and Sample Preparation

The lead-free solder alloys of Sn-0.7Cu and Sn-0.7Cu-0.05Ni were provided by Nihon
Superior Co., Ltd. in Osaka, Japan. For sample preparation, the high-purity Cu substrate
(1.5 cm× 1.5 cm× 0.1 cm) was cleaned with a 5% hydrochloric acid solution and deionized
water for 3 min to remove surface oxides, then it was rinsed with acetone followed by
distilled water, and subsequently air-dried to dispose of oil impurity. Then, the Cu substrate
was dipped in a standard halogen rosin-activated flux solution of the Japanese Industrial
Standard, JIS Z3198-4, in order to seal out air and improve soldering wetting characteristics.

2.2. Hot-Dip Soldering

The Sn-0.7Cu and Sn-0.7Cu-0.05Ni solder joint was synthesized using the hot-dip
soldering technique. This technique provides well-controllable lead-free solder coating
thickness parameters. During the hot-dip soldering process, the molten solder pot was
heated up to 265 ◦C and the Cu substrate was placed between a pair of blower air knives.
The Cu substrate was immersed in molten solder for 2 s and withdrawn at a speed of
10 mm/s. During withdraw, the air knives system wiped down the excessive solder
(tinning process) adhered on both sides of the substrate surface by impinging the pressured
hot air as shown in Figure 1. The controllable hot air of the knives was used to control the
thickness of the total solder coating and the uniformity of the coating, particularly near the
substrate edge. The pressure of hot air comprised the range 0.1 MPa to 1.0 MPa to obtain
the condition of comparable solder coating thickness for Sn whisker growth evaluation.
The samples were then washed with acetone and distilled water after cooling for 30 min.
In order to saturate the internal residue stress induced by Cu6Sn5 IMC formation, samples
were aged for 48 h at room temperature.
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Figure 1. Schematic diagram of a hot-dip soldering process.

2.3. Testing and Characterization

The samples of the Sn0.7Cu and Sn0.7Cu-0.05Ni solder joint was investigated by
performing isothermal annealing at 50 ◦C and 105 ◦C for ageing times 0, 100, 200, 300,
400, 500, and 600 h. The samples were annealed in a mechanical-convection heating oven
provided by Thermo Scientific. For reference assessment, the samples were observed at
room temperature with the same ageing time (0–600 h).

The metallography surface and cross-section of the solder joint morphology of Sn
whisker behavior were found using the secondary and backscattered electron imaging
approaches of a scanning electron microscope, SEM (JEOL-JSM-6010LA), JEOL Ltd., Tokyo,
Japan. The samples were deep-etched using 2% 2-nitrophenol, 5% sodium hydroxide
solution, and 93% distilled water for a top view of the Cu6Sn5 IMC interfacial layer. Figure 2
presents the illustrative cross-sectional schematic of the solder joint. A measured average
value of five interpretations of the thickness value of the solder coating, the IMC interfacial
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layer, and particle size analyses were examined using Image-J programmed software (1.8.0
open source software) as specified in previous research [14].
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The statistic evaluation of Sn whisker behavior was measured based on the whisker
standards (JESD22-A121A) of the Joint Electron Device Engineering Council (JEDEC).
The analyses of the length and density distribution of the Sn whisker were structured
with ±5% accuracy and five preference average values of interpretations analyses using
Image-J Software. In order to attain a statistically consistent assessment, the density of
Sn Whiskers were analyzed using the binary thresholding image-segmentation technique.
This technique separates the foreground pixels from the background pixels and produces
binary segmentation images from Scanning electron microscopy (SEM) grayscale images as
illustrated in Figure 3a,b. Respectively, Figure 3c,d indicate the validation of the elemental
Sn whisker assessment using SEM-EDX analyses.
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element analyses of Sn whisker (a) SEM-EDX grayscale image, (b) binary thresholding segmentation
image, (c) EDX of point 001, (d) EDX of point 002.

For wettability analyses, the samples of the Sn0.7Cu and Sn0.7Cu0.05Ni solder were
rolled and punched into a diameter of 0.2 mm, then reflowed onto the Cu substrates. The
reflow time was conducted at 250 ◦C for 127 s. The samples were mounted, carried out
using an optical microscope (OM) and Image-J software for wettability properties. This
investigation was attained by measuring the wetting degree of the contact angle between
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the Sn-rich solder and the Cu substrate. The thermodynamic assessment of the phase
diagram, phase equilibrium, and phase transformation was validated using the Calphad
method and Thermo-Calc-2021a database TCSLD v3. 3. A binary crystal structure phase
diagram of Sn-Cu and Sn-Ni preferred to justify the phase transformation of Sn0.7Cu and
Sn0.7Cu0.05Ni evidently.

3. Results and Discussion

It should be noted that Sn whisker nucleation and growth is significantly correlated
to total solder coating thickness. A thicker solder coating resulted in more residual stress
and incubation time of Sn whisker growth on the solder surface [2,14–20]. Figure 4 shows
a thickness observation of the total solder coating after hot-dip soldering with different
pressures of hot air knives. The data clearly show the conditions of the equivalent solder
coating thickness for Sn0.7Cu and Sn0.7Cu0.05Ni in the evaluation of Sn whisker growth.
The total solder thickness decreased proportionally to the hot air knives’ pressure, as well
as dissimilar thicknesses with different type of solder. In order to obtain comparable solder
thicknesses for both Sn0.7Cu and Sn0.7Cu0.05Ni, the hot air pressure was in the wide range
of 0.1 to 10 MPa. At the lowest pressure of the hot air knives, 0.1 MPa, the total solder
coating of Sn0.7Cu was 16.74 µm (A), and Sn0.7Cu0.05Ni was 13.82 (B) µm. Meanwhile,
at the highest pressure of 10 MPa, the total solder coating of Sn0.7Cu was 13.20 µm and
8.68 µm for Sn0.7Cu0.05Ni. The similar total thickness coating of Sn0.7Cu was 13.34 µm
(C) at 0.9 MPa, and Sn0.7Cu0.05Ni was 13.31 µm (D) at 0.2 MPa.
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Figure 4. The solder coating thickness of Sn0.7Cu and Sn0.7Cu0.05Ni with hot air knives’ pressure.

This consequence noticeably shows the purpose of hot air knives in controlling the
thickness of the total solder coating. Additionally, the variation in total solder thickness
significantly indicates the solder wettability properties of Sn0.7Cu and Sn0.7Cu0.05Ni. The
wettability of the solder was evaluated through the wetting angle of the solder joint as
presented in Figure 5. A larger wetting contact angle allows for a higher-thickness solder
coating to be completed. The Sn0.7Cu0.05Ni solder joint showed better wettability with
a smaller contact angle, θ = 16.8◦, related to the Sn0.7Cu solder joint with contact angle
θ = 27.2◦. The superior fluidity properties of the Sn0.7Cu0.05Ni solder alloy are capable
of producing reliable in the uniformity of the thickness of the Cu substrate. As agreed by
Gain et al., Ni alloying enhances wettability, which may influence the mechanical reliability
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of the interconnection [16]. The optimum wettability that relates to lower surface-interfacial
energy could be achieved by minimizing the contact angle value [17].
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Figure 5. The wetting contact angle of solder joint (a) Sn0.7Cu, (b) Sn0.7Cu0.05Ni.

Figure 6 shows the average Sn whisker densities of the Sn0.7Cu and Sn0.7Cu0.05Ni
solder joints with an average total solder thicknesses ±13.3 µm, ageing up to 600 h in room
temperature, and annealed under 50 ◦C and 105 ◦C conditions. From the observation, most
of the Sn whiskers were grown and noticed after 100 h of ageing under all conditions. After
ageing up to 600 h at room temperature, the reference sample showed that the density of
the Sn whisker reached 128 pcs/mm2 on the Sn0.7Cu solder joint and 84 pcs/mm2 on the
Sn0.7Cu0.05Ni solder joint. Additionally, for the Sn0.7Cu and Sn0.7Cu0.05Ni solder joints,
the observation also showed an increased growth in the Sn whiskers with annealed ageing
time. Additionally, the density of Sn whisker growth indicated a reduction trend in the
increase in isothermal annealing temperature. It is interesting to point out that the intensity
of Sn whisker formation is higher at Sn0.7Cu related to the Sn0.7Cu0.05Ni solder joint.
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Figure 7 shows the surface morphology of Sn whisker nucleation and growth on
Sn0.7Cu0.05Ni at ageing times 100 h, 300 h, and 600 h with room temperature ageing,
50 ◦C isothermal ageing, and 105 ◦C isothermal ageing. The number of Sn whiskers on
the Sn0.7Cu0.05Ni solder joint with isothermal ageing increased scattering with ageing
duration. Furthermore, the intensity of Sn whisker growth increased with ageing at room
temperature of the reference sample, compared to the annealed samples under 50 ◦C
and 105 ◦C conditions. After 100 h ageing time, the scattered nucleation of Sn whiskers,
particularly under room temperature conditions, can be observed. It can also be observed
that Sn whiskers significantly intensify to initiate after 300 h of ageing.
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Figure 7. Surface morphology of Sn whisker growth on Sn0.7Cu0.05Ni aged at 100 h, 300 h, and
600 h with isothermal ageing at (a) room temperature, (b) 50 ◦C, and (c) 105 ◦C.

The length of the Sn whiskers after 600 h of ageing time at room temperature was
obviously longer and had a greater density of Sn whisker growth per unit area. However, in
the case of the annealed samples, the 105 ◦C condition increased the density of Sn whisker
growth compared to the annealed samples 50 ◦C. It can be determined that isothermal
annealing is functional for Sn whisker mitigation. The significant outcome was detected
through the observation of the suppressing effect of Sn0.7Cu0.05Ni on Sn whisker growth
in terms of density and length reduction.

The average Sn whisker lengths measured indicate that isothermal annealing is effec-
tive at reducing whisker lengths as observed in Figure 8. The length of the Sn whiskers
increased with increasing ageing time and annealing temperature. The condition where
the annealing temperature was elevated from 50 ◦C to 105 ◦C had a small length-reducing
effect. This decrease effect was similar for both the annealed Sn0.7Cu and Sn0.7Cu0.05Ni
solder joint samples. It was reported by Kim et al. that the behavior of Sn whiskers after
50 ◦C isothermal annealing for 6-month ageing is similar to Sn whisker growth in ambient
storage for a 1-year-ageing duration in terms of size and of shape [21]. It is also notewor-
thy that Sn0.7Cu0.05Ni was seen to reduce the length of the Sn whiskers compared to
Sn0.7Cu, either in room temperature or annealing temperature. This further confirms that
Sn0.7Cu0.05Ni has a suppression effect in retarding the length of Sn whiskers.

Figure 9 identifies the quantitative assessment of nucleation and growth from a small
nodule to the longest-length 763 µm Sn whiskers assessed from the surface of the Sn0.7Cu
solder coating with 50 ◦C isothermal annealing and up to 600 h ageing time. The assessment
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of the kinetic growth of Sn whiskers are relative to the stress gradients induced in the solder
coating layer [5]. Moreover, it can be clearly observed in Figure 9d that the conductive
Sn whiskers able to grow longer may lead to reliability apprehension in miniaturization
trends in the electronics industry [22]. This finding did not certainly occur toward the
end of the observation as long Sn whiskers have a tendency to break off impulsively [13].
Additionally, Tu et al. validated that it is possible to short circuit as the Sn whiskers could
break and fall between two neighboring conductors [8].
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Figure 9. A quantitative evaluation of Sn whisker growth on the surface of the Sn0.7Cu solder joint
with isothermal annealing at 50 ◦C for (a)100 h; (b) 200 h; (c) 400; and (d) 600 h.

Figures 10 and 11 show the comparison between Sn whisker growth behavior on the
Sn0.7Cu and Sn0.7Cu0.05Ni solder joints with isothermal annealing at 105 ◦C for 400 h.
Sn whiskers of the long filament with a very high aspect ratio were commonly observed
on the surface of the Sn0.7Cu solder joint, whereas the short Sn whiskers or hillocks were
spotted on the surface of Sn0.7Cu0.05Ni solder joint. Figure 10 presents kinked Sn whiskers
growing from the nodule with fine striation marks along the length of the outer surface. The
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Sn whisker displays fine striations along the whisker axis grooves along their length that
are characteristic of typical Sn whiskers seen in the literature, as Sn whiskers are extruded
and tend to propagate from the weakest points of grain boundaries [21] through surface
cracks and imperfection sites.
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Figure 10. SEM-EDX analyses of kinked Sn whisker growing from nodule on Sn0.7Cu solder joint
with isothermal annealing at 105 ◦C for 400 h.

Figure 11 shows the evaluation results of Sn whisker growth behavior on the Sn0.7Cu0.05Ni
solder joint. However, a small composition of 0.05% Ni added to the Sn0.7Cu solder
prompted a significant suppression effect on Sn whisker aspect-ratio growth. It was
perceived that the Sn whiskers became denser and shorter than Sn whiskers on the Sn0.7Cu
solder joint. The rate of Sn whisker growth on the Sn0.7Cu0.05Ni solder joint was much
slower than that of the Sn0.7Cu solder joint with a divergent aspect ratio and morphology.

The formation of the Cu6Sn5 IMC interfacial layer between the Cu substrate and
the Sn-rich solder was closely related to the Sn whisker growth behavior. In view of
the formation of the Cu6Sn5 IMC interfacial layer as a main stimulus of the compressive
stress in the solder coating layer, the effect of isothermal annealing had to be consid-
ered a substantial reliability aspect of the Sn whisker acceleration factor. An isothermal-
annealing accelerated test provided the thermal kinetic mechanism of a lifetime at the device
operation temperature.

Figure 12 presents the growth revolution of the thickness morphology of the (Cu,Ni)6Sn5
IMC interfacial layer on the Sn0.7Cu0.05Ni solder joint after isothermal ageing for 300 h
at room temperature, annealed at 50 ◦C and 105 ◦C. It was revealed that the thickness of
the (Cu,Ni)6Sn5 IMC interfacial layer was upsurged and uniform relative to the isothermal
ageing temperature and duration. The average thickness of the (Cu,Ni)6Sn5 IMC interfacial
layer aged for 300 h at room temperature was 1.34 µm and increased to 3.52 µm after
annealing at 50 ◦C, before increasing to 5.48 µm after annealing at 105 ◦C. It proposes
that Cu atoms diffuse more intensely through higher activation energy in the Sn solder
layer at the isothermal annealing temperature. The activation energy and growth rate of
the (Cu,Ni)6Sn5 IMC interfacial layer on the Sn0.7Cu0.05Ni solder joint were stimulated
by the isothermal annealing temperature. At 105 ◦C, the growth of the (Cu,Ni)6Sn5 IMC
interfacial layer with a higher Cu diffusion rate was faster compared to being annealed at
50 ◦C. Additionally, the uniform and stable IMC interfacial layers could be protective layers
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for Sn whisker nucleation from the solder joint [15]. In addition, isothermal annealing
possibly significantly decelerates the irregular growth of Cu6Sn5 IMC interfacial layer
against bulk diffusion and reduce lattices imperfections thus diminish residual stress in
solder coating [15].
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Figure 11. SEM-EDX analyses of faceted Sn whisker on Sn0.7Cu0.05Ni solder joint with isothermal
annealing at 105 ◦C for 400 h.
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Figure 12. An assessment of the (Cu,Ni)6Sn5 IMC interfacial layer on the Sn0.7Cu0.05Ni solder joint
after ageing for 300 h at (a) room temperature, (b) isothermal annealing 50 ◦C, and (c) isothermal
annealing 105 ◦C.
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In correlation with the stress generation due to the formation of the IMC interfacial
layer and the growth rate of the Sn whiskers, it is supposed that the stress is relieved
in sequence to the fast atomic diffusion of the IMC interfacial layer [8], and therefore
reduces the stress gradient of Sn whisker growth. In this study, the formation of the
Cu3Sn IMC interfacial layer was not obviously apparent, possibly because Sn0.7Cu0.05Ni
suppressed the formation of the Cu3Sn IMC interfacial layer [23,24]. It was observed that
the formation of the Cu6Sn5 and Cu3Sn IMC interfacial layer during isothermal annealing
was able to be function as a continuous diffusion barrier and was thus less prone to whisker
formation [8,15].

It is marked that the grain structure of the IMC interfacial layer also intensely regu-
lates the behavior of Sn whisker growth. Figure 13 show the microstructure and particle
size analyses of the Cu6Sn5 and (Cu,Ni)6Sn5 IMC interfacial layer after isothermal ageing for
300 h at 50 ◦C. It is remarkable that the average grain size of (Cu,Ni)6Sn5 was
1.143 µm, which is considerably smaller than average grain size of Cu6Sn5 1.953 µm.
It was established by Horvath et al. that a larger grain size induced more susceptibility to
Sn whisker growth. The smaller grain sizes result in smaller grain boundary areas, which is
a consequence for Sn whisker grains as it takes less stress to cause grain boundary sliding.
Thus, the Sn0.7Cu solder joint is more vulnerable to whiskering than Sn0.7Cu0.05Ni [13].
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Figure 13. Morphology and particle size analyses of IMC interfacial layer after aging for 300 h at
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The accompanying aspect that inclines the invulnerable growth of the Sn whisker
in the Sn0.7Cu0.05Ni solder joint is the phase stabilization of the IMC interfacial layer.
Figure 14 shows a summary of the binary phase equilibrium for the Sn-Cu and Sn-Ni
system using Thermo-Calc software. It presents the allotropic transformation of Cu6Sn5
IMC, occurring at a temperature that falls approximately below 186 ◦C, which causes a
structural change from hexagonal η-Cu6Sn5 to monoclinic η’-Cu6Sn5 [24]. Meanwhile, the
(Cu,Ni)6Sn5 IMC maintains stability in the hexagonal η-Cu6Sn5 phase. The stabilizing effect
of the crystal structure the during cooling process in the hexagonal η-Cu6Sn5 phase inhibits
volume modifications that may possibly come up with the residual stress diminished in the
IMC interfacial layer [14,25,26]. The thermal reduction difference in the Sn solder and the
substrate for the duration of the cooling process from the deposition soldering temperature
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correspondingly contributes to Sn whisker formation. In addition, the transformation
of volume expansion in the intermetallic layer is significant to the properties of lower
density of the IMC interfacial layer related to the Cu substrate. The volume expansion
also produces compressive stresses of the Cu and Sn interface in the vertical direction
against Sn solder coating [2]. Therefore, it is suggested that the stability characteristic of
the (Cu,Ni)6Sn5 IMC is able to suppress Sn whisker growth on the Sn0.7Cu0.05Ni solder
joint [14].
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4. Conclusions

The assessment of Sn whisker growth behavior on the surface of the Sn0.7Cu0.05Ni
solder joint using the hot-dip soldering technique was examined after ageing to 600 h at
room temperature, annealed under 50 ◦C and 105 ◦C conditions. The obtained conclusions
are as follows:

(i) The Sn whisker growth on the Sn0.7Cu0.05Ni solder joint was significantly mitigated
with isothermal annealing.

(ii) Isothermal annealing stimulates the activation energy and faster atomic diffusion of
the IMC interfacial layer and hence reduces the stress gradient for Sn whisker growth
on the Sn0.7Cu0.05Ni solder joint.

(iii) The stability characteristic of hexagonal η-Cu6Sn5 significantly contributes to the
residual stress diminished in the IMC interfacial layer of (Cu,Ni)6Sn5 IMC and is
able to suppress the formation and growth of Sn whiskers on the Sn0.7Cu0.05Ni
solder joint.
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The findings of this study provide environmental acceptance with the aim of suppress-
ing Sn whisker growth and upsurging the reliability of the Sn0.7Cu0.05Ni solder joint at
electronic-device-operation temperature.
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Abstract: A molded expanded polystyrene (EPS) cushion is a flexible, closed-cell foam that can be
molded to fit any packing application and is effective at absorbing shock. However, the packaging
waste of EPS cushions causes pollution to landfills and the environment. Despite being known to
cause pollution, this sustainable packaging actually has the potential to reduce this environmental
pollution because of its reusability. Therefore, the objective of this study is to identify the accurate
design parameter that can be emphasized in producing a sustainable design of EPS cushion packag-
ing. An experimental method of drop testing and design simulation analysis was conducted. The
effectiveness of the design parameters was also verified. Based on the results, there are four main ele-
ments that necessitate careful consideration: rib positioning, EPS cushion thickness, package layout,
and packing size. These parameter findings make a significant contribution to sustainable design,
where these elements were integrated directly to reduce and reuse packaging material. Thus, it has
been concluded that 48 percent of the development cost of the cushion was decreased, 25 percent of
mold modification time was significantly saved, and 27 percent of carbon dioxide (CO2) reduction
was identified. The findings also aided in the development of productive packaging design, in
which these design elements were beneficial to reduce environmental impact. These findings had a
significant impact on the manufacturing industry in terms of the economics and time of the molded
expanded polystyrene packaging development.

Keywords: closed-cell foam; drop test; finite element analysis; design parameter; protective packaging

1. Introduction

Packaging design is an important element in the packaging value chain along the
product distribution process because it will determine the effectiveness of the protected
product [1,2]. The packaging design also functions as a crucial component in the packaging
value chain because it determines the materials, manufacturing process, and environmen-
tally friendly options for disposal [3,4]. The molded expanded polystyrene (EPS) cushion
serves as protective packaging to prevent a product from shock and vibration impacts [4–6].
This packaging application has been extensively utilized across many industries, not only
in food packaging, but also for all kinds of fast-moving consumer goods and household
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and electronic appliances [7–11]. Presently, the most popular polymer-based cushioning
for home appliances is polystyrene (PS) foam [12]. Polystyrene foam is classified into two
types: expanded rigid open-cell, which produces loose-fill foam, and expanded flexible
closed-cell, which can be molded into a variety of shapes with a normal density range from
11 to 32 kg/m3 [13–16]. Due to its high impact resistance, its ultralightweight, durable, low
thermal conductivity, and its ability to be molded into any shape or size, this rigid foam has
been used as a shock absorber (inserts) in a variety of packaging appliances [7,12,17–21].

Today’s manufacturing industry is rapidly evolving to provide competitive prod-
ucts [6,22]. This product development is also improving in parallel with new technologies
nowadays [23]. However, global production will continue wreaking havoc on society and
the environment if these tendencies are not promptly addressed [24]. Hence, in the long
run, packaging designers should consider designs that are sustainable and environmentally
friendly to reduce pollution, prioritize environmental protection in design, and provide
a design concept that adheres to ecological ethics [23]. Concurrently, the development of
packaging designs involves a variety of disciplines such as history, science, engineering,
economics, and social responsibility, all of which are heavily reliant on the engineer’s
knowledge and experience [25,26].

Packaging design has given a comprehensive surge, considering multiple factors ap-
propriate to the complexity of sustainability challenges [27]. Thereby, packaging design for
sustainability exemplifies the fact that it is made up through multiple elements: the natural
environment, society, and economic performance [28]. Continuous improvement is neces-
sary for packaging sustainability, and even minor modifications may lead to substantial
gains for the environment (material), economy (cost), and society (manufacture) [29,30].

Hence, in the development phase, designers’ decisions play a key role in ensuring
that environmental repercussions are reduced. Approximately 80% of a product’s envi-
ronmental impact is defined at the design stages of the product development process [31].
Designers are in charge of specifying the material selection, how raw materials are pro-
cessed or manufactured, and how products are packaged, distributed, used, and eventually
disposed of [11]. Hence, this paper presents the investigation of design parameters that
must be prioritized in producing a sustainable design of EPS cushion packaging. Currently,
many literature reviews have emphasized the importance of EPS cushions as protection
to ensure product safety [1,15,32–34]. Product packaging influences recycling behavior;
thus, recyclability of the packaging should be considered a precious value of the packag-
ing, allowing multidisciplinary research due to the complexity of the recycling behavior,
between user waste management and the technical part of the system [35]. So, this study
investigates the relationship between packaging design and environmental sustainability,
discovering a positive impact on the industrial community and economy, particularly in
the home appliance-manufacturing sector. The concept of sustainable design development
entails using natural resources by protecting environmental values, reducing the use of
resources, and elevating the quality of life [36]. Therefore, sustainable design is defined as
environmentally responsible product design and development that integrates a product
life-cycle perspective and incorporates work, culture, and organizational skill approaches.
In terms of applying sustainable packaging design, the evaluation criteria applied to prod-
ucts are reducing material usage and diversity, reducing energy consumption, reusing the
product, and reducing the weight and volume of the product [37]. Monteiro et. al. found
that 58 percent of respondents believe that sustainable design is extremely important for
the packaging industry [38].

Thus, destructive testing and a preliminary finite element analysis simulation are car-
ried out to determine the main parameter of sustainable design of EPS cushion packaging.
Cushion reliability impact is used to manage risks and understand how they affect the
quality of the product, allowing design considerations to be made [39], whereby the accel-
eration response and strain histories of simulation results are correlated with experimental
measurements [40,41]. The explicit method is preferred over other methods to simulate the
drop tests [42]. Drop testing and the finite element analysis method are employed in the
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development process to evaluate design flaws and to see potential product damage caused
by packaging design weakness (potential to be reused and reduced). The detailed results
of both methods are then compared. The results will be used to produce a new molded
expanded polystyrene packaging.

2. Methods

This study used two particular quantitative methods (see Figure 1), which are drop-
test verification and finite element analysis validation. The drop test is performed to detect
serious damage and to determine the dependability of the packaging design in order to
protect products of varying weights or sizes [2]. Time and cost are major constraints, where
the empirical approach is applied repeatedly [43]. Provisionally, the drop test was carried
out in accordance with the standard procedure ASTMD5276-19 and met the requirements
of ISO Standards 2206:1987 and 2248:1985. Furthermore, the finite element analysis (FEA)
approach was carried out to compare the findings, and the effectiveness of using explicit
analysis was demonstrated. The analysis was simulated using ANSYS software version
2019. Finally, the design parameters for sustainable cushion packaging were identified.

Materials 2023, 16, x FOR PEER REVIEW 3 of 20 
 

 

Thus, destructive testing and a preliminary finite element analysis simulation are 
carried out to determine the main parameter of sustainable design of EPS cushion pack-
aging. Cushion reliability impact is used to manage risks and understand how they affect 
the quality of the product, allowing design considerations to be made [39], whereby the 
acceleration response and strain histories of simulation results are correlated with exper-
imental measurements [40,41]. The explicit method is preferred over other methods to 
simulate the drop tests [42]. Drop testing and the finite element analysis method are em-
ployed in the development process to evaluate design flaws and to see potential product 
damage caused by packaging design weakness (potential to be reused and reduced). The 
detailed results of both methods are then compared. The results will be used to produce 
a new molded expanded polystyrene packaging. 

2. Methods 
This study used two particular quantitative methods (see Figure 1), which are drop-

test verification and finite element analysis validation. The drop test is performed to detect 
serious damage and to determine the dependability of the packaging design in order to 
protect products of varying weights or sizes [2]. Time and cost are major constraints, 
where the empirical approach is applied repeatedly [43]. Provisionally, the drop test was 
carried out in accordance with the standard procedure ASTMD5276-19 and met the re-
quirements of ISO Standards 2206:1987 and 2248:1985. Furthermore, the finite element 
analysis (FEA) approach was carried out to compare the findings, and the effectiveness of 
using explicit analysis was demonstrated. The analysis was simulated using ANSYS soft-
ware version 2019. Finally, the design parameters for sustainable cushion packaging were 
identified. 

 
Figure 1. Flowchart of design and development method. 

2.1. Drop Test 
The design verification of cushion packaging was conducted using a drop-test appa-

ratus (illustrated in Figure 2). The results were compared to FEA simulation analysis to 
identify the area of defects and possible impacts on products such as cracks, dents, or 
breaks. There are five designs of EPS cushion packaging that have been tested from dif-
ferent heights, depending on gross weight and packaging surface, as performed using the 

Figure 1. Flowchart of design and development method.

2.1. Drop Test

The design verification of cushion packaging was conducted using a drop-test ap-
paratus (illustrated in Figure 2). The results were compared to FEA simulation analysis
to identify the area of defects and possible impacts on products such as cracks, dents,
or breaks. There are five designs of EPS cushion packaging that have been tested from
different heights, depending on gross weight and packaging surface, as performed using
the test apparatus mentioned in JIS Z0212 standard [41] and also as referenced in ASTM
D5276 [16].
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Figure 2. Drop-test apparatus [41].

The different sizes of packaging with similar appearance designs (see Table 1) were
selected to study the drop impact against cushion packaging, as shown in Figure 3. This is
the primary factor used to determine the most important design parameters to incorporate.
These five types of packaging design were also chosen due to the variety of container
loading efficiency (CLE) quantities, which contributes to comprehensive comparison and
validates the main parameter of sustainable packaging design. These primary parameters
will be followed in the design and manufacture of sustainable molded EPS packaging.

Table 1. Packaging size.

Model Package Size (L ×W × H) Types of Rib Rib Position

A 1684 × 506 × 1080 Inner and Outer Symmetric
B 1332 × 170 × 827 Inner and Outer Symmetric and Asymmetric
C 1292 × 177 × 764 Inner Symmetric and Asymmetric
D 1187 × 158 × 732 Inner and Outer Symmetric
E 1016 × 152 × 625 Inner Symmetric and Asymmetric
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Drop test was performed on pilot package sample. The complete assembly of molded
cushion packaging and the product itself are used to assess the possibility of damage during
transportation or handling processes. The drop height is specified in Table 2. The surfaces
for drop test are shown in Figure 4. The drop-test packaging must then be successful in
order to protect the product from deformation defects in the ±2.0 mm range and avoid
defects on the product, such as cracks, bezel damage, scratches, light leakage from the
screen, and component damages.

Table 2. Drop-test height.

Height, h (cm) of Surface Dropped

Model Gross Weight,
W (kg) Bottom Front

Rear
Right
Left

Corner
Edges

A 57 30 25 25 25

B 23 40 36 36 36

C 19 50 40 40 36

D 14 55 45 45 36

E 12 55 45 45 36
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The allowed height range should be ±2% or ±10 mm, whichever is greater.
Table 3 shows the test sequences that can be partially eliminated, depending on the

type of packaged freight. Then, the test sequence can be modified, but prior agreement with
the test requester is required. Furthermore, the chosen corners and edges to be tested will
be the wake ones because corner drop testing helps determine the ability of the contents
inside the packaging system to withstand rough handling [44–46].

Table 3. Drop sequence and number of times [41].

Sequence Portion to Be Impacted Test Times

1 Bottom adjacent corners
Ex. Corner 2-3-5 1

2 Side adjacent edges
Ex. Edge 3-5 1

3 Bottom-side face edge
Ex. Edge 2-3 1

4 Front-side face edge
Ex. Edge 2-5 1

5~10 All 6 faces 6
Totals 10

The package must be placed in the position intended for transportation. However,
if it is known, it must be placed vertically on the observer’s right. When the package is
positioned with one side facing the observer, the upper surface of the package is identified
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as No. 1, the side on the observer’s right as No. 2, the bottom as No. 3, the surface on the
observer’s left as No. 4, the nearest side (front) as No. 5, and the side farthest away or rear
as No. 6 (see Figure 5) [45].
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Figure 5. Drop-test placement if face direction are known [41].

The results of the drop test are as follows: Three EPS cushion packaging models
encountered a serious design failure on the screen panel, as shown in Figure 6, while two
other models faced a minor design failure on models B and E, as shown in Figure 7. The
findings of the summary found that the drop-test results of models A, C, and D show
that the screen panel is cracked in several different places. Model A demonstrated that
almost the entire panel was cracked, beginning at the bottom of the product. For model D,
the insufficient cushion thickness puts pressure on the bezel, which directly causes screen
damage. When it was decided to use two pieces of packaging, the starting point of the
screen panel crack of model C was at the top of the product. This area was not protected by
cushion packaging, as shown in Figure 3. Next, a drop test for model B found a scratch
defect on the screen surface of the product. Moreover, a light leakage defect occurred on
the bottom packaging of model E. This illumination leak was caused by the design rib of
cushion at the bottom, and this flaw also led to an unclear panel quality of the product
while in use.
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Figure 7. Drop-test results.

The root cause of failure was discovered to be caused by factors such as rib positioning,
thickness, and cushion shape itself due to the disparate levels of expertise among packaging-
design engineers. Therefore, finite element analysis is performed to compare the design
parameters in detail, and the most critical design parameters are identified from the critical
area in research findings (see Figures 8–13).
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2.2. Finite Element Analysis

Expanded polystyrene foam is the best rigid substance to use as protective packaging
for household appliances, but its sustainability is in doubt. Therefore, its reuse and reducing
waste were the biggest contributions from packaging-design engineers [47]. Additionally,
this study also agreed that the analysis is one of the effective testing methods that should
be carried out during the product development process [5,10,12,42,48]. However, it is
important to follow the cushion design parameters in order of importance. At the same
time, analysis of structural appliances was also considered, such as positioning of electronic
board, screen panel, speaker bracket, etc. [2,5,10]. So, the material properties of products
and packaging were obtained, as shown in Table 4, for further analysis. The packaging
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engineer’s expertise will also be at an equivalent standard. Packaging design weaknesses
are overcome, and cushion waste is reduced.

Table 4. Material properties for analysis.

Components Cushion Box Television Screen

Material EPS Corrugated board PPE + PS Glass
Density (Kg/m3) 18–20 610 1090 1170

Poisson’s ratio 0.4 0.34 0.37 0.23

Explicit dynamic analysis was used in this finite element analysis. It is set that the
product’s packaging is dropped with a gravity parameter of 9806.6 mm/s and the floor is
in a fixed rigid setting. Product damage is predicted. Improvements in sustainable design
were implemented at an early stage of the product development cycle. The maximum
stress and deformation direction are used as a reference in the analysis result to predict the
critical area that would have design failure. The FEA analysis was compared to the results
of the drop tests.

Figure 8 shows the impact of EPS cushion design on product performance, where the
critical areas are located at point A and point B. The current design (design A) was modified
before the molding tool development stage. To reduce the impact on the product’s front
surface, the thickness of the EPS cushion was reduced. High strain is thought to occur as a
result of the pushing effect of the set locally, where the cushion ribs are located.

2.3. Analysis Result of Drop Test

The comparison of packaging design model analysis results in numerical maximum
stress values. The maximum stress area was also compared, as shown in Figures 9 and 13,
implying that design failure is possible. The maximum stress predicted during the drop
test is highly mesh-size-dependent; there has to be a balance in choosing the mesh size,
such that it yields accurate results and is computationally efficient. Contrary to this study,
the optimum mesh size for five models of packaging design is chosen to be 20 mm, with
skewness settings used to show that the mesh structure was close to its ideal form. The
analysis results revealed that the maximum impact result on the cushion indicated that
each of the packages required design improvement before molding development process.

The numerical value of the maximum stress was discovered to be marginally different
for each model of packaging that has been studied. The highest value for model A was
found on the bottom side of the packaging, while models B and D were found on the
rear side of the cushion packaging, as stated in Table 5. Lastly, the maximum stress of
model E and C cushion packaging was found on the front and left sides, respectively. This
maximum stress was used to predict the possible areas of defects that exist, without going
through the mold modification design repeatedly. As a result of the analysis, all of these
cushion packages required design improvements. Firstly, the improvement design for
model A focused on cushion thickness in order to reduce cushion stiffness and to withstand
the hazards’ impacts. Models B and D were both modified in terms of rib dimension,
and uniform tolerance between the rib, screen panel, and rear cover was ensured. The
product’s accessory positioning must then be considered in order to determine the optimal
rib dimensions (see Figure 14). Finally, models E and C demonstrated a proclivity for screen
and clip components to be damaged. As shown in Figure 15, modifying the position of
the cushion layout is required due to a lack of support that caused panel screen damage.
Although the cushion packaging layout can be determined, packaging size must also be
evaluated and calculated, especially when measuring container loading efficiency.
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Table 5. Maximum stress result.

Maximum Result of Equivalent (Von-Mises) Stress, MPa

Model
Surface (Refer Figure 3)

Bottom Front Rear Right Left Edge (Right) Edge (Left)

A 13.464 6.045 7.079 20.47 5.371 2.682 8.259
B 13.45 6.141 11.619 4.81 6.237 4.336 4.873
C 4.5547 5.3831 4.2758 4.402 6.549 4.526 5.17
D 12.58 17.08 22.65 5.558 17.88 3.197 7.526
E 2.99 12.02 8.421 6.511 1.769 1.381 4.352
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Differences in analysis results are caused by the cushion packaging’s productive
design. The high strain was close to the most critical component: the screen. This outcome
demonstrates that it is likely to damage the screen and clip internal product components.
Due to the lack of support on the front and back cushions, as shown in Figure 15, it is
necessary to alter the position of the cushion layout on the upper cushion.

In general, the results of all analysis models are influenced by the EPS cushion design
parameters as outstanding protective packaging. However, the primary important factors
need to be ensured to produce sustainable cushion packaging. The analysis results show
that the packaging design of models C and E are seen to be similar, but the cushion layout
and length of bottom inner cushion are different. This difference in cushion layout has
produced the same analysis results, where the possibility of damage is shown on the critical
component, which is the screen panel, as illustrated in Figures 9 and 13.

On the other hand, the design considerations of molded packaging for models D and B
are the same in terms of cushion layout design, dimensions, and thickness, even though the
product size is different. Both models show the same analysis result, which is the emphasis
on the position and dimension of ribs, predominantly on the top of the cushion packaging.
However, because the installation of pre-existing accessory components must be taken
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into account, the cushion packaging model A that has been made differs greatly from all
four models. Cushion thickness and rib positioning, moreover, have been identified as the
main design factors to emphasize. The comparison results of destructive testing and finite
element analysis are discussed below.

A damaged or cracked screen panel is a major problem that has been identified. This
indirectly causes product deformation defects, as shown in Figure 16. It shows that the
defect happened due to high stress impact at the edges of the cushion packaging, which
initially intended to hold the product. Unfortunately, it has produced a cell pop-out defect
on the screen panel. The number of ribs and their position have thus been identified as the
primary design parameter. At the same time, it is vital to ensure that the mask gap between
screen and bezel must be within the specs of the product standard.
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Figure 16. Design failure.

The analysis of design failure concludes that there is a lack of cushion packaging
toughness to resist shock loads or impact. The design reliability is lower than expected
due to several factors. First, the position of rib was placed on a sensitive area, such as on
the middle chassis or on the clip of the panel board. This clip is placed in the front of the
screen panel, which is used as a holder for each layer of the screen projector. This clip
must avoid being exposed to any pressure or impact. Secondly, there is insufficient rib
strength in order to absorb the impact, and the wall thickness of cushion is less than 10 mm
(minimum thickness). In fact, the strength of cushion is influenced by the position, height,
and thickness of ribs. In addition, the packaging weight also affects cushion stiffness.
Therefore, the cushion weight must be reduced, and the design needs to be improvised if
necessary. Minor consideration, such as tolerance between packages and goods, must be
checked by considering the material types of protection bags. Commonly, the thickness of
protection bags ranges from 0.02 mm to 0.4 mm.

In shear modulus (G), the shear stress (�) is directly proportional to shear strain (¦) as
expressed in Equation (1) [49]:

G = �/¦ (1)

The ratio of normal stress to normal strain within the elastic limit is known as young’s
modulus of elasticity (E) [13,21,25]. It is a material property and remains constant for a
given material. When a material is subjected to shearing load, the ratio of shear stress
induced to the corresponding shear strain is a constant within the elastic limit, and this
constant is known as the rigidity modulus (G). Poisson’s ratio (ν) is another material
property which is the ratio of the lateral strain to longitudinal strain when loaded within
the elastic limit [50]. The relationship between the two elastic constants is shown as follows.

E = 2G(1 + ν) (2)

where E is the Young’s modulus, G is the rigidity modulus, and ν is the Poisson’s ratio.
Practically, the rigidity modulus (G) value can also be defined through the experimen-

tal drop test. The machine used in the drop test was connected to a PC. All parameters
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were controlled and monitored by the PC. The value was discovered from sensor detector
that are attached together inside appliances and packaging, as shown in Figure 17. The
highest value among the channels would be selected as the shear modulus of rigidity (G)
result. Product fragility is standardly determined by an actual drop test as provided in
ASTM D3332. Shock testing can help determine a product or packaging system’s level of
fragility by measuring the amount of input acceleration required to damage the product’s
function or cosmetics. It is often measured in terms of fragility [25,43,46].
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Figure 17. G’s value result from drop test.

However, the comparison result shows that the maximum modulus of rigidity that is
obtained through the destructive test is in the range of 8 G’s to 30 G’s per surface of each
following model, as illustrated in Figure 18. The results show that the peak acceleration is
dominated by the cushion packaging model E, while the lowest value is obtained from the
cushion packaging design model A. Therefore, it has been proven that the cushion design
will affect the fragility of EPS cushion packaging. The design of packaging model A is more
complex than other cushion packaging designs.
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Figure 18. Acceleration (G’S) vs. Time (msec).

3. Results and Discussions

The string of this study has assumed that sustainable EPS cushion design should
consider the weight and shape of the cushion (design optimization). Logically, the ef-
fectiveness of cushion packaging reliability is based on the complexity of the design or
the tendency to reduce overall packaging material usage, which is in line with previous
studies [5,10,16,17]. This study has proven that there are four main design parameters
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that need to be emphasized in designing cushion packaging, starting from the conceptual
design phase. At once, the design for sustainability will be able to be implemented in
product development, especially in the manufacturing industry. The main parameters to be
considered in producing the sustainable design of EPS cushion packaging are graphically
shown Figure 19.
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Generally, waste from EPS cushions can be recycled in many ways once it comes to the
end of its life. The choice of recycling methods is based on technology, environmental, or
economic factors. The authors’ views are similar to that of the study by Muralikrishna and
Manickam (2017), where the interpreted life-cycle assessment is a cradle-to-grave analysis
technique to assess environmental impacts associated with all the stages of a product’s life:
from raw material extraction through to material processing, manufacture, distribution,
and use [51]. Accordingly, this study has discovered the main design parameters in the
development process of sustainable EPS cushion packaging. Furthermore, the impact of
CO2 reduction that will be employed in the manufacturing sector is disclosed [52], and the
waste-management options are evaluated from an economic perspective [53].

Knowledge of specific sustainable product design principles, such as designing for re-
pair/reuse/remanufacture/recycling, is widely recognized as a vital skill and is supported
by an earlier study [54,55]. The importance of understanding sustainable product design
techniques, as well as how to select and implement the most appropriate ones based on the
design challenge, was emphasized [24]. In this current study, an EPS waste hierarchy is
introduced as a waste-management priority order: (1) preparing for reducing and reuse,
and (2) design optimization, besides evaluating the waste-management options from an
economic perspective [53]. Reusable packaging is the first option that designers should try
to implement, if possible, because it does not mandate costs for recycling processing and
remanufacturing. It is clear that this approach fits the circular economy concept [56].

A combination of the life-cycle assessment (LCA) and life-cycle cost (LCC) analysis
was significant [57], allowing for cost savings, a reduction in manufacturing time, and a
reduction in carbon dioxide emissions due to the sustainable design. Previous research
has indicated that, in order to achieve sustainability, certain markers must be used, and
the variables that affect the state of economic, social, and environmental problems must be
controlled [58,59].

The ISO 14,040 rules state that an LCA study consists of four stages: defining goal and
scope; inventory analysis; impact assessment; and interpretation. This guideline framework
defines how much of a product’s life cycle is engaged in sustainable design [60]. On the
other hand, LCC allows for the identification of potential cost drivers and cost savings for
a product or service throughout its entire life cycle (a project or a product from acquisition,
installation, operation, and maintenance to the final disposal of the raw material) [61]. The
majority of the contributions are focused on direct applications to product development
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and improvement. Due to this reason, this design parameter has been influencing the
reduction in cushion packaging cost and time, as shown in Equations (3) and (4).

Cost saving (%) =
Total development cost− total modification cost

Total development cost
× 100% (3)

Time saving (%) =
Modification time of mold

Total development time
× 100% (4)

Finally, this paper was found to be beneficial in saving 48% of the development cost;
had a 25% modification time reduction; and estimated a 27% carbon dioxide (CO2) reduc-
tion. The summary of the findings has been summed up into the below accomplishments:

i. Costs were saved by 48% of the total cost of the cushion packaging development
(see Figure 20). These average cost savings were identified from the five cushion
packaging designs. This percentage will increase drastically if improvements in the
cushion packaging designs can be made. At the same time, the implementation
of sustainable design needs to be applied in the early stages of the product devel-
opment life cycle. Four main parameters are emphasized without going through
the trial-and-error process. So, it is able to reduce the EPS materials use in the
product development cycle. Furthermore, it is proven that the relationship between
cost development and effective design will contribute to sustainable EPS cushion
packaging, as well as reduce EPS waste by avoiding the trial-and-error methods in
the design validation process. Significant cost differences are found in the develop-
ment of sustainable EPS cushion packaging. Modification costs are higher when
improving the design if it is based on conventional practices. However, by incorpo-
rating these discoveries into a sustainable design (using the design parameters and
reducing the use of EPS cushion), the massive amount of modification costs can be
well organized.

ii. In the meantime, the average mold modification time was also saved by 43.5%, as
shown in Figure 21, because repeated modification and retest verification can be
avoided. This is because the possibility of design defects can be identified using
the finite element analysis method as shown in Figure 22. Improvements will be
made before the development of the molding tools for EPS cushion packing. This
study was successful in validating the use of the analysis method in creating a new
cushion design with sustainability elements. The results of the analysis, as shown
in Figure 7, previously made it clear that cushion rib and thickness are the main
parameters to be considered in order to reduce EPS waste disposal.

iii. The most significant finding is the reduction of carbon dioxide (CO2) released from
sustainable design method. It is estimated that improvements in packaging design,
material, and multiple functional uses have cut CO2 emissions by as much as 27%.
The value of CO2 emission per one set model (kg) was calculated. The comparison
of the reduction is shown in Figure 23.

iv. Additionally, it was discovered that the grafting method, which entails using a
dovetail technique in rib cushion design, is used in optimization design to input a
new parameter (refer Figure 24). This design technique can also be interchanged
to fit multiple sizes of products (see Figure 25) and together manage the cushion
layout or align a product orientation position.
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Figure 25. Multi-size application for EPS cushion packaging.

The rib dimensions determined by the dovetailed technique are 40 mm × 20 mm
× 20 mm, with a 25-degree slant. However, the detailed rib design consideration for new
molded cushion packaging is depicted in Figure 26. If a cushion thickness of 18 mm is
chosen, the cushion bead is expanded to normal size and the cushion’s shape, or strength
becomes stable.
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4. Conclusions

The intention of this study is to emphasize the design parameters that should be
applied in cushion-packaging testing using destructive testing, finite element analysis, or
risk analysis. The findings have a great potential to minimize the pollution impact on the
environment and save development costs and materials, as well as realize an EPS cushion
design sustainably. It would also be beneficial to the manufacturing industry in managing
the EPS cushion waste. Therefore, the tendency for simulation analysis usage in industry
is accepted to enhance designing process efficiency and improve skills in bringing forth
sustainable protective packaging for electrical and electronic appliances. Hence, it can be
concluded that:

i. The significant parameters of EPS cushion design increase the packaging reliability.
ii. The sustainable design can be implemented, and packaging design can be optimized

through the manufacturing process and cost.
iii. Finite element analysis of the cushion design was a great idea for analyzing possible

defects caused by design failure before the molding tool development begins.
iv. Optimization design through the reuse and reduction of EPS cushion usage con-

tributed to increased design sustainability.
v. The challenge in this finding is that every packaging engineer must change their

current design practice and analyze the packaging design prior to the development
phase.

More research is needed to identify the biodegradable raw material or mixed composite
based on these discovery parameters, especially for the molded expanded polystyrene
cushion packaging of electrical and electronic appliances.
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Abstract: Across the world, any activity associated with the nuclear fuel cycle such as nuclear facility
operation and decommissioning that produces radioactive materials generates ultramodern civilian
radioactive waste, which is quite hazardous to human health and the ecosystem. Therefore, the
development of effectual and commanding management is the need of the hour to make certain the
sustainability of the nuclear industries. During the management process of waste, its immobilization
is one of the key activities conducted with a view to producing a durable waste form which can
perform with sustainability for longer time frames. The cementation of radioactive waste is a
widespread move towards its encapsulation, solidification, and finally disposal. Conventionally,
Portland cement (PC) is expansively employed as an encapsulant material for storage, transportation
and, more significantly, as a radiation safeguard to vigorous several radioactive waste streams.
Cement solidification/stabilization (S/S) is the most widely employed treatment technique for
radioactive wastes due to its superb structural strength and shielding effects. On the other hand,
the eye-catching pros of cement such as the higher mechanical strength of the resulting solidified
waste form, trouble-free operation and cost-effectiveness have attracted researchers to employ it
most commonly for the immobilization of radionuclides. In the interest to boost the solidified
waste performances, such as their mechanical properties, durability, and reduction in the leaching
of radionuclides, vast attempts have been made in the past to enhance the cementation technology.
Additionally, special types of cement were developed based on Portland cement to solidify these
perilous radioactive wastes. The present paper reviews not only the solidification/stabilization
technology of radioactive wastes using cement but also addresses the challenges that stand in the
path of the design of durable cementitious waste forms for these problematical functioning wastes. In
addition, the manuscript presents a review of modern cement technologies for the S/S of radioactive
waste, taking into consideration the engineering attributes and chemistry of pure cement, cement
incorporated with SCM, calcium sulpho–aluminate-based cement, magnesium-based cement, along
with their applications in the S/S of hazardous radioactive wastes.

Keywords: radioactive wastes; cement; solidification/stabilization (S/S); biochar; waste form; sup-
plementary cementitious materials (SCM); magnesia-based cement; calcium sulphoaluminate cement;
calcium aluminate cement

89



Materials 2023, 16, 954

1. Introduction

Arthur Schopenhauer, a great German philosopher, once stated that “each and every
single truth passes all the way through three phases prior to being documented, at first, it
is ridiculed; secondly, it is aggressively opposed, and in third and ultimate stage, it is recog-
nized as being self-evident”. For the last more than three decades, this is exactly a fitting
statement in the context of the history of stabilization/solidification (S/S) technology. The
S/S of perilous and death-defying radioactive wastes provides a grand necessitate in the
field of civil engineering with a view to consolidating the research, and general practices in
high-tech work and especially in technology. Simply speaking, solidification/stabilization
(S/S) technology can lend a hand to make the radioactive wastes physically more stable in
order to manage them under atmospheric conditions.

1.1. Radioactive Wastes

Nuclear energy, i.e., atomic energy, is that energy which lies in the nucleus of an atom,
which is not only a promising non-fossil-based energy source but also exhibits minimal
emissions of carbon dioxide (CO2) [1,2] proving it more beneficial [3,4]. In developing
nations such as China, there is a foreseeable development of nuclear energy in the coming
decades owing to the exigency for energy boosts and a net zero carbon footprint policy [3,4].
Therefore, nuclear energy is heading towards being established as one of the alternatives
that may lend a hand to mankind to address the global energy crisis in the upcoming
time. In 2018, the production of nuclear power was reported as more or less 10.2% of
the total electricity generation in the world and it is likely to reach 13% in 2030 [5]. Ra-
dioactive wastes are generated from several sources, viz., nuclear power plants, nuclear
armament, or nuclear fuel treatment plants, however, the majority of waste originates
from the nuclear weapons reprocessing and nuclear fuel cycle. The nuclear industries
are generating radioactive wastes during different processes of production and that is
the reason for the accumulation of roughly 200,000 m3 of nuclear waste with low- and
intermediate-level global generation each year, in harmony with the statistics of the World
Nuclear Energy Association [6]. Consequently, the development of safer and competent
low- as well as intermediate-level radioactive waste treatment technology has turned out
to be a great dilemma for nuclear power plants. The low-level radioactive wastes, i.e., the
technical wastes, generated during the processes of maintenance include incompressible
and compressible components, viz., plastic, absorbent paper, gloves, rags, scrap work
clothes and gas jackets, which account for about 90% of the total volume of radioactive
nuclear waste. The bulk quantity of the low-level radioactive wastes in nuclear power
plants can be classified as combustible wastes; as a result, the thermal treatment technolo-
gies could lend a hand to accomplish higher volume reduction, inorganic alteration and
lower residue radioactivity levels. Amongst the thermal treatment technologies, counting
incineration, melting, solidification and molten salt-oxidation technology, dry oxidation as
well as thermal plasma [7], dry oxidation technologies such as pyrolysis and gasification
could attain a higher volume reduction of low-level radioactive wastes with the safer
treatment of radionuclide [8].

Several nuclear reactors with graphite as a moderator and reflector are facing being
decommissioned sooner or later, and the waste of radioactive graphite is a huge part of the
concerned wastes. By 2021, more than 2.5 million tons of irradiated graphite, i.e., i-graphite,
generated from nuclear reactors, is for the time being stored in provisional storage facilities
and reactor stores [9]. According to International Atomic Energy Agency (IAEA) [10], the
i-graphite inventory is chiefly concerted in USA, Russia and UK. The process of produc-
tion of nuclear power generates radioactive wastes of low-level radioactive waste (LLW),
intermediate-level radioactive waste (ILW) and high-level radioactive waste (HLW) de-
pending on its radioactivity attributes. The radionuclide present in the radioactive wastes
is for the most part made up of 235U and its fission yields, namely, 137Cs, 90Sr, 60Co,140Ba,
129I, etc. Amongst them, the half-life periods of 137Cs and 90Sr are the greatest figures
at 33 and 29.9 years, in that order. The radiation occurring all throughout their decay
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will gravely contaminate the ecosystem and threaten the life safety measures of lives on
the planet. The conventional management move towards radioactive wastes is to solidify
them first of all and after that dispose of them below the subsurface or in deep geological
dumping sites. The quantity of the low and intermediate radioactive waste liquids is much
bigger in comparison with the high radioactive waste liquid, which accounts for beyond
90% of the total radioactive wastes. The technique for cement solidification is far and wide
employed in the solidification treatment of low-level and intermediate-level radioactive
liquids because of the saving of raw material and its uncomplicated progression [11,12].
Two huge Chinese nuclear plants are exercising cement solidification technology to cope
up with low- and intermediate-level radioactive waste liquids for lots of years successfully
and lucratively. During decommissioning of nuclear power plants and their operation,
the generation of low- and intermediate-level radioactive wastes takes place. A large
quantity of this waste is dumped—the nonconforming part that necessitates solidification
and packaging, which is hard to decontaminate and mainly encloses dispersive particulate
wastes such as the debris of spent concretes, slurry or sludge, and fine-grained polluted
soil. The published report of IAEA has focused on such dispersive/particulate radioactive
wastes and is directed to treat and package them correctly for permanent clearance [13].
Quite a lot of stabilization/solidification techniques were developed to treat the referred
radioactive wastes with cement, polymer and asphalt. The said agents of solidification
alter the dispersive/particulate wastes into non-dispersive solidified wastes, formed all the
way through their definite process [14]. In the meantime, the key setback is a noteworthy
boost in their volume when the solidification of the dry particles (powder) is performed
by grouping with cement, asphalt, or polymer because each particulate matter becomes
encapsulated and goes through the solidification agent [15]. This augment in the volume
increases the cost of waste disposal and the capability of disposal facilities is also filled up
swiftly. With a view to addressing the referred issues, the investigations on minimizing the
volume of the powdered wastes and the solidification technology are essential.

Primarily, Liquid Radioactive Waste (LRW) is found generated in the nuclear power
industry and also in unexpected nuclear accidents. Its immobilization is one of the most
efficient measures for managing radioactive waste. In order to generate liquid radioactive
waste, nuclear waste is dissolved in boiling nitric acid (HNO3), and both uranium (U) and
plutonium (PUREX) are recovered. The leftover liquid is considered liquid radioactive
waste, which contains radioactive substances, namely, Cs+1, Sr+2, and Co+2. Customarily,
the liquid radioactive waste is managed in three stages [16,17]:

• Cooling the leftover liquid;
• Drying and concentrating;
• Mixing it with silicate or borate.

The waste materials are acquired in a form of glass at towering temperatures. In the
context of 90Sr in liquid radioactive waste, there are some moves to separate it from LRW,
including ion exchange, precipitation and solvent extraction [18]. Alternatively, a solid
matrix can immobilize 90Sr. Every single technique should spotlight the application of low-
priced energy. Globally, the liquid radioactive waste immobilization in solid products has
been well-studied [19–21]. The chemical immobilization of Sr+2 in calcium–silicate–hydrate
(C–S–H) does not occur, and this is the disadvantageous root cause of the application of
traditional Portland cement to immobilize Sr+2 ions in this medium [22]. The phosphate
has an ideal effect in the solidification of Sr+2, assuggested in preceding investigations.
For this reason, phosphate-based materials are regarded as ideal matrices for the aqueous
immobilization of Sr+2. The radioactive waste management chart is depicted in Figure 1.
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1.2. Stabilization/Solidification (S/S) Technology

“Stabilization” refers to the chemical methods, which can mitigate the perilous po-
tential of a particular waste by converting the pollutants into less soluble, poisonous or
movable forms. However, the stabilization does not essentially alter the handling attributes
and physical nature of the definite type of waste. On the other hand, “Solidification” refers
to the methods of encapsulation of the wastes, which form a solid material. However, the
solidification does not essentially engage a chemical interaction amongst the pollutants and
the hardening additives. The S/S can be accomplished through chemical reaction kinetics
among hardening reagents and the waste, or by means of courses of action of a mechanical
kind. The waste form or the solidification produced might be a clayey or argillaceous
material, a granular particulate, or in the form of a monolithic block, as well as a few
other physical forms, which are normally regarded as “solid.” The migration of pollutants
is frequently confined via coating the wastes with the help of materials having inferior
permeability, or by slimming down the surface area exposed to leaching. Frequently, both
terms are referred to as S/S and can be utilized interchangeably. Inorganic binders such as
cement are brilliantly efficient for immobilizing heavy metals using mechanisms of physical
and chemical containment. Significantly, loads of substances present in the wastes influence
the setting and solidifying attributes of the binders, in particular, the cement-based systems
for cementing. There are varied processes and equipment, which are developed to serve
the purposes. The ex situ or in situ processes can be useful to carry out the grouping of
binders and wastes, of which, the in situ techniques are getting much positive response for
the remediation of polluted sites, and they can be further categorized as backhoe-based
methods, shallow area methods and drilling, augering, jetting, or trenching methods. While,
in the case of ex situ processes, the mixing, mortar mixers, pug mills, or concrete mixers
are mostly utilized. The depth of the pollution and the attributes of the tainted media are
regarded as the bases for the choice of the kind of mixing method.

As we know, the inappropriate management of unsafe radioactive wastes creates a
solemn threat to human health and other breathing organisms and their surroundings.
For illustration, the toxic leachates, which include perilous wastes from unacceptably
maintained unsafe waste landfill, could rigorously pollute the subsurface and surface
waters; leakage or accidents of nuclear power plant blasts can gravely kill or injure the
neighboring public. Therefore, these waste management projects must be regulated with
adequately knowledgeable, competent, and reliably dependable regulations and legislation.
The fundamentals of the management of risky, radioactive, and mixed wastes are essential
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for enough definition, classification, designation, and characterization to offer bounds to
the crisis, which vary from nation to nation. Since 1980, the U.S. Environmental Protection
Agency (EPA) has developed an all-inclusive program for perilous waste to make certain
that risky waste can be managed unharmed. A “cradle-to-grave” strategy for such wastes
from the point of generation to final removal is established for their identification, recycling,
storage, and dumping. In 1976, RCRA, i.e., The Resource Conservation and Recovery Act,
was motivated by apprehension over the indecent discarding of hazardous wastes. RCRA
Subtitle C provides a wide-ranging program concerning the identification, generation,
transportation, treatment, storage, and safe removal of risky wastes. The Atomic Energy
Act (AEA) of 1954 is the fundamental law governing the production, utilization, possession,
accountability, and disposal of radioactive materials in the U.S.A. Additionally, several
laws state radioactive waste management methods and authorities such as the Low-Level
Radioactive Waste Policy Act (LLWPA) and the Nuclear Waste Policy Act (NWPA). The
Nuclear Regulatory Commission (NRC) or the U.S. Department of Energy (DOE) under
the AEA regulates hazardous radioactive wastes. The characterization and classification of
radioactive wastes are done by and large specified by related regulations and laws.

Characteristically, stabilization/solidification (S/S) is a process that entails the mixing
of the waste with a binder in order to slim down the contaminant leachability by both
chemical and physical means and to transform the perilous waste into an eco-acceptably
waste form for landfill dumping or construction utilizations. The S/S is extensively em-
ployed to dispose of low-level radioactive wastes (LLRW), hazardous, and mixed wastes,
as well as remediation of tainted sites. The S/S is regarded as the Best Demonstrated
Available Technology (BDAT) for 57 harmful wastes in accordance with The United States
Environmental Protection Agency (USEPA) [23]. The report of the USEPA for 1996 revealed
that more or less 30% of the Superfund remediation sites applied S/S technologies [24].
Cementitious materials are the most commonly exercised for S/S among all the binders.
The cement solidification method is extensively employed in the solidification treatment of
the LLW and ILW liquids due to the economy of raw material and its easy process [11,12].
Two large nuclear plants utilizing cement solidification technology are located in China,
to deal with lower and medium radioactive waste liquids for several years and, they
are proven to be flourishing and money-spinning. Considering the many benefits, hy-
draulic cement is extensively employed for S/S of low-level radioactive wastes, perilous
wastes, mixed wastes, and in the remediation of polluted sites. The cement-based S/S
technology exhibits the following benefits in comparison with the rest of the other technolo-
gies [25]: (1) excellent impact and compressive strength, (2) good-quality and long-term
physical and chemical stability, (3) relatively cost-effective, (4) documented application
and compatibility with various wastes over decades, (5) familiar material and technol-
ogy, (6) extensive accessibility of the chemical ingredients, (6) non-toxicity of the chemical
ingredients, (7) effortlessness of application in processing because usually carried out at
ambient temperature and pressure and no need of unique or very special equipment at all,
(8) higher loadings of waste are feasible, (9) inert to ultraviolet (UV) radiation, (10) elevated
resistance to bio-degradation, (11) lower water solubility and leachability of some pollu-
tants, (12) comparatively lower water permeability, (13) capacity of most aqueous wastes
to bind chemically with matrix, (14) good mechanical and structural attributes, (15) good
self-guarding for radioactive wastes, (15) fast, controllable setting, with no segregation or
settling during curing, (16) absence of free water provided correctly formulated, and (17) a
longer shelf-life of cement powder.

The S/S of pollutants using cements includes the following three features:

(1) The chemical fixation of pollutants—chemical interactions among the cement hydra-
tion yields and the pollutants;

(2) The physical adsorption of the pollutants on the surface of cement hydration yields;
(3) The physical encapsulation of polluted waste or soil.

Of these, Items1 and 2 rely upon the nature of the yields of hydration and pollutants
while Item 3 relates to both the nature of the hydration yields as well as the paste density
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and its physical structure. The cement-based waste forms may be fitting for controlled
construction exercises provided the leaching and other performance of the cement-solidified
waste forms meet suitable eco-criteria.

For the S/S of waste, the choice of cementing materials must be made considering the
following criteria on the basis of the waste properties:

(1) The cement and the waste compatibility;
(2) The pollutant’s chemical fixation;
(3) The physical encapsulation of polluted waste and soil;
(4) The durability of ultimate waste forms;
(5) The waste form leachability;
(6) The gainfulness of S/S in terms of cost.

Practically, numerous additives are frequently employed with cementing materials to
resolve all of the above aspects.

Quite recently, the application of cementitious materials for the solidification of
dangerous matters has proven to be significantly promising. The benefits of solidifi-
cation/stabilization include the following [26]:

• Safe transport and easy burial;
• Enhanced physical attributes of the wastes for effortless handling;
• Lesser eco-pollution by leaching and evaporation of risky constituents;
• Potential for recycling wastes into construction material;
• Detoxification of substances for safe-guarding workers.

The Portland cement, correct additives and in some incidents fly ash are grouped
together with the waste with a view to produce a solidified mass for dumping during
solidification. A gel is initially developed, then fibrils formed as silicate compounds
hydrate when the waste is grouped together with cement. The referred inter-locking
fibrils bind various hydration yields and the cement into a hardened mass. The process of
solidification using the Portland cement is most appropriate to inorganic wastes such as
incinerator residue, heavy metal enclosing wastes and road wastes. The keeping of metals
in the form of insoluble hydroxide of carbonate salts is assigned to the higher pH of the
cement. Whereas plastic, metal filings, and asbestos-like materials boost the strength of
the matrix, other organic and inorganic compounds can retard setting, decline the final
strength and cause swelling. The additives enclosing clay, sodium silicate and vermiculite
may be integrated with the mixes to counterbalance the influences of the said materials.
Additionally, the low-level radioactive wastes and organic wastes can be solidified using
Portland cement.

The S/S is a potentially promising technology that utlizes the supplement of a binding
agent to encapsulate and trim down the mobility of the dangerous waste elements [27].
The S/S can act as a significant potential process for making wastes acceptable for land
dumping, since the constraints on filling the lands turn out to be stronger and wastes
particularly hazardous ones are banned from land dumping. Inferior permeability and
lesser pollutant leaching rates can make the forbidden wastes acceptable for their disposal
in landfills subsequent to the S/S process [28]. In the S/S process, the method of using
Portland cement as a binding agent mixed with water and the heat has been developed.
The mixture turns out to be strongly alkaline. The chemical reactions become sluggish after
a few minutes. After that, an induction period or dormant period usually lasts for several
hours. The anhydrous clinker grains develop as coating proceeds, with an early amorphous
precipitate throughout the initial reaction period, which plays a role of semi-protective
film and slows reaction during the induction period. The breakdown of the film marks the
onset of swift hydration towards the finish of the induction period. Also, the breakdown
of the film initiates the growth of a constant but initially lower strength gel network of
linking particles, ensuing in physical hardening of the cement matrix. As the gel carries
on the process of solidification and densification, the cement achieves maximal strength.
The archetypal contemporary Portland cement attains around two thirds of hydration in
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28 days [29]. The chief chemical that is regarded in hydrated cement is colloidal calcium–
silicate–hydrate (C-S-H) gel. This gel is developed at the surfaces of particles of cement [30].
The C-S-H gel has significant implications for the mechanisms of fixation during the process
of solidification and it is largely accountable for strength development [31,32].

Most frequently, HE employs cement as a binder for an assortment of wastes for
solidification. The utilization of cement for solidification is beneficial for the simplicity
of the process and it taking place under normal temperature, however, the quite high
cost of this binder and also the eco-aspect of anthropogenic CO2 footprints associated
with cement production are the prominent setbacks [33–35]. The said process is apposite
for inorganic materials, viz., ashes and dehydrated sludge from industrial wastewater
treatment plants, and also for the solidification of waste going to landfills. At present a
broad range of combinations of diverse kinds of binders is being exercised. The cement
itself is an energy-intensive product; as a result, it is essential to ensure the optimum
composition of the solidification mix. The drawback lies with the sensitivity to the presence
of definite substances that influence the hydration reaction kinetics and the solid structure
development. There are other disadvantages, such as a boost in the volume of solidified
waste, which is unsuitable for depositing in landfills, as well as a low resistance to corrosion
agents. More often than not, the wastes are mixed with Portland cement and additives,
which affect, in a positive way, the characteristics of the cement, and with enough water
content, this begins the hydration reaction kinetics. Subsequently, the S/S process initiates
and waste is added into the cement structure. The waste reacts with water and cement to
develop hydroxides of metals or carbonates. Normally, the same are less soluble than the
original metal compounds in the waste. The cementation technology can predominantly
be executed on the accessible equipment—solidification technology lines (mobile/stable).
The cement can be employed as an activator for other potentially binding materials, e.g.,
low-priced fly ashes or glassy slags. Ultimately, the referred to secondary binders have
turned out to be an integral part of the cement matrix, which uses one kind of waste
to immobilize other sorts of more hazardous wastes. The development of less soluble
hydroxides of metals or carbonates all through the hydration reactions results in meeting
the requisite limits for leachability examinations. The benefit of solidification technology
also lies in the likelihood of processing amorphous metals. Also, solidified/stabilized waste
can be managed with no trouble and the danger of dust creation is very little. The discharge
of heavy metals from the product is also moderately lower. The output solidification
product can often be exercised as construction material or backfill in transport construction
engineering or mining operations [36].

Naturally, radioactive elements are found in the crust of the earth. The large unstable
atoms turn out to be more stable ones by emitting radiation to eliminate surplus atomic
energy, i.e., radioactivity. The said radiation can be emitted in the form of positively
charged (+ve) alpha and negatively charged (−ve) beta particles, as well as gamma or
X-rays. The radiation from radioactive materials of alpha and gamma rays affect the body
very badly. The waste materials that either enclose or get contaminated with radionuclide at
concentrations or activities beyond nationwide regulatory authority-established clearance
levels for which no application is at this time predicted are included under the roof of
“radioactive wastes”. In other words, radioactive waste comprises of any material which
is either inherently radioactive, or gets contaminated with a dose of radioactivity, and
that is deemed to have no more utilization. Characteristically, an amount of radioactive
waste consists of numerous radionuclides that are unstable isotopes of elements, which
experience decay and thereby emit ionizing radiation. The said radiation is very much
injurious to humans and the eco-system. The diverse isotopes emit dissimilar kinds
and levels of radiation that persist for unlike periods of time. However, the radioactive
nature of all radioactive waste grows weaker with time. Every radionuclide present in the
waste possesses a half-life, i.e., the time it uses for half of the atoms to decay into another
nuclide. Ultimately, all radioactive waste decays into non-radioactive elements, meaning
“stable nuclides”. Thus, the radioactive wastes decay naturally over the time similar to all
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radioactive material. Therefore, once the radioactive material decays adequately, the waste
is regarded as non-hazardous; however, the time ranges widely for the purpose right from
a few hours to thousands of years, as found in the case of plutonium (Pu), which is highly
radioactive. These wastes are being produced by industries, namely, in the fields of nuclear
power generation, mining, mineral exploration, medicine, agriculture, manufacturing,
defense, definite kinds of scientific researches, non-destructive testing, and reprocessing
of nuclear weapons. It is a known fact that the nuclear power is pigeonholed by the very
huge quantity of energy extended from a very little quantity of fuel, and the amount of
waste generated throughout this progression is also comparatively tiny. Nevertheless,
the bulk of the waste generated is radioactive and consequently it must be cautiously
and methodically managed as a harmful material. Obviously, the nature of these kinds
of wastes is hazardous to human health and exposure to high doses of radiation causes
vomiting, nausea, hair loss, diarrhea, hemorrhage, cell and DNA damage, destruction of
the intestinal lining and central nervous system damage, increases in the possibility of
cancer and even death, as well as contamination of the ecosystem, since it emits radioactive
particles, along with causing soil infertility and genetic mutations, seeds to not sprout,
slow growth, losses in fertility that can alter attributes of the plant, etc. The radioactive
wastes cannot be destroyed, and for this reason, they stay for a prolonged time in the
eco-system, escorting a high risk to lives if not correctly managed. Not only this, but the
contemporary process of mining uranium (U) discharges elevated quantities of carbon
dioxide (CO2) into the atmosphere. Additionally, CO2 is being emitted into the open air
when newer nuclear power plants are constructed and the transport of radioactive waste is
being performed. The direct consequences of exposure to ionizing radiation in air, water
and food are reported as being very much dodgy. Radioactive wastes may be found in all
three forms, i.e., as gas, or liquid or solid, and surprisingly their level of radioactivity also
varies. Incredibly, these sorts of wastes may remain at constant levels of radiation for a few
hours to several months or even hundreds of thousands of years!

2. Research Methodology

A comprehensive literature review was conducted to identify and appraise allied
available information on record, which comprises pedagogic ideas and referenced exam-
ples of the fusion work. Recently, one of the rapidly expanding study disciplines in recent
years has become a crucial sub-discipline of solidification/stabilization technology for
radioactive wastes using cement. To comprehend in-depth the most recent and emerging
drift of radioactive waste as edifice material, the keywords “radioactive waste“, “solidifica-
tion/stabilization technology“, and “solidification/stabilization of radioactive waste using
cement”, have been methodically recovered, using bibliographic databases of “Springer”,
“Elsevier”, “Taylor and Francis”, “Wiley” and “Hindawi”. Furthermore, comprehensive
data analysis and categorization were carried out based on a thorough understanding of
titles, graphical abstracts, highlights, abstracts, keywords, entire texts, conclusions, and im-
pressions. The cited literature data represent a comprehensive description of the progress,
portrayal, and application of cement in stabilization technology for radioactive waste.

3. Classification of Radioactive Wastes

Broadly speaking, the radioactive wastes are classified as low level, e.g., paper, tools,
clothing, rags, etc., which enclose petite quantities of chiefly short-lived radioactivity;
intermediate-level wastes with elevated amounts of radioactivity, therefore, necessitate
some shielding. The LLW and ILW are the wastes generated from general operations
such as the cleaning of reactor cooling systems as well as fuel storage ponds, and the
decontamination of tools, filters, and metal components get polluted and become out
to be radioactive on account of their utilization in or near the reactor. Lastly, the third
group comprises high level wastes which are extremely radioactive and hot, owing to
decay heat, and hence they need both cooling and shielding. The storage time period of
radioactive wastes relies upon the type of waste and radioactive isotopes. The long-term
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storage of high level wastes requires burial in deep geological formations; however, short-
term storage can be implemented on or near to the Earth’s surface. Most low-level and
short-lived intermediate level wastes, in general, experience land-based disposal at once
after packaging. Mostly, at present, the near-surface disposal facilities are in operation,
viz., a few low-level liquid wastes from reprocessing plants are disposed of in the sea,
including radionuclides; however, this is regulated and controlled, and the uppermost
radiation dose anyone gets from them is a small fraction of natural background radiation
only. The long-lived ILW and HLW include spent fuel when regarded as a waste, which
stays radioactive and is subjected to deep geological disposal. The safe techniques for the
ultimate dumping of high-level radioactive waste are verified technically and the global
consensus is “the geological disposal is the most excellent feasible systematic solution”.
Significantly, with a view of ultimate dumping, the “multiple barriers” geological disposal
is planned to make sure that no noteworthy environmental releases take place for more
than tens of thousands of years. This is a valuable method to immobilize the radioactive
elements in HLW and long-lived ILW, and to isolate them from the bio-sphere. Notably,
nuclear power is the only huge-scale energy-producing technology that has the potential to
take complete responsibility for all its radioactive waste and fully encapsulate it into the
product. The monetary provisos are planned for the management of every single civilian’s
radioactive waste. The cost of management and disposal of nuclear power plant wastes is
normally more or less 5% of the total cost of the generated electricity. Figure 2 displays the
Nuclear waste inventory for LLW, ILW, HLW, VLLW.
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There are three general categories of radioactive wastes:

3.1. Low (Including Very Low)—Level Radioactive Wastes

The exempt waste and very-low-level waste comprises radioactive materials at a
harmless level for lives or the ecosystem. For the most part it consists of demolished
material such as concrete, bricks, metal, piping, plaster, valves, etc., produced during
rehabilitation or dismantling in nuclear industries. As a result of the concentration of
natural radioactivity present in definite minerals exercised in their manufacturing, some
other industries, namely, food processing, chemical, steel, hospitals, industry, as well as the
nuclear fuel cycle, etc., also produce this sort of radioactive wastes. The low-level waste
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is radioactively contaminated industrial or research waste, i.e., short-lived radioactivity,
which includes general items such as paper, protective clothing, plastic bags, cardboard,
tools, clothing, filters, and packaging material, etc., when they get in touch with radioactive
materials in any industry using radioactive material such as government, manufacturing
unit, medical, utility, research facilities, etc. The near-surface disposal of low-level wastes
is commonly done since they possess a radioactive content not within the limit of 4 giga-
becquerels (GBq) per tonne (GBq/t) of alpha activity or 12 GBq/t beta-gamma activity. For
this reason, no shielding is essential during handling and transport. It is fit for dumping in
near-surface facilities. It contains roughly 90% of the volume but possesses merely 1% of
the radioactivity of all radioactive wastes. The total LILW generated in different countries
are presented in Figure 3.
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3.2. Intermediate-Level Waste

Intermediate-level radioactive waste (ILW) is reported to be more radioactive than
low-level radioactive waste (LLW), however, the heat generation is <2 kW/m3, which is
insufficient to be considered for the design or selection of storage and dumping facilities.
The ILW necessitates some protection because of its high levels of radioactivity. Character-
istically, the ILW comprises resins, chemical sledges, metal fuel cladding, and the polluted
materials from decommissioning of the reactor. The small items and any non-solids may
be solidified in bitumen or concrete for dumping. ILW constitutes about 7% of the total
volume and possesses 4% of the radioactivity of all radioactive waste.

3.3. High-Level Waste

The high-level waste (HLW) is full of extremely radioactive and for the most part
comparatively short-lived fission products, creating a concern. If the waste is stored,
possibly in deep geological storage, after several years the fission products decay, lessening
the radioactivity of the waste. Significantly, the HLW is adequately radioactive for its decay
heat of >2 kW/m3 to elevate its temperature, as well as the temperature of its surroundings.
For these reasons, the HLW needs both cooling and shielding. The radioactive wastes are
being produced at each stage of the production of electricity from nuclear materials, i.e., the
nuclear fuel cycle, which involves the mining and milling of uranium( U) ore, its processing
and fabrication into nuclear fuel, its utilization in the reactor, its reprocessing, the treatment
of the utilized fuel coming from the reactor, and the waste dumping. Thus, they arise from
the “burning” of uranium (U) fuel in a nuclear reactor and encloses the fission products
and trans-uranic elements generated in the core of the reactor when electricity is produced.
Statistically, the HLW accounts just for 3% of the total volume; however, it provides 95% of
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the total radioactivity of produced waste. Highly radioactive fission products and trans-
uranic elements come from uranium (U) and plutonium (Pu) during the operations of
reactors, and are enclosed inside the spent fuel. When used fuel is not reprocessed, it is
regarded as a waste of the HLW type.

There are two different types of HLW, as follows:

A. Utilized fuel, which is designated as the waste.
B. Separated waste from the reprocessing of utilized fuel.

The HLW has both types of components, i.e., long-lived and short-lived ones, relying
upon the length of time period needed to decrease the radioactivity of definite radionuclides
to levels that are regarded as safe for the public and the neighboring atmosphere. The
difference turns out to be vital for the management and dumping of HLW, if normally
short-lived fission products can be separated from long-lived actinides. The HLW is the
center of noteworthy attention concerning nuclear power, and is managed in view of
that. The HLW includes utilized nuclear fuel from nuclear reactors along with the waste
generated from the reprocessing of used up nuclear fuel. The majority of used up nuclear
fuel comes from nuclear power plant reactors of the commercial type. At this time, mostly
high-level waste is stored at the site itself where the waste is generated.

4. Nuclear Power and Defense Operations—The Sources of Radioactive Wastes

Commonly, the radioactive wastes are further divided into numerous precise cat-
egories relying upon their activity on the whole as briefed through the Figure 4, i.e.,
very-low-level waste (VLLW), low-level waste (LLW), intermediate-level waste (ILW) and
high-level waste (HLW).

Materials 2022, 15, x FOR PEER REVIEW 12 of 30 
 

 

 

Figure 4. Different Categories of radioactive waste. 

The high-level waste generates heat and hence, the temperature of this waste may 

rise drastically owing to the result of radioactive decay courses at least in the shorter time-

scales. The sources of HLW include high-level liquid waste (HLLW) produced in the du-

ration of the reprocessing of used up nuclear fuel that encloses a lot of short-lived fission 

products along with actinides and longer-lived fission products. One more source of HLW 

comes from the production of plutonium (Pu) metal and tritium (H-3 or 3H, or T)—the 

only radioactive isotope1 of hydrogen, used in weapon applications. 

Additionally, the ILW may be heat-generating, however to a lesser degree than HLW, 

and chiefly comprises items such as the components within nuclear reactors, including 

graphite from reactor cores, fuel element debris, and fuel cladding along with radioactive 

sources employed in experimental instruments or medical equipment, chemical sludges 

and filters, which is defined as waste with an activity of >4 × 10 9 Bq t—1 α—radiation 

and >12 × 10 9 Bq t − 1 β—and γ—radiation. By and large, this sort of waste is encased in 

concrete inside steel containers and put into storage in anticipation of final disposal. Some 

other categories of treatments of ILW that are not very heat-generating include pyro-

chemical, electro-refining, and associated wastes from the reprocessing of plutonium (Pu) 

metal for weapon applications, and these also necessitate particular types of treatment.  

The activity of LLWs, including mainly worn shields and a few pieces of equipment 

or materials employed in the radioactive facilities, along with polluted soil and construc-

tion materials and varied organic and inorganic materials, though, comparatively low, 

cannot be dumped off as ordinary waste. The activity of LLW is set at <4 × 10 9 Bq t—1 

α—radiation and <12 × 10 9 Bq t—1 β—and γ—radiation. At present, it is compacted into 

steel drums which are positioned within the bulky boxes and packed with concrete. The 

activity is very low in the case of VLLW and hence, it can normally be dumped off as 

ordinary waste, either in domestic landfills or by undergoing incineration treatment. It is, 

in general, defined as waste enclosing <0.4 × 10 9 Bq m—3 β—and γ—activity. 

In U.S.A., an additional category of radioactive waste is defined for particular wastes 

with a lower activity than HLW that comprises transuranic elements, called “transuranic 

waste (TRU)” and encloses 100 nCi of α—emitting transuranic elements with half-lives > 

20 years per gram of waste [37].  

Several supplementary materials such as surplus uranium (U) and plutonium (Pu) 

from both civilian and military nuclear programs were at one stage throughout the 1990s 

Figure 4. Different Categories of radioactive waste.

The high-level waste generates heat and hence, the temperature of this waste may rise
drastically owing to the result of radioactive decay courses at least in the shorter time-scales.
The sources of HLW include high-level liquid waste (HLLW) produced in the duration of
the reprocessing of used up nuclear fuel that encloses a lot of short-lived fission products
along with actinides and longer-lived fission products. One more source of HLW comes
from the production of plutonium (Pu) metal and tritium (H-3 or 3H, or T)—the only
radioactive isotope1 of hydrogen, used in weapon applications.

Additionally, the ILW may be heat-generating, however to a lesser degree than HLW,
and chiefly comprises items such as the components within nuclear reactors, including
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graphite from reactor cores, fuel element debris, and fuel cladding along with radioactive
sources employed in experimental instruments or medical equipment, chemical sludges
and filters, which is defined as waste with an activity of >4 × 10 9 Bq t—1 α—radiation
and >12 × 10 9 Bq t—1 β—and γ—radiation. By and large, this sort of waste is encased
in concrete inside steel containers and put into storage in anticipation of final disposal.
Some other categories of treatments of ILW that are not very heat-generating include pyro-
chemical, electro-refining, and associated wastes from the reprocessing of plutonium (Pu)
metal for weapon applications, and these also necessitate particular types of treatment.

The activity of LLWs, including mainly worn shields and a few pieces of equipment or
materials employed in the radioactive facilities, along with polluted soil and construction
materials and varied organic and inorganic materials, though, comparatively low, cannot be
dumped off as ordinary waste. The activity of LLW is set at <4 × 10 9 Bq t—1 α—radiation
and <12 × 10 9 Bq t—1 β—and γ—radiation. At present, it is compacted into steel drums
which are positioned within the bulky boxes and packed with concrete. The activity is very
low in the case of VLLW and hence, it can normally be dumped off as ordinary waste, either
in domestic landfills or by undergoing incineration treatment. It is, in general, defined as
waste enclosing <0.4 × 10 9 Bq m—3 β—and γ—activity.

In U.S.A., an additional category of radioactive waste is defined for particular wastes
with a lower activity than HLW that comprises transuranic elements, called “transuranic
waste (TRU)” and encloses 100 nCi of α—emitting transuranic elements with half-lives >
20 years per gram of waste [37].

Several supplementary materials such as surplus uranium (U) and plutonium (Pu)
from both civilian and military nuclear programs were at one stage throughout the 1990s
well thought-out as wastes and may at some future date be affirmed as wastes again,
although this is nowadays becoming more and more unlikely. At this time, used up
nuclear fuel is being stored with no reprocessing, which is also considered as nuclear waste,
although, the newly altering situation, brought about by the rising universal exigency
for energy, and especially for energy sources that do not release considerable amounts
of greenhouse gases (GHG), meticulously, CO2—carbon dioxide—is now leading to an
international drive to construct new nuclear power stations, and it will need fuel recycling.
In 2008, the UK Government announcement supported principally the construction of new-
fangled plants. It is reported that the total quantity of nuclear power generated globally at
present is of the order of 370 GW [38], which is estimated to augment between 447 GW and
670 GW by 2030. China and no-one else is setting up to construct 30 brand-new reactors by
2020, whilst India is now structuring seven novel nuclear plants. In Finland, one is under
construction at Olkiluoto and in the U.S.A., many states pointed to the awareness of the
construction of newer nuclear power stations. It is approximated that three to four novel
plants would have to be constructed annually, opening in 2015, just to uphold the existing
20% nuclear power supply share of U.S.A. [39]. The exigency for electricity in U.S.A. is
predicted to rise to 30% by 2030. Thirty-five, brand-new reactors are planned to be built.
Although the proposed costing of a new-fangled facility is amplified to US$12–18 billion,
the people are currently primarily in favour of nuclear power. Consequently, it is very
obvious that nuclear power is certainly came back on the agenda, with lots of articles also
appearing in the well-liked press stressing this modification in political trends. This is
posing a very solemn challenge for scores of nations that are short of a big enough pool of
skilled personnel and fresh graduates in the nuclear sciences, counting waste management
specialists too.

Additionally, there also exist a few remarkable types of radioactive wastes. They
include the following:

4.1. Transuranic Waste (TRUW)

In accordance with the U.S. regulations, Transuranic waste (TRUW) is defined as,
with no regard to form or origin, waste that is polluted with alpha-emitting transuranic
radionuclides with half-lives beyond 20 years and concentrations more than 100 nCi/g
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(3.7 MBq/kg), exclusive of HLW. Those elements, which possess an atomic number bigger
than uranium, are called transuranic, meaning “beyond uranium”. On account of their
long half-lives, TRUW is disposed of with more care than either LLW or ILW. That simply
means that the “transuranic wastes” are synthetic radioactive elements possessing an
atomic number of 92 (uranium) or higher. In the U.S.A., mostly, transuranic waste is found
generated from nuclear weapons productions, which encloses common items, viz., tools,
and lab equipment polluted for the duration of the initial age of nuclear weapons research
and development. Presently, this kind of waste is stored at federal facilities and finally
disposed of.

4.2. Uranium (U) Or Thorium (Th) Mill Tailings

The mill tailings of radioactive wastes stay around following the mining and milling
of uranium (U) or thorium (Th) ores. They are stored at the sites of their generation in
specifically designed ponds known as “impoundments”.

4.3. Technologically Enhanced Naturally-Occurring Radioactive Material (TENORM)

A few radiological materials can subsist naturally in the eco-system. Other sources of
radioactive wastes include medical and industrial wastes, as well as naturally occurring
radioactive materials (NORM). At times, these naturally-occurring radiological materials
(NORM) can turn out to be concentrated in the course of human activities such as mining
or extraction of natural resource, the processing or consumption of coal, oil, and gas, and
some minerals, bringing coal to the surface or burning it to produce concentrated ash,
etc. This concentrated or relocated NORM is called “Technologically Enhanced NORM, or
TENORM”, which is generated from plenty of industries and processes such as oil and
gas drilling, mining, and production, as well as water treatment. The said waste must
be disposed of or managed systematically as per the rules and regulations of authorities.
Globally, the highest Tenorm waste stream is found to comprise coal ash, with by and
large 280 million tons annually, which includes uranium-238 and all its non-gaseous decay
products in addition to thorium-232 and its progeny. More often than not, the referred to ash
is just buried, or may be employed as a constituent for construction materials. TENORM is
not regulated as limitedly as nuclear reactor waste, although there are no major differences
in the radiological perils of these materials.

4.4. Legacy Waste

Apart from the routine radioactive waste from current nuclear power generation, there
is one more kind of radioactive waste, known as, “legacy waste” that exists in pioneered
nuclear power and particularly where power programs were developed out of military
programs. At times it is found in volume, creating difficulty for its management. Owing to
momentous activities typically associated with uranium mining, military programs, and the
radium industry, copious sites enclose or are polluted with radioactivity. Single-handedly
in the United States, the Department of Energy reports that there are “millions of gallons of
radioactive waste” and “thousands of tons of spent nuclear fuel and material” along with
the “huge amounts of polluted soil and water”.

5. Impacts of Exposure to Radioactive Wastes

Exposure to radiation from radioactive wastes may cause adverse health impacts due
to ionizing radiation, such as:

A dose of 1 sievert carries a 5.5% risk to mankind of developing cancer.
Ionizing radiation can cause deletions in chromosomes of human beings.
A possible birth defect in children.
May influence DNA, mRNA and protein repair.
The thyroid gland may be injured.
A propensity to have long biological half-lives and a high relative biological effective-

ness makes it far more damaging to tissues, etc.
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6. Illustrations of Accidents While Dealing with Radioactive Wastes

Unfortunately, a few incidents have taken place in the world’s history where radioac-
tive material was disposed of inappropriately, such as in the case of defective shielding
during transport, or due to it simply being abandoned or even stolen from a waste store.
The few remarkable accidents are:

• The Goiânia accident, which involved radioactive scrap originating from a hospital.
• In Japan, the nuclear substances were found in the waste of Japanese nuclear facilities.
• The waste stored in Lake Karachay in the old USSR was blown over the region during

a dust storm following the lake partially drying out. In a low-level radioactive waste
facility located at Maxey Flat, in Kentucky, containment trenches were covered up
with dirt, instead of cement or steel, and fell down under the action of heavy rainfall
into the trenches and ultimately filled with water, which invaded the trenches and
turned out to be radioactive.

• Quite a lot of Italian deposits of radioactive waste have run into river water; therefore,
domestically useful water has become polluted. Several accidents occurred in France
during the summer of 2008. They are:

(i) At the Areva plant of Tricastin, the liquid enclosing untreated uranium (U)
overflowed in a faulty tank during a drain exercise and more or less 75 kg of
the radioactive material percolated into the ground and finally into two nearby
rivers;

(ii) More than 100 staff members became contaminated with lower doses of radia-
tion after the deterioration of the nuclear waste site on the Enewetak Atoll in
the Marshall Islands and a prospective radioactive spill.

7. Radiation Concerns

As illustrated in Figure 4, there exist scores of various public apprehensions in the
context of radioactivity and the diverse radioactive waste materials that exist, since the
radioactive substances and radiation are being recognized as exceedingly hazardous. To
add to this, these concerns also exist with regard to the wastes generated from nuclear
power stations that they may get discharged into the eco-system. Of course, radiation is a
natural occurrence and can be handled safely by using appropriate protections. Chiefly,
uranium (U), thorium (Th) and potassium-40 (40K) radioactive isotopes present in the
crust of the earth are making basic grounds for natural radiation jointly with their decay
products, such as radon gas (Rn), significantly [40]. There exist copious and diverse sources
of background ionizing radiation to which each one is generally exposed. The maximum
levels take place in geological regions whereby granitoid rocks or mineralized sands are
found predominantly on account of traces of natural radioactive materials such as minerals
enclosing U and Th as well as Rn (radon gas)—a decay product. Additionally, living
at higher altitudes escalates the cosmic radiation level received. The applications of the
X-rays in medical and dental can also boost exposure. The background radiation consists
of roughly 87% of total natural radiation in association with 13% from synthetic resources.
In order of severity, the radiation comes from medicinal applications, an assortment of
varied sources, fallout from early atmospheric nuclear weapons examinations, job-related
exposure, and radiation caused owing to nuclear discharges. At this juncture, a note should
be made that there do not exist differences in the effects on materials among natural and
non-natural radiation, including bio-systems. The effects of radiation on human beings are
gauged in an international (SI) unit known as the Sievert, symbolized as Sv, which relates
to the absorbed dose in human tissue to the effective bio-damage of the radiation. Sievert
(Sv) is a unit of the effective dose received (1 Sv = 100 rem, i.e., Roentgen Equivalent Man
(rem); or we can say, 1 rem = 0.01 Sv). It is well-known that the smallest dose received by
each person breathing on the planet earth consists of a typical natural background level of
approximately 2 mSv per year. There does not exist any scientific evidence of risk such as
the development of cancers, etc., at doses less than 50 mSv per year in the short-term or
100 mSv per annum in the long-term. Nevertheless, it is also identified that a short-term
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dose of more than 1000 mSv is regarded as a great enough dose to cause instant radiation
illness, whereas a dose of 10,000 mSv by and large results in death within a few weeks only.

8. Interventions with Hydration of Cement

The vast varieties of industrial courses of actions can generate wastes, which may
get treated by stabilization/solidification (S/S). Of these, the inorganic wastes have a
propensity to be more well-suited with cementitious binders. For the most part, the wastes
treated by S/S with cement enclose metallic pollutants in an inorganic matrix made up
largely of calcium (Ca), aluminum (Al), and silicon (Si), viz., dusts from air-contamination
control systems, sludge, and soils. The USEPA declared that organic compounds interfere
with cement-based S/S, in particular when the organic concentration goes beyond 1% of
total organic carbon (C) by mass. Nevertheless, there exist several illustrations whereby the
organic wastes have hardened with cement [41]. Numerous inorganic wastes enclose a few
organic stains. In point of fact however that a few wastes can productively be incorporated
or treated with cement in more elevated quantities than others. Virtually, there are no
limitations on their chemical and physical attributes, other than that they must be finely
divided solids or liquids at ambient temperature. The wastes possibly will enclose small
additions of chemicals such as CaCl2 or gypsum, which can be used as supplements and
admixtures in traditional cement and concrete utilizations, but the wastes may also hold lots
of dissimilar compounds that would not otherwise be incorporated with cement, including
destructive pollutants. Each and every waste components can be coined as “impurities”.
This means that they are potentially reactive materials, which would not customarily be
present in industrial cement. In the case of S/S, the interaction of wastes with binders is of
much importance from two key points of views:

1. The interferences of impurities with hydration of cement together with setting and
strength development, as well as matrix durability;

2. Immobilization of pollutants.

The referred to features are correlated in the sense that the development of a well-
built durable matrix of inferior permeability is more often than not significant for the
immobilization of pollutants, and is consequently a target of S/S treatment. Both beneficial
and detrimental interactions can take place among wastes and hydraulic binders, i.e.,
“cement”.

Still, the comprehensive progressions of hydration of cement stay as a topic of rigorous
study and are at variance for dissimilar kinds of cement. Generally, it advances by dissolu-
tion of the phases of anhydrous cement from the surface of the particles of cement in the
mixing water, followed by precipitation of products of hydration to build a strong cohesive
matrix. The impurities can modify the customary hydration of cement at diverse phases;
consequently, the dissimilar compounds have unlike, and at times multiple, interaction
mechanisms with the binder. The impurities can be modified through altering the chemical
composition of the developing pore solution in context of the pH, ionic strength, and
chemistry:

• Solubility of anhydrous stages;
• Dissolution kinetics of anhydrous stages;
• Rate of development of yields of hydration;
• Rate of nucleation of yields of hydration;
• Morphology of the hydration yields;
• Chemistry of the hydration yields.

Often, the referred to influences rely on concentration and can differ in accordance
with the conditions of curing. While impurities with different interference mechanisms
as pure compounds are united, as what probably happens in both waste applications
and solidification utilizations, the overall influence can be tricky to forecast [42]. Both
the setting and hardening are physical demonstrations of the chemical course of action
of hydration of cements. The setting is defined by Taylor [43] as “hardening with no
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noteworthy improvement in compressive strength,” and stiffening as “momentous growth
of compressive strength.” Accordingly, interfering with the hydration of cement might
result in the mass effects as follows:

• The acceleration/activation of setting or solidifying, counting, or flash setting, whereby
the matrix loses its plasticity instantaneously upon the mixing;

• The false setting, whereby the plasticity of matrix is lost swiftly upon the mixing;
however, it can be recovered by supplementary mixing;

• An exigency of altered water;
• The setting or hardening retardation, counting, and absolute inhibition of hydration;
• The modified strength growth counting disruption of matrix;
• The changed chemistry of the pore solution.

A speeding up of setting and false setting can create challenges in the cement’s
handling, considering the usage point of view, and can promote equipment failure as well
as pitiable workability. The demand for increased water can cause an increase in the speed
of setting or false setting, or change rheological attributes of the mixture, which can result
in a more permeable structure and reduced durability. Often, the modified strength growth
is considered as taking the form of enhanced or reduced early strength, however, later
strength can also be influenced, and even a yield that seems to set and achieve strength
generally at first can deteriorate swiftly afterwards. Several illustrations of interactions
of impurities with cement, in either cement and concrete yields or S/S, can be found in
the literature review [44–51], which is abridged in the following sections, for all three
types of compounds, i.e., organic compounds, inorganic compounds, and other impurities.
The referred to outcomes were generated by experimental studies making the use of pure
compounds. Additionally, there are a number of research investigations accessible in the
literature conducted in order to treat real wastes. It is much more complicated to simplify
real wastes because of their heterogeneity and complex structure and chemistry as well. In
the literature studies, plenty of investigations are based on the physical demonstrations of
setting and strength growth, or at times, on the extents of the heat evolved by hydration
reactions. At the simplest level, the retardation reduces the amounts of the hydration yields
at a given time, while the acceleration escalates them. Nevertheless, the impurities present
in the pastes of cement may also modify the proportions of the hydration yields, alter
the ratio of Ca/Si in the C-S-H, create solid solutions with the hydration yields, or craft
completely brand-new hydration yields. Quite a few current investigations revealed the
influences of wastes and pollutants on leachate pH and S/S product acid neutralization
capability; these are suggestive of modifications to the hydration yields [48,49]. These kinds
of alterations may bring about vital consequences for the immobilization of pollutants by
all of the mechanisms; however, this is a characteristic of S/S with limited studies. Thus, it
is obvious that often cements respond radically to small supplements of impurities; it is
feasible to employ additives and admixtures to regulate the hydration properties of an S/S
yield to trim down the unwanted influences of components present in the wastes.

8.1. Influences of Inorganic Impurities on Hydration of Cement

The influences monitored for in several compounds enclosing inorganic and heavy
metal components during the hydration of cement are explained in the literature [50–52].
The terms of “acceleration” and “retardation” express influences on setting, hardening, or
both, as they are applied in the literature in the same fashion. The previous research data
reveal the preponderance of studies on Portland cement in the literature, although, at times,
the same is also correct for other kind of cement, or incorporated cement systems, e.g., the
metal cations of zinc (Zn+2), lead (Pb+2), cadmium (Cd+2), and chromium (Cr+2) also shrink
the strength of geopolymer slag cement [53]. The little influences are talked about in-depth
in the following notes that refer to the superscripts in the tables:

I. The C3A and C3S are accelerators, and they also have a propensity to be the center
of attention of action by other accelerators and retarders. These are the uppermost
reactive phases in Portland cement, and also most imperative for setting and early
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strength growth. The other reactive calcium aluminates or Ca–aluminate cements
are also accelerators for Portland cement, and vice versa. The referred to species
play the role of accelerators or activators for pozzolans. Additionally, lime or
cement kiln dust can be employed as activators for pozzolans.

II. The carbonates of alkali demonstrate the surprising nature of the few compounds
that interfere with the cement setting. The small proportions of less than 0.1% of
alkali carbonates were found to retard the Portland cement setting; an augmented
quantity results in flash setting, and further boosted quantities can have no influ-
ence on setting, while flash setting takes place at very elevated proportions. So far,
the interference mechanism is not well-comprehended, however, it is put forward
that the influence of carbonates is owing in part to the production of thaumasite—
a calcium silicate mineral, rather than ettringite—a hydrous calcium aluminum
sulphate mineral.

III. Generally, the salts of potassium (K) and sodium (Na) are believed to increase the
pH and cause precipitation of amorphous CH that interferes with C3A hydration,
and, up until now, a lot of alkali salts play the role of accelerators of Portland
cement. They can be supplemented as activators to cement enclosing pozzolans,
whereby they boost the solubility of the anhydrated phases. A few salts, namely
sodium chloride (NaCl), accelerate at lower concentrations, though retard at very
elevated concentrations.

IV. Sodium silicate (Na2SiO4) is a well-liked additive for waste solidification. It is
useful as an accelerator or activator for pozzolans, or to devour surplus water as it
extends both silicate and a higher pH. In the case of the latter, or in the incident that
excessive quantities are added on, silica gel development may promote a physically
unstable matrix, with shrinkage and swelling due to the humidity modifications of
the nearby environment.

V. Sulphates have quite a lot of probable influences on the hydration of Portland
cement. Perhaps owing to acceleration or retardation by reaction with C3A and
C4AF, they may also lead to false or flash setting, by formulating gypsum in place
of ettringite, or by matrix destruction via late ettringite development and having
a bulk volume on account of its waters of hydration. Additionally, thiosulphate
is accounted as an accelerator. The salts of chloride can also outline enormous
chloro-aluminates, which are harmful to the matrix if their formulation is late. Both
chlorides and sulphates, as well as carbonates and other anions, can destruct the
matrix, provided the solubility of one of their salts in the pore solution is high and
crystallization takes place [54]

VI. An increase in MgO by a couple of percentage points can destroy the cement matrix
through gradually hydrating to more bulky Mg(OH)2; MgSO4 also reacts to give
rise to more voluminous products, gypsum and Mg(OH)2, as well as degrading
C-S-H.

VII. Evolution of gas can cause matrix destruction, for example, from the reaction of
aluminum metal or ammonia at a higher pH.

VIII. While soluble chromium (Cr) salts speed up the hydration of Portland cement,
chromium (Cr+3) oxide has a modest influence on setting. A review of Mattus [44]
suggested that chromium (Cr) replaces silicon (Si) in C-S-H, however, the ultimate
strength of the matrix is slimmed down. Chromate, (CrO4-2) is believed to play a
similar role to sulphate and develop chromo-aluminate crystals which cover C3A
grains. Like sulphate, chromate can also play as an accelerator.

IX. The influence of ZnSO4 exemplifies the significance of taking into consideration
the collective effect of both the anion and cation. While, in general, most Zn-
compounds are believed to be retarders of Portland cement. ZnSO4 is found
to be an accelerator at concentrations < 2.5% and a retarder at concentrations
between 2.5% and 5.5%; it entirely slows down the hydration of cement at elevated
concentrations.
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X. Boric acid has a strong accelerating impact on the setting of Portland cement, how-
ever, it retards solidifying. The carbonates, hydroxides, aluminates and silicates
accelerate setting, but retard solidifying or leave it unaltered; nitrates and halides
accelerate both the setting and solidifying. With a view to simplify the outcomes
of diverse examinations, we separated out the influences of cations and anions,
and searched for interaction impacts; data from twelve literature studies of pure
compounds added to Portland cement paste were gathered and utilized to build
neural network models of Unconfined Compressive Strength (UCS) as a function
of mixture chemistry [55]. The utilization of the most excellent neural network
using other information proposed that Cs is a retarder and Cr+4 has no influence.
The accessible information is distinguished for Hg, K, Mn, Na, and SO4

−2. Im-
pacts were monitored for in the literature for Ca–aluminate cements [56–62], which
are normally lesser utilized in waste management because of the better-quality
characteristics of cements based on calcium silicate.

XI. The literature suggests that Li-salts, with the only exception of Li2BO2, are the
strongest accelerators for Ca-aluminate cements of all kinds and are competent
enough to cause flash setting. Li-salts are believed to play a role by creating
nucleation substrates for the hydration yields.

XII. Nevertheless, for the other anions and cations, the wide-ranging impacts on Ca–
aluminate cement are accounted for. Quite a lot of researchers have attempted to
rank the influences of a variety of cations and anions without harmony among
themselves [60]. Some others have given general statements to explain this behav-
ior, e.g., Parker [63] explained that alkalis are accelerators and acids are retarders of
Ca–aluminate cement, however, sulfuric acid is well-known to be as an accelerator;
Sharp et al. [64] proposed that those compounds which augment the C/A ratio
play the role of accelerators, however, CaCl2 is well-known retarder.

XIII. The probable variety of the influences is depicted by monitoring for Ca–sulphate [65]
and they found gypsum with no impact on the setting time of Ca–aluminate cement,
while hemihydrate is an accelerator and anhydrite is a retarder. They proposed
that the relations among the dissolution kinetics of the referred to diverse forms of
calcium sulphate control both the kinetics and the hydration yields.

XIV. The suggestion has been that CH plays a role as an accelerator for calcium alumi-
nates by boosting the C/A ratio of the solution, and driving precipitation of the
calcium-rich phases C2AH8 and C4AH13. The Portland cement is believed to be
an accelerator since hydration of C2S and C3S generates CH. Yet again, the neural
network analysis was employed to construct models of setting time as a function of
mixture composition, utilizing available information for pure compound additions
to Ca–aluminate cements. This evealed that the reproducibility of setting time
measurement is pitiable, and that this accounts for a few of the differences in the
outcomes in the literature.

8.2. Influences of Organic Impurities on Hydration of Cement

So far, numerous organic compounds are supplemented as purposeful admixtures
to cement and concrete. Their selection and effects are derived from Massazza and
Testolin [47]. Some other organic compounds are found usually in waste, such as oil
and grease, chelating agents such as ethylene diamine tetraacetate (EDTA), and chlorinated
hydrocarbons—trichlorobenzene, phenols, alcohols, carbonyls and glycols. The impacts of
organic compounds on the hydration of Portland cement are changeable and extremely
concentration-reliant, e.g., generally sugars and triethanolamine are retarders for C3S hy-
dration, but can play the role as both retarders and accelerators for C3A hydration, and will
promote flash setting at higher concentrations [44]. The polar solvents hinder hydration
to a much larger extent than non-polar solvents as accounted for by Nestle et al. [66]. The
findings for definite pollutants were examined by them as well as others also. Addition-
ally, scores of organic compounds result in the progressive worsening of cement yields
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over time. The majority of organic compounds are retarders of Ca–aluminate cements.
Particularly, citrate salts are usually employed as retarders. Nevertheless, Bier et al. [67]
presented a technique of utilizing Li and citrate jointly to optimize the setting attributes
of Ca–aluminate cements, such that retardation essentially did not occur, while Baker and
Banfill [68] utilized trilithium citrate as an accelerator. The trilithium citrate was found to
have more or less no effect in experiments carried out by Damidot et al. [56]. Even though
pozzolans are accelerators of C3S hydration, they themselves hydrate, and pozzolanic
cements are inclined to achieve strength more slowly than Portland cement, unless an
activator, viz., an alkali or CH, is employed. Pozzolans may reduce the impacts of other
impurities [69] and are well-known to diminish the hydraulic conductivity and enhance
the strength and durability of the ultimate yield in the long duration. While an addition is
made to Ca–aluminate cements, pozzolans lend a hand to formulate C2ASH8 that resists
conversion to lesser voluminous C3AH6 [70,71]. At last, the cement hydration is also
influenced by the physical characteristics of the cement and any impurities, i.e., crystal
defects, crystallinity, as well as the size of particle and surface area of the dissimilar mineral
phases. The reactivity of binders is augmented with fineness, however, finer impurities
such as colloidal matter or clay can retard the setting.

9. Solidification of Strontium (SR) through Diverse Kinds of Cements

Looking into earlier studies, the research investigations have thrown light chiefly on
the leaching of radionuclides in PC-based systems with supplement of diverse minerals
such as cement systems based on bentonite, zeolite, and tobermorite [72–74]. The radionu-
clides’ stability in the matrices is found to be improved when the integration of minerals is
made. The minerals are chosen on account of their higher adsorption competences. The
higher concentration of salts in the LLW and ILW radioactive waste liquid has an immense
impact upon the hydration process, hydration yields, rheology behavior, and setting time of
cement paste. For these reasons, there are a few issues for the solidification of radionuclides
from nuclear plants. Consequently, the leaching rate of radionuclides becomes modified
with the product performance and the pore-structure of the matrices [11,75–87]. Sodium
hydroxide’s (NaOH) influence on the structure of toughened Portland cement matrices and
the leachability of Sr+2 was studied by Zheng et al. [12]. The outcomes pointed towards
the improvement in the adsorption competence of C–S–H gel by the use of NaOH and
mitigated the porosity of matrices that lead to the decline in the leaching rate of Sr+2.
Conversely, sodium nitrate (NaNO3) boosted the increase in the leaching rate of Sr+2 and
the adsorption capability of C-S-H gel was also found to be enhanced since the porosity
get improved.

Apart from PC, the magnesium phosphate (MgSO4) cement (MPC) is considered as a
chemically bonded ceramic with good solidification performance for both LLW and ILW
liquids.. The application of MPC in the interest to solidify Pu-contaminated ash where the
mass quantity of Pu is up to 5% in form of PuO2 was performed in an early research study
by Wagh et al. [77]. The mechanism of immobilization comprises the physical encapsulation
in the denser matrix together with the lower solubility of PuO2.

The sulpho–aluminate cement possesses the potential to immobilize Sr+2 and Cs+

owing to its good retention capability and resistance to salts. Xu et al. [78] have concentrated
on the mechanism to immobilize Sr+2 and Cs+ in the form of radioactive ion exchange resin
by the sulpho–aluminate cement. The results of experiments revealed that the competence
of immobilization with regard to Sr+2 and Cs+ by sulpho–aluminate cement is superior to
PC. In context of the stages in cement, ettringite can proficiently absorb Sr+2 (88%) and Cs+

(70%) when the ratios of retention of the aluminum hydroxide gel for the two ions were
merely 10% and 40%, correspondingly. The Sr+2 immobilization by ettringite is assigned to
the substitution of Ca+2 in crystal lattice by Sr+2.

Type 1 Standard Portland cement (PC), is general-purpose cement fit for all applica-
tions where the particular characteristics of other kinds are not essential. Often, this kind is
most useful for S/S systems.
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Type II Moderately Resistant to Sulphate attack PC is employed where preventative
measures against reasonable sulphate attack is vital.

The resistance to sulphate attack is achieved by forming a cement with a lower enclo-
sure of tricalcium aluminate, with the highest proportion reaching up to 8%. Generally,
the Type II cement will achieve strength and produce heat at a rate inferior to Type I. In
S/S utilizations this might be considered, because, here, there is an involvement of volatile
organics. The low temperature of the S/S mixture might reduce the discharge of organic
species with a volatile nature.

Type III High Initial Strength PC offers more initial strengths than Type I or Type II,
although the eventual long-standing strengths are almost analogous. Both chemically and
physically, it is alike to Type I cement, except that its particles are grounded finer. Though
rich mixtures of Type I cement can be employed to obtain increased early strength, Type III
cement might offer this more agreeably and more cost-effectively. The swifter hydration
will normally discharge heat more rapidly and grounds for a somewhat higher rise in
temperature than Type I.

Type IV Lower Hydration Heat PC is utilized where the quantity of heat produced
should be minimized as found in the case of great structures of concrete, viz., huge foun-
dations and dams. However, accessibility is tremendously restricted mostly since parallel
properties can be attained from a Type I cement, more often than not comprising of a mix of
Type I cement and fly ash (FA). Since it lacks in accessibility and fitting substitution, Type
IV cement perhaps has low utilization in S/S applications.

Type V Higher Resistant to Sulphate attack PC is utilized where S/S systems either
enclose or are subjected to rigorous sulphate action—chiefly whereby soils, waste, or sub-
surface water own higher quantities of sulphate. It obtains strength more leisurely than
Type I or Type II cement. On account of its low content (highest up to 5%) of tricalcium
aluminate, it resists more against sulphate attack than Type II cement. By and large, the
amount of iron is greater in Type V cement, and this might be sought after if the species
present in the waste form are insoluble iron complexes.

The magnesium–potassium phosphate cement (MKPC) is an efficient agent for S/S
technology. Although MKPC demonstrated optimistic impacts on S/S, some studies
were carried out on the mechanism of the S/S of heavy metals by MKPC. This was in
accordance with the suggestion of Singh et al. [79], who projected that the cause for the
immobilization of chemically bonded phosphate ceramics is chemical stabilization, the
reaction kinetics among pollutant metal salts and the phosphate solution, followed by
physical encapsulation inside the denser matrix of phosphate. The particles of fly ash were
encapsulated in the binder matrix as found by Rao et al. [86]. In the context of the hydration
yields of heavy metal, Jeong et al. [81] unearthed that PbO can structure the PbHPO4 in
magnesium phosphate cements (MPCs).

The MKPCs solidify cement paste powders produced from the heating and grinding
of radioactive concrete wastes. The benefits of the application of MKPCs are their higher
early strength, higher bonding strength, little drying shrinkage, lower permeability, and
higher resistance to sulphate attack [82–84]. Quite a lot of investigations on the applications
of MKPCs for the solidification and stabilization of radioactive or heavy metal wastes have
been conducted [85–87]. The compressive strengths of MKPC waste forms are reported
to be just about two-fold greater than the ordinary Portland cement (OPC) grouts, and
the porosities are mitigated by half [83]. Additionally, the MKPCs display a greater resis-
tance against radioactivity in comparison with PC [88,89], authenticating the potential of
MKPCs for radioactive waste solidification. To add to this, unlike vitrification or ceramic
solidification procedures, MKPCs are cost-effective and energy-proficient and employ
uncomplicated equipment; particularly, there is an absence of volatilization of nuclides.

On the other hand, MPCs are employed to stabilize and solidify an assortment of lower
level radioactive mixed wastes, Pu-polluted ashes, and technetium enclosing waste solu-
tions at the Argonne National Laboratory, USA [83,90]. The stabilization of a higher content
of sodium waste streams with MPC is studied by Colorado et al. [91]. Vinokurov et al. [92]
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investigated the immobilization of simulated liquid alkaline high-level waste (HLW) enclos-
ing actinides and fission as well as corrosion yields with magnesium (Mg)–potassium(K)–
phosphate (PO4) matrices. Therefore, the viability of MPC for the S/S technology for risky
and radioactive wastes is verified by prior studies.

Calcium Aluminate Cement (Cac) and Cac Modified With Phosphate (Cap) cements are
some of the substitute cements in PC and are renowned materials, which are exercised for
solidification and for the encapsulation of radioactive wastes [90]. Usually, it is incorporated
with supplementary cementitious materials (SCMs) such as fly ash or blast furnace slag.
The CAC is characterized by the internal environment possessing a considerably lower pH,
ranging from 10.5 to 1,1 than that of PC and its integrated systems, displaying more than
13 [93]. The encapsulation of the reactive metallic radioactive wastes in CAC is examined
through making the use of this property. The alteration of CAC with phosphate (CAP) can
lower the pH in a range of 9.0 to 10.5 [93]. Additionally, the alteration of CAC by phosphate
is identified to stop the traditional hydration of CAC, and results in solidification through
an acid–base reaction amongst acidic phosphate solution and CAC powders playing the
role as a base [94–100]. Recently, Caps have been examined for their use in S/S technology
of dangerous as well as radioactive materials, because of their capabilities of solidification
reactions and/or internal environment pH lowering [101–105].

10. Impact of Cement Solidification Technology
10.1. Compressive Strength

In a study by Laili et al. [106] on the solidification of radioactive waste resins, they
utilized cement mixed with dissimilar percentages (0%, 5%, 8%, 11%, 14% and 18 %) of
organic material, called “biochar”. The outcomes demonstrated that the biochar content
had an influence on the compressive strength of the solidified resins. The outcomes for
the effect of biochar dosage displayed that the addition of 14 wt % of biochar augments
the value of compressive strength from 6.2 MPa (5 wt %) to 10.1 MPa. Further than this
percentage, the compressive strength was found to be somewhat diminished to 9.2 MPa
(18 wt %). Biochar can absorb water and this absorbed water in biochar does not bind
chemically with carbon. As a result, the absorbed water would be discharged all throughout
the hydration process, which might support the hydration procedure during the initial age
of cemented waste. The competence of water retention in biochar may cut the water loss
through evaporation that offers good conditions for curing designed cemented waste.

Nishi and Natsuda [107,108] worked on an improvement in resins load and compres-
sive strength of solidified waste and pointed out that resin loading for solidification into
OPC must be limited to lesser than 20% to put a stop to the development of cracks at
elevated loadings that will result in an unsteady waste yield. The cracks of the cement
waste form are assigned to the produced swelling pressure of resin of 50 MPa (max)), which
goes beyond the tensile strength of the cement waste form. Pan [109] investigated resin
encapsulation using furnace slag and fly ash as admixtures and pointed out that a loading
of 24 wt. % of resin can be encapsulated when the use of a combination of furnace slag
(24 wt. %) and fly ash (24 wt. %), and OPC (8 wt. %) is made. The supplementation of
zeolite into OPC in order to be encapsulated into the resins was focused on by Bagosi [110],
who designated that 24 mL resin can be encapsulated into a mix of 55.9 g OPC, and 37.3 g
zeolite. Supposedly, the weight of 24 mL resins is 40 g, then the proportion of resin loading
is more or less 43%. With a view to boost the resin loading and stability of the waste
products, fibers of stainless steel, glass or carbon can be supplemented. The upshots [111]
unearthed that the addition of definite fibers enhanced the stability of the solidified waste
product, although the fibers of glass and carbon are not found fitting for resin solidification
into cement because fibers of glass are not alkali-resistant and get dissolved in the cement
matrix. One challenge with the carbon fiber application is the formation of a homogenous
waste form. At this time, Durafiber or polypropylene is exercised in the cement industry to
minimize the cracks in the cement structures, and may be regarded for the encapsulation of
spent radioactive resins provided this fiber is radiation-resistant.
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Natsuda [108–112] conducted research with a view to enhance resin load and com-
pressive strength of the solidification products. In a final conclusion, it has been reported
that the resin load in the solidification products of OPC must be regularized at lower than
20% volume of wet resins to solidification product. While resins load is greater than 20%,
the cracking is engendered often and the solidification products display inferior stability.
Additionally, the resins’ expansion in water was studied, and it was reported that the
expansion of resins is one of the key causes which results in cracking. The expansion
pressure range is reported to be between 0 to 50 MPa. The resins must be saturated in water
previous to solidification with a view to avoid cracking. An expansion model was set up,
and from this model, when capabilities for ions and water of resins achieve saturation, the
expansion pressure must be zero. There must be no cracking and/or fractures, however, the
experiments exhibited that when resins loads are greater, there would be the development
of fractures in the solidification products even though the resins are saturated.

10.2. Behavior of Leaching Process

“Leaching” is a procedure through which a liquid dissolves and takes away the
soluble constituents of a material. At times, “leaching” occurs by means of percolation or
the flow of water, which can smash up cement-based structures rigorously, e.g., dams, pipes,
conduits, etc. It can potentially degrade the cement-based engineered barriers employed
for long-standing storage of nuclear wastes.

Simply speaking, the diffusion of radioactive ions into outer medium through conjoint
pores is known as “leaching”. The rate of leaching of pollutants is confirmed by the
characteristics of the waste form, such as the pore structure, quantity of water, hydraulic
conductivity, and homogeneity. Numerous research studies are conducted on the relations
among ion leaching and the micro-structure of the solidification yields. The researchers have
found that minimizing pore size in solidification products and enhancing pore structures
are the efficient and valuable techniques in the interest to mechanically enclose wastes
in solids. Hence, a lower ratio of water/cement (W/C) and compressive molding are
exercised for minimizing the pores in solidification product, and surface painting is also
utilized to clog pores in the products.

The release rates are estimated for quite a lot of radionuclides such as Cs-134, Mn-54,
Co-60, Zn-65 and Eu-152. The release data designate that merely one of the formations
exhibit the leaching of Cs-134 from the hardened spent resins. Additionally, there are no
other radionuclides such as Mn-54, Co-60, Zn-65 and Eu-152 spotted in any leachates. The
bulk of research carried out on leaching by world researchers has utilized a much higher
total activity of radionuclides. For instance, Rudin et al. [113] have spiked 75 µL of a NIST-
perceptible SeCl2, with Se-75 having a total activity of 19,443 Bq in the paste of cement. The
samples taken for use for the leaching test by Papadokostaki and Savidou [114] possessed
the total activity of roughly 370 KBq of Cs-137. Though the early activity of radionuclides
in spent resins is regarded as low the waste form produced in the said research studies
appears to be capable of immobilizing the radionuclides [115]. Accordingly, the findings
put forward that further research of leaching tests utilizing spiked solutions with a higher
total activity of radionuclides into fresh ion exchange resins must be carried out.

Interestingly, Li [116] monitored the rate of leaching of nuclides. The dumping of spent
ion exchange resins was performed subsequent to the encapsulation into cement. The heavy
metals were then precipitated in the matrix of cement whereas alkali metals, namely, cesium
(Cs), stayed considerably soluble and leach out from the waste form under conditions of
cement encapsulation. The findings designated that even though Cs-loaded resins are
encapsulated, the matrix will have a leaching rate that is one or two orders of magnitude
more in comparison with the leaching rate for Cs from the resins themselves. The recent
research concentrates on the diminution of Cs leaching in terms of the total Cs adsorbed on
the resin through amalgamation of natural and chemically treated zeolites into the cement
as an admixture. The study results indicate that the supplement of natural zeolites slimmed
down the Cs discharge to around 70% to 75% of the amount initially bound in the resin
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over a leaching period of three years. Kaolin clay has an influence on the leaching attributes
and strength of the cemented waste form. The results of leaching examinations uncovered
that the addition of kaolin into cement mitigates the rates of leaching of radionuclides
considerably. Nevertheless, the outcomes unveiled that supplement of clay in a surplus of
15 wt. % trims down the hydrolytic stability of the cemented waste form. The lowest rate
of leaching and highest strength were recorded when the addition of 5 % kaolin content to
the cement matrix was made.

Favorably, the exhausted ion exchange resins are cemented for dumping. The heavy
metals precipitate readily in the higher pH environment of cements, however, the alkali
metals such as cesium (Cs) stay significantly soluble. The cementation of Cs-loaded resins
has setbacks because when they cemented, they display rates of leaching that are one or
two orders of magnitude more elevated in the cement matrix than in the resins themselves.
The investigations by Bagosi [117] have thrown lights on the diminution of noteworthy Cs
leaching in terms of the total Cs adsorbed on the resin through adding natural untreated
and chemically treated zeolites to the cement. Finally, they concluded that the supplement
of natural zeolites declined Cs discharge by up to 70% to 75% of the amount first bound in
the resin during the course of a leaching period of 3 years. Osmanlioglu [118] supplemented
kaolin clay into cement with a view to bring down the rates of leaching. The influences of
kaolin clay on the leaching characteristics of the cemented waste forms were evaluated, and
the impact of the kaolin addition on the strength of the cemented waste form was also tested.
Notably, the long-lasting examinations of leaching put on show that kaolin addition into the
cement mitigates the rates of leaching of the radionuclides. Nevertheless, the supplements
of clay in surplus of 15 wt.% were found to cause an imperative dwindle in the hydrolytic
stability of cemented waste forms. Furthermore, it is reported that paramount waste
isolation, sans causing a loss in the mechanical strength, was achieved when the kaolin
content in cement is 5%. El-Kamash [119] worked on the leaching of 137Cs and 60Co
radionuclides fixed in cement and cement-based materials and found that the leaching
examinations of 137Cs and 60Co radionuclides symbolize the behavior of leaching and a
few of the archetypal radionuclides detected in lower level solid waste forms. The addition
of 0 to 15% silica fumes and ilmenite to cement resulted in a reduction in the rate of leaching
of each nuclide at diverse studied temperatures. The examinations were carried out for a
research study on the leaching of heavy metal ions from cementitious waste. A variety of
mathematical models were then employed to gauge the behavior of embedded radioactive
wastes. An iterative model was suggested by Krishnamoorthy et al. [120] in order to
simulate the rates of discharge of radionuclides from cylindrical-shaped blocks of cement.
Two expressions of the leach rate for the diffusive discharge of radioactive components
from both cylindrical- and rectangular-shaped waste forms are derived by Pescatore [117].
As an ensemble view, our collaborators managed to use alternative materials for radiation
shielding and as well as utilize wastes towards obtaining sustainable materials [121–127].

11. Traditional Treatment of Organic Liquid Radioactive Waste

Effluents from nuclear power plants and some medical research institutes contain
radioactive heavy metals as well as complex combinations of dangerous organic chemicals
and irradiated surfactants. In comparison to other types of radioactive waste, the volume
of organic liquid radioactive waste created is minimal. Figure 5 lists typical organic
waste kinds, sources, and characteristics. Figure 5 also depicts the characteristics and
limits of several technologies used in the treatment of organic liquid wastes. Nuclear
power plant liquid radioactive waste typically comprises soluble and insoluble radioactive
components (fission and corrosion products) as well as nonradioactive chemicals. The
overarching goal of waste treatment procedures is to disinfect liquid waste to the point that
the decontaminated bulk volume of aqueous waste may be discharged into the environment
or recycled. The waste concentrate is further processed, stored, and disposed of. Because
nuclear power facilities create practically every type of liquid waste, nearly every procedure
is used to treat radioactive effluents. Liquid waste streams are frequently decontaminated
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using standard procedures. Each procedure has a distinct impact on the liquid’s radioactive
concentration. The extent to which they are employed together is determined by the
amount and source of contamination. Evaporation, chemical precipitation/flocculation,
solid-phase separation, and ion exchange are the four basic technological procedures
for treating liquid waste. These therapy methods are well-known and frequently used.
Nonetheless, several nations are making attempts to increase safety and economy via the
use of modern technology. Evaporation achieves the best volume reduction impact when
compared to the other procedures. Decontamination factors ranging from 104 to 106 are
achieved depending on the content of the liquid effluents and the kind of evaporators.
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12. Conclusions

The safer and systematic disposal of radioactive waste is of the highest precedence
and, hence, the development of secure engineered barriers requires greater focus and
attention. The cementitious binders for the use of radioactive waste immobilization offer a
solution, which is not only stable but lucrative. The key researchers of resins solidification
are concentrated on escalating the loading of spent resins, mitigating the leaching of
nuclides, and enhancing the compressive strength of the matrix. The chemistry of Ca–
sulpho–aluminate cement is a promising option for the cementation of radioactive spent
resins. This kind of cement production is characterized by a lower leaching rate of nuclides,
higher spent resin loadings, and stability through wet and dry curing, together with
higher compressive strength, and negligible hurdles in manufacturing. The biochar content
and spent resin loading affect the compressive strength of the waste form. The review
suggests that the magnesium potassium phosphate cements can be utilized to immobilize
radioactive concrete wastes generated during the decommissioning of nuclear power plants.
The magnesium phosphate cement is competent enough to obtain the rapid solidification
of higher content and high-level liquid wastes and radioactive substances in nuclear
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emergency incidents. The radioactive ions of higher content and high-level can be solidified
chemically and encapsulated by the magnesium phosphate cement matrix physically. The
potential research in the context of solidification desirably would be concentrated on the
control of costs„ solidification competence of perilous components, the optimization of
mechanical attributes, examinations of the action mechanisms of diverse components in
solid waste, and long-standing stability explorations.
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SCM Supplementary cementitious material
PC Portland cement
S/S Solidification/stabilization
CO2 Carbon Dioxide
IAEA International Atomic Energy Agency
LLW low-level radioactive waste (LLW)
ILW intermediate-level radioactive waste (ILW)
HLW high radioactive waste (HLW)
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Abstract: This article examines numerically the behavior of prestressed reinforced concrete slabs
strengthened with externally bonded reinforcement (EBR) consisting of fiber-reinforced polymer
(FRP) sheets. The non-linear finite element (FE) program Abaqus® is used to model EBR FRP-
strengthened prestressed concrete slabs tested previously in four-point bending. After the calibration
of the computational models, a parametric study is then conducted to assess the influence of the
FRP axial stiffness (thickness and modulus of elasticity) on the interfacial normal and shear stresses.
The numerical analysis results show that increasing the thickness or the elastic modulus of the FRP
strengthening affects the efficiency of the FRP bonding and makes it susceptible to earlier debonding
failures. A tapering technique is proposed in wet lay-up applications since multiple FRP layers are
often required. It is shown that by gradually decreasing the thickness of the FRP strengthening,
the concentration of stress along the plate end can be reduced, and thus, the overall strengthening
performance is maximized. The tapering is successful in reducing the bond stress concentrations
by up to 15%, which can be sufficient to prevent concrete rip-off and peel-off debonding failure
modes. This article contributes towards a better understanding of the debonding phenomena in
FRP-strengthened elements in flexure and towards the development of more efficient computational
tools to analyze such structures.

Keywords: FEA; end effect; EBR; plate bonding; tapering technique; prestressed concrete slab

1. Introduction

The need to increase service loads, changes or updates in design codes, design errors
or aging make the strengthening of reinforced concrete elements necessary. Due to several
advantages over more traditional techniques, externally bonded reinforcement (EBR) in
the form of fiber-reinforced polymers (FRP) has gained a special interest in strengthening
applications of reinforced concrete (RC) structures [1–4]. The most common technique to
strengthen reinforced concrete elements in flexure consists of the simple bonding of FRP
plates or fabrics on the elements’ soffit. The two basic techniques for FRP strengthening
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normally used in practical applications are (1) prefabricated systems by means of cold cured
adhesive bonding, or (2) wet lay-up systems. The application depends on strengthening
needs and the type of structure. In the case of FRP strips and laminates (prefab type), the
adhesive ensures bonding, and therefore, a high viscosity thixotropic adhesive is applied.
In the case of FRP sheets or fabrics (wet lay-up application), a resin ensures both bonding
and impregnation of the sheets, and therefore, a low viscosity resin is often required. Since
the tensile strength of FRP materials is several times higher than that of more traditional
strengthening solutions (e.g., steel plates), the tensile strength of EBR FRP systems is
much higher than its bonding strength to the concrete face. As a result, FRP debonding
between concrete and EBR can become dominant in flexural elements strengthened with
EBR FRP systems.

Previous research indicates that EBR FRP strengthening can increase the flexural
capacity of elements in both service and ultimate conditions [5–8]. However, reinforced
concrete elements strengthened with EBR FRP can also suffer from premature and brittle
debonding of the FRP plate or sheets [6–10]. Typical EBR FRP debonding failure modes
of RC slabs can include plate end interfacial debonding (Figure 1a), concrete cover sepa-
ration (Figure 1b), intermediate crack-induced interfacial debonding (Figure 1c) or shear
failure due to diagonal cracking (Figure 1d). An FRP debonding failure can prevent the
strengthened element from reaching its theoretical ultimate capacity, while also reducing its
ductility. Therefore, bond failures such as those shown in Figure 1a–d must be prevented.
This is necessary because the design procedure for FRP-strengthened flexural elements
assumes that the design moment after strengthening results from a full composite action
between the EBR FRP system and the concrete element. Indeed, in a real design, designers
only have to verify that bond failures (due to shear cracks, end anchorage or along the FRP)
do not occur.
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Figure 1. Typical EBR FRP debonding failure modes of RC slabs (adapted from [7]). (a) Plate end
interfacial debonding; (b) Cover separation; (c) Intermediate crack induced interfacial debonding;
(d) Critical diagonal crack induced interfacial debonding.

In order to prevent debonding failures at the end anchorage of a plate or sheet of
an EBR FRP-strengthened slab (Figure 2a), several solutions are used in practical appli-
cations [9]. For instance, steel plates and bolts (Figure 2b) or bolted steel angle systems
(Figure 2c) were proposed. However, this implies that drilling (or fiber unknitting) is
necessary to accommodate the bolts and anchor them into the slab or walls. Corrosion
issues may also affect the plates or bolts, thus compromising the effectiveness of the FRP
strengthening system. U-shaped anchorage systems were also used (Figure 2d). In this
solution, the FRP sheets are extended beyond the edge of the slab into the support walls.
The FRP sheets are then folded and anchored with a transverse bar or rod glued with epoxy
resin. Another typical solution is the bonding of transverse FRP sheets to the slab soffit,
placed normal to the (main) longitudinal direction of the flexural EBR FRP plate or sheets.
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The latter solution is by far the simplest to prevent end anchorage debonding failures, but
it is also prone to experience premature debonding.
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Figure 2. Schematic anchorage systems of EBR of RC slabs using FRP plate. (a) Plate end debond-
ing/Cover separation failure; (b) Steel plate anchor system (Chemical or Expansion bolts); (c) Bolted
angle system; (d) Drilled U-anchor system; (e) Typical transverse FRP wrapping.

Several models/guidelines exist to predict the bond behavior of FRP-concrete systems,
but they are still unable to give accurate predictions [6,7]. This inaccuracy can be attributed
to a lack of understanding of the development of bond stress along the FRP–concrete
interface, especially at the end plate section where high interfacial stress mobilizes and
weakens the EBR FRP system [6]. Recent research [10] has found that, while numerous
studies have examined the debonding of EBR FRP in flexural elements [11–18], much
less research has focused on modeling numerically the behavior of such elements [19–25].
Moreover, parametric studies based on finite element analysis are particularly scarce and
very much needed [10], as performing computer simulations is much more cost-effective
than performing actual experiments.

Past studies have adopted different approaches to simulate debonding phenomena.
For example, smeared and discrete approaches can be used to simulate cracking and
debonding in plain and FRP-strengthened concrete structures [26,27]. Other numerical
techniques to model the interaction between concrete and FRP systems assume a full com-
posite action at the FRP–concrete interface so that no relative movement occurs between
them [8]. Using this type of contact modeling, a full composite action develops and debond-
ing is prevented, which has proven appropriate to model EBR FRP in reinforced concrete
elements up to the service load level [5–8]. Despite the above advancements in compu-
tational approaches, the investigation of the modeling capabilities built in current finite
element (FE) software was recently identified as a research need in EBR FRP-strengthened
structures [11].
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This article examines numerically the end-plate behavior of prestressed concrete
slabs strengthened in flexure with EBR FRP sheets. This is achieved by using previous
data from four-point bending tests on EBR FRP-strengthened prestressed concrete slabs.
Non-linear FE analyses was first performed to calibrate computational models of the
strengthened slabs. Subsequently, a parametric study was conducted to assess the influence
of the FRP axial stiffness (i.e., thickness and modulus of elasticity) on the normal and
shear interfacial stresses. The article also provides some recommendations to enhance the
capacity of FRP bonded to prestressed concrete slabs, as well as to improve the effectiveness
of FRP plate bonding techniques. This article contributes towards a better understanding
of the debonding phenomena in FRP-strengthened elements in flexure and towards the
development of more efficient computational tools to analyze such structures.

2. Experimental Investigation

Five prestressed concrete slabs tested previously by the authors [8] were taken as case
studies for calibrating FE models. Prestressed slabs are commonly used as floor systems
in houses and small buildings in Southeast Asia, and, in many cases, such slabs need to
be strengthened due to the change in use of the structure. The slabs had an effective span
length of 3300 mm (Figure 3a) and a cross-section of 50 × 350 mm2 (Figure 3b). Four
f 4 mm prestressed tendons (fsy = 1860 MPa, Es = 205 GPa) were used as flexural bottom
reinforcement. Such tendons complied with the ASTM A421 [28] specifications. The slabs
were subjected to four-point bending (Figure 3c), with a shear span to effective depth ratio
equal to 4.5.
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shear interfacial stresses. The article also provides some recommendations to enhance the 
capacity of FRP bonded to prestressed concrete slabs, as well as to improve the effective-
ness of FRP plate bonding techniques. This article contributes towards a better under-
standing of the debonding phenomena in FRP-strengthened elements in flexure and to-
wards the development of more efficient computational tools to analyze such structures.  

2. Experimental Investigation
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Figure 3. (a) Elevation and (b) cross section of slabs tested in four-point bending and (c) view of slab
during test.

One layer of carbon FRP (CFRP) strip with single or double layouts, having a thickness
tf, of 1.4 mm, was used to strengthen the slabs’ soffit. The FRP sheets were bonded with
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the slabs in an upside-down position, as shown in Figure 4, that shows the following
specimens:

• PS-EBR-1-250-TP: EBR CFRP-strengthened slab, strip width 250 mm, tapered at one
end anchorage (tapering length = 250 mm).

• PS-EBR-2-100-TP: EBR CFRP-strengthened slab, strip width 100 mm each, tapered at
one end anchorage (tapering length = 250 mm).

• PS-EBR-1-250 and PS-EBR-2-100: same as above but without tapering.
• PS-C: unstrengthened control slab.
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Figure 4. Application of EBR CFRP sheets at the slab’s soffit (PS-EBR-2-100).

The properties of the CFRP were modulus of elasticity Ef = 200 GPa, Poisson ra-
tio = 0.29, ultimate strength ffu = 2590 MPa and rupture strain εfu = 0.015, as given by the
manufacturer. The FRP was bonded to the slabs’ soffit using a two-part epoxy adhesive
bonding agent. The properties of the epoxy resin reported by the producer were modulus
of elasticity Em = 5 GPa, tensile strength fm = 20 MPa and Poisson ratio = 0.35. The slabs
were cast using C30 concrete with a mean compressive strength of fc = 30.8 MPa, tensile
splitting strength fcr = 3.6 MPa and modulus of elasticity Ec = 22 GPa, which were calculated
according to fib Model Code [29].

Table 1 summarizes the material parameters used in the FE modeling. As shown in
Figure 4, the FRP sheets were anchored at one end with transverse CFRP sheets so as to
promote FRP debonding on the opposite end anchorage of the slabs.

Table 1. Properties of material used in FE modeling of tested slabs.

Parameters Tensile
Steel

Compressive
Steel

CFRP
Sheets Resin

Modulus of elasticity [GPa] 200 206 200 5
Poisson’s ratio 0.29 0.29 0.29 0.35

Yield stress [MPa] 470 360 - -
Ultimate strength [MPa] 560 400 2590 20
Ultimate plastic strain 0.023 0.0082 - -

The five slabs were subjected to monotonic load until failure. The mid-span deflection
behavior of the slabs was monitored using vertical displacement transducers located at
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the soffit. As expected, the ultimate failure of the slabs was controlled by debonding of
the CFRP sheets at the free end anchorage for all of the strengthened specimens. Figure 5
shows the intermediate crack-induced interfacial debonding failure of specimens with
tapering-end CFRP sheets (PS-EBR-2-100-TP and PS-EBR-1-250-TP). For the specimen
without tapering (PS-EBR-2-100), end-debonding failure of CFRP was observed at the left
side of the specimen, as shown in Figure 6.
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3. Numerical Investigations
3.1. Modeling Assumptions

The prestressed concrete slabs were modeled in Abaqus® FE software [30]. The
concrete, adhesive layer (two-part epoxy resin) and CFRP sheets were modeled using
two-dimensional solid biquadratic elements (CPS8) with eight-nodes (two degrees of
freedom per node), as shown in Figure 7a. It should be noted that CPS4 or CPS4R elements
consume less computation cost, but they were deemed unsuitable as they can cause shear
stress deformation instead of bending deformation [30]. Figure 7b,c show the constitutive
models of concrete and steel tendons used in Abaqus®. The internal reinforcement was
modeled using 1D elements and is embedded in the concrete matrix, (Es = 206 GPa and
Poisson’s ratio = 0.3 (see Figure 7c). The prestressed tendons were ignored in the modeling.
Instead, an equivalent prestressing force was applied as surface loads at both sides of the
concrete elements, as reported in the previous studies by Okumus et al. [31]. Bond slip and
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dowel action were not explicitly considered in this study, primarily because the numerical
simulations focused on the behavior of the slabs at the serviceability level where no major
cracks or local slip were not evident in the experiments [4]. The concrete and CFRP sheets
were assembled by a tie type of constraint so that no relative movement between them
occurred. Using this type of contact modeling, a full composite action developed. As a
result, the modeling of links and transverse CFRP sheets could be omitted. The analysis was
performed by incremental loading, with integration in each increment. Since considerable
nonlinearity was expected (including the possibility of instability as the concrete cracks or
failure occurred at the FRP–concrete bond interface), the load magnitudes were covered
by a single scalar parameter. The modified Riks algorithm with automatic increments
was used. This method uses the “arc length” along the static equilibrium path in load-
displacement space. This method in general worked well and provided a conservative
solution for similar problems [30]. The FE method has proven effective at predicting with
reasonable accuracy experimental results in previous studies [23,31,32].
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Figure 7. (a) FE mesh and geometry, (b) concrete constitutive model and (c) reinforcement
(CFRP/steel/adhesive).

3.2. Concrete Constitutive Model

Concrete was assumed to behave nonlinearly in both compression and tension, as
shown in Figure 7b. The constitutive curve for concrete in compression is used as input
parameters to the FE code in a form of stress–strain (σc− εc) series of values, as summarized
in Table 2. By using the fib Model Code 2010 [29] approach, the FE analysis adopted the
following stress–strain (σc − εc) constitutive model for concrete in compression:

σc = − f ′c

(
Eci
Ec1

)(
εci
εc1

)
−

(
εci
εc1

)2

1 +
(

Eci
Ec1
− 2

)(
εci
εc1

) (1)

where E1 =
∣∣∣ f ′c

ε1

∣∣∣, Eci = Ecm

(
f ′c

fcm0

) 1
3 ; ε 1 = −0.0022 and fcm0 = 10 Mpa.

Table 2. Concrete parameters adopted in numerical analysis.

Initial elastic modulus E0 22,750 MPa
Poisson’s ratio ν 0.15 -

Compressive cylinder strength fck 30.8 MPa
Tensile strength σcr 0.037 MPa

Tension stiffening(pre-load) εmax 0.0007 -
Tension stiffening εmax 0.0031 -

In Equation (1), εc is the strain at extreme fiber that depends on the compressive
strength of concrete f ′c . The values of Ecm adopted in this study correspond to the secant
elastic modulus of concrete, which was derived according to fib Model Code 2010 [29].

4. Predictions of Slab Deflections

Figure 8a–e compares experimental load-deflection with the numerical predictions
given by the FE models. For the control specimen (PS-C), the specimen failed by concrete
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crushing at the ultimate load of 3.98 kN and deflection of 32.8 mm. When considering the
deflection limit of L/360 = 2300/360 = 6.38 mm, this occurs at a load level of 2.15 kN. The
load level increases to 2.56 kN at L/240, as well as the deflection limit for a strengthened
prestressed slab. The design live load of this slab is 1.5 kN for typical houses, and therefore,
the test result evidenced that the design of the control PS-C was satisfactory. In the case
of the strengthened slabs without tapering PS-EBR-1-250 and PS-EBR-2-100 (Figure 8b,c),
it was found that the end-debonding failure (i.e., Figure 6) occurred. This occurred at
the ultimate loads of 4.35 kN and 4.20 kN, respectively, as shown in Figure 8b,c. When
considering the load level at deflection limit of L/360, it was found that the load level of
PS-EBR-1-250 and PS-EBR-2-100 increased to 2.71 kN and 2.82 kN, respectively, which were
126% and 131% higher compared to the control PS-C.
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Figure 8. Comparison of experimental load-deflection and numerical predictions. (a) PS-C; (b) PS-
EBR-1-250; (c) PS-EBR-2-100; (d) PS-EBR-1-250-TP; (e) PS-EBR-2-100-TP.

For CFRP-strengthened specimens with tapering CFRP sheets at the end anchorage
(PS-EBR-1-250-TP and PS-EBR-2-100-TP), it was found that plate end bonding failure was
well prevented, and instead, multiple intermediate cracks induced interfacial debonding
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failures (i.e., Figure 5). This is reflected in the load-mid-span deflection curves in Figure 8d,e
as sudden drops in the load towards the end of the tests. Generally, the first interfacial
debonding failures occurred at the ultimate load, i.e., at 4.50 kN and 4.52 kN. This was
followed by the second interfacial debonding failures at 4.23 kN and 4.12 kN for specimens
PS-EBR-1-250-TP and PS-EBR-2-100-TP, respectively. When considering the load level at
deflection limit of L/360 for PS-EBR-1-250-TP and PS-EBR-2-100-TP, it was found that
the load level increased to 3.91 kN and 3.78 kN, respectively, which were 155% and 150%
more than the equivalent loads of PS-C. From the results in Figure 8, it is concluded that
all EBR CFRP-strengthened slabs improved both service and ultimate loads (by up to
15%) and stiffness (by up to 7%) over the control PS-C slab. It is also evident that the end
tapering technique with CFRP sheets improved the ultimate load by up to 5% compared to
their identical specimens, thus, also preventing end debonding failure by allowing a more
gradual interfacial debonding failure.

The results in Figure 8a–e also show that the higher the load, the stiffer the response is
obtained from the FE results compared to the experimental results (e.g., defection at failure
from FE model is 13.3 mm vs. 17.1 mm from PS-C). Nevertheless, the FE models predict
reasonably well the load and corresponding deflection up to 2.25 kN, which is considered
sufficient to represent the point of service condition (i.e., a deflection = L/360). This is also
consistent with the findings reported in previous studies [6–8]. At higher load levels, the
deflections obtained from FE models are lower than the experimental values due to several
cracks being developed after the service load level is reached. For CFRP-strengthened
slabs, the FE models predict better the results compared to unstrengthened specimens up
to a load level of approximately 75% of the ultimate load level. Moreover, the FE models
predicts 20–25% lower deflections at ultimate load. It is also noted that the numerical
prediction in this study did not capture the failure due to end-debonding or interfacial
debonding (i.e., Figure 1), since perfect bonding between CFRP and concrete surface was
assumed in the analysis, and thus, no separation was allowed to occur in the FE analysis. It
is also interesting that numerical predictions agreed well with experimental results after
service load level. This can be attributed to the fact that major cracks are prevented by the
CFRP sheets bonded at the slabs’ soffit.

5. Parametric Studies

A parametric study is performed on slab PS-EBR-1-250-TP to investigate the stress in
the flexural CFRP sheets and find solutions to make the strengthening more effective by
varying the axial CFRP stiffness (thickness and modulus of elasticity). Figure 9a shows
the load-deflection curves of strengthened slabs with different fiber thicknesses (tf = 0.7,
1.4, 2.0 and 4.0 mm), whereas Figure 9b shows equivalent results for different moduli
of elasticity (Ef = 150, 200 and 250 GPa). The results in these figures indicate that, as Ef
increases, the overall stiffness of the slab also increases, and less deflection is recorded
(Figure 9b). When the stress in the CFRP is compared, a thicker CFRP develops less stress
than the thinner plate. Therefore, it can be concluded that increasing Ef gives the same
results as increasing tf. However, the results show that the load at which diagonal crack
develops changes marginally if Ef changes. The results of the parametric study show that
increasing the thickness or the elastic modulus of the FRP plate can reduce the efficiency
of the FRP plate bonding technique and make it susceptible to earlier debonding failure
or to allow multiple interfacial debonding failure. Therefore, it is proposed to consider
end tapering to investigate the increase in effectiveness of the CFRP sheets. The CFRP
strengthening is designed according to the bending moment diagram in order to achieve
the effective use of the material by tapering the thickness of both sides (see tapering detail
in Figure 3a) at the loading point of both ends of the longitudinal CFRP plates.

Table 3 shows the normal stress of CFRP sheets at the concrete–plate interface and
tensile failure load for different CFRP thickness. It can be seen that the normal stress in the
case of 0.7 to 1.4 mm thickness plate increases by 31% from the case of a 1.4 mm plate. For
the case of 2.0 to 4.0 mm thickness, a 37% increase is obtained when compared with the
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case of a 4.0 mm CFRP. It reveals that end-tapering technique has an advantage in making
the FRP plate more effective by reducing the thickness of the FRP plate at the plate end.
Another advantage of tapering is that in strengthened slabs without tapering, the end plate
or sheets are found to have a high concentration of principal stress and shear stress. Indeed,
the termination of a plate or sheet with constant thickness creates an abrupt change in the
element stiffness, which creates both shear stress and normal stress concentrations near the
end plate or sheet.
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Table 3. Normal stress of CFRP sheets at concrete and tensile failure load for different CFRP thickness.

FRP Thickness
tf (mm)

Normal Stress in FRP
S11 (MPa)

Load
(kN)

0.7 413 4.72
1.4 281 4.35
2.0 254 4.30
4.0 160 4.25

6. Performance of End Effect for EBR FRP-Strengthened Slabs

Figure 10a,b show, correspondingly, the contour plots of principal tensile stress (Smax)
and shear stress (S11) of the concrete–adhesive interface of the CFRP-strengthened slabs
without end-tapering (PS-EBR-250) and with end-tapering (PS-EBR-250-TP). In these plots,
the thickness of the CFRP varied from 1.0 to 1.4 mm in PS-EBR-250-TP to compare with
the 1.4 mm of CFRP in PS-EBR-250. The development of the principal stresses in the FE
model can be used to identify the concentration of stresses in the concrete, CFRP sheets
and adhesive resin. As a failure ratio of 0.037 was used (i.e., the tensile stress of concrete
input in Abaqus® was 1.14 MPa), a diagonal crack in the concrete would occur when
the tensile stress in the concrete (at the end of the plate) reaches its ultimate strength.
However, the full composite action is assumed in this modeling exercise, which makes the
analysis run completely until a compressive failure of concrete occurs. At this point, the
maximum tensile stress in the CFRP sheets can be used to examine the effectiveness of the
FRP strengthening before the beam starts to develop diagonal cracking, loses its composite
action and eventually fails due to FRP debonding (i.e., Figure 10a). The results confirm
that the use of end-tapering at the end anchorage of the CFRP sheets reduces the stresses
compared to the slab without end tapering (see Figure 10b).

Figure 11a compares the CFRP–concrete interfacial principal stresses of slabs without
(PS-EBR-250) and with tapering (PS-EBR-250-TP) as a function of the length of the CFRP
plate sheets. Likewise, Figure 11a compares analogous results but for shear stresses of such
slabs. The results in these figures show that the end-tapering technique has an advantage in
making the FRP plate by reducing both von Mises and shear stresses and make it susceptible
to early debonding. In these plots, two FRP plates with different thicknesses (constant
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tf = 1.4 mm and tapering tf = 1–1.4 mm) are used to investigate the principal and shear
stresses of the slabs and the FRP plates. Figure 11a,b indicate that the principal stress and
shear stress concentrate at the end of the CFRP sheets if a constant thickness (tf = 1.4 mm) is
considered. The concentration of these stresses is found to be the cause of debonding due
to rip-off or peel-off. Conversely, the tapering reduces the principal stresses (by up to 15%)
and shear stresses (by up to 10%) along the anchorage length, thus, re-distributing stresses
towards the beam mid-span. Therefore, tapering is extremely successful in reducing the
stresses by up to 15%, which can be sufficient to prevent concrete rip-off and peel-off FRP
debonding failures.
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7. Summary and Conclusions

This article numerically examines the behavior of prestressed reinforced concrete slabs
strengthened with EBR CFRP sheets in flexure. Computer simulations based on finite
element (FE) analysis were conducted on five specimens tested previously by the authors
to investigate stress concentrations in the slabs, as well as at the CFRP–concrete bonded
interface. The simulation is then used to carry out a parametric study that shows that
increasing the thickness or the elastic modulus of the FRP plate affects the efficiency of the
FRP plate bonding. Further analysis investigated the efficiency of tapering the EBR FRP on
reducing the stress concentrations at the end anchorage to the strengthening system. Based
on the results of this study, the following conclusions can be drawn:

• In all CFRP-strengthened prestressed slabs, the ultimate failure was controlled by
debonding of the CFRP sheets at the end anchorage. End debonding failure and
intermediate crack-induced interfacial debonding failure were observed in the slabs
without and with tapered CFRP sheets, respectively.

• The results from the tests showed that an end tapering technique improved the
ultimate load by up to 5% compared to slabs without tapering. The tapering
also prevented end debonding failure by allowing multiple interfacial debonding
failures.

• For CFRP-strengthened slabs, the FE models predicted better the results compared to
unstrengthened specimens up to a load level of approximately 75% of the ultimate
load. However, the numerical predictions showed approximately 20–25% fewer
deflections at ultimate loads. Further research is necessary to achieve better predictions
at ultimate loads.

• Results from a parametric study showed that increasing the thickness or the elastic
modulus of the CFRP strengthening sheets can affect the efficiency of the FRP plate
bonding technique, thus, making it susceptible to potential premature debonding
failures.

• The FE results confirmed that a tapering technique at the end anchorage of the CFRP
sheets can increase the capacity of a CFRP strengthening system. For the CFRP-
strengthened slabs analyzed in this study, the end tapering reduced the stresses by
up to 15%, which can be sufficient to prevent concrete rip-off and peel-off debonding
failures. Nonetheless, further numerical analyses are necessary to extend the validity
of these observations to other structural elements strengthened with EBR CFRP sheets.
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Abstract: Semiconductor quantum dots of the A2B6 group and organic semiconductors have been
widely studied and applied in optoelectronics. This study aims to combine CdTe quantum dots
and perylene-based dye molecules into advanced nanostructure system targeting to improve their
functional properties. In such systems, new electronic states, a mixture of Wannier–Mott excitons
with charge-transfer excitons, have appeared at the interface of CdTe quantum dots and the perylene
dye. The nature of such new states has been analyzed by absorption and photoluminescence
spectroscopy with picosecond time resolution. Furthermore, aggregation of perylene dye on the CdTe
has been elucidated, and contribution of Förster resonant energy transfer has been observed between
aggregated forms of the dye and CdTe quantum dots in the hybrid CdTe-perylene nanostructures.
The studied nanostructures have strongly quenched emission of quantum dots enabling potential
application of such systems in dissociative sensing.

Keywords: perylene dye; nanoparticles; quantum dots; cadmium telluride; photoluminescence;
time-resolved spectroscopy; exciton

1. Introduction

Self-assembly of molecules and the formation of one-dimensional molecular structures
with an atomically close distance between the molecules in one direction attracts consider-
able attention in recent decades [1–3]. For example, planar aromatic molecules organize
into one-dimensional face-to-face stacks with a strong intermolecular overlap of π-orbitals.
Such structures are interesting for applications in photoelectronic devices such as solar
cells [4], light-emitting diodes and transistors [5], etc. Perylene derivatives, such as N,N-
dimethylperylene-3,4,9,10-dicarboximide (MePTCDI), or 3,4,9,10-perylenetetracarboxylic
dianhydride (PTCDA), are well-known examples of materials forming one-dimensional
crystals with an extremely small distance between molecular planes in one-dimensional
stacks (3.37 Å for PTCDA, 3.40 Å for MePTCDI) [6,7]. The properties of perylene deriva-
tives crystals are similar to features of both conventional inorganic semiconductors and
organic molecular crystals. Therefore, perylene-based molecular structures are an ideal
model material to study fundamental excitonic processes linking inorganic and organic
semiconductor classes of materials that may ultimately prove useful for applications in
optoelectronic devices.

Inorganic semiconductor nanoparticles or quantum dots (QDs) of the A2B6 group,
(CdS, CdTe) have wide practical applications in optoelectronics, for example as labels for bi-
ological research [8–10]. Combining two objects, such as CdTe QDs and perylene dyes, into
one system has the potential to significantly improve their functional properties, therefore a
comprehensive understanding of their fundamental properties is needed. In such systems,
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new (mixed) electronic and excitonic states may appear at the interface of organic and
inorganic materials. Various models of excitons are used to classify excitons: small-radius
Frenkel exciton (FE) model [11,12], charge transfer exciton (CTE) model [13–15], and the
large-radius Wanier-Mott exciton (WME) model [16]. FE and CTE models are used to
classify excitons in organic semiconductor materials, while the WME model is typical for
inorganic semiconductors. FE is a neutral excited state in which an electron and a hole are
located on the same molecule. The intermolecular interaction leads to a finite transition
integral for the transfer of electronic excitation from one molecule to another, and as a
result, FEs propagate through a crystal as coherent waves. CTE consists of a pair of charge
carriers located on different neighboring molecules. Such arrangements are ensured in
organic crystals because (in contrast to inorganic semiconductors) the binding energy of
lower CTEs is greater than the width of the valence and the conduction bands. WME
model considers the Coulomb interaction between an electron and a hole and is based on
an approximation of the effective mass for them in a periodic lattice potential. The main
characteristic of WME is hydrogen absorption and emission behavior in crystals with a
large dielectric constant. The average distance between the electron and the hole for this
type of exciton is much larger than the lattice constant. Mixing the different excitons is an
appealing area of fundamental research allowing one to pursue enhancement of resonant
optical nonlinearity, fluorescence efficiency and relaxation processes [17].

The studied perylene derivative, perylene-3,4:9,10-bis(dicarboximide)-N,N-bis(1-methyl-
3pyridinium) bis-n-toluenesulfonate (2416SL) is similar in its structural and electronic
properties to the well-investigated PTCDA. The difference is that 2416SL molecules have
ionic groups on the periphery (Figure 1), which makes them soluble in water [18], therefore
semiconductor crystalline structures with 2416SL can be prepared from solutions. In
water, 2416SL molecules associate into aggregates, which at high concentrations assemble
into structures with long-range orientational order. Such structures can form lyotropic
chromonic liquid crystals (LCLC), the elementary building blocks of the metaphase of which
are elongated disk-like molecular aggregates [19]. 2416SL can form oriented nanostructured
films preserving the LCLC orientational order in solid crystalline film [18,20,21]. The main
motivation for researching 2416SL in different aggregated states stems from promising
excitonic and related optical properties, which appear due to the regular planar organization
of 2416SL molecules in thread-like H-aggregates having π-π stacking with an unusually
small intermolecular distance of 0.34 nm [6,7]. The excitonic properties of neat 2416SL
have not been studied comprehensively, and this aspect will be investigated here as well
in more detail. Thus, 2416SL is a relevant model object that allows us to study a wide
range of fundamental phenomena involved in the operation of various electronic devices
made of organic and inorganic materials. Functionalizing CdTe QDs by perylene dye, such
as 2416SL, will allow one to create nanostructures with novel features, and fundamental
spectral characteristics of such new nanostructures have to be analyzed. The study of the
nature of exciton states in the bulk and at the interface of organic/inorganic materials is
one of the fundamental objectives for the application of such hybrid functional systems in
the future.
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such systems, new (mixed) electronic and excitonic states may appear at the interface of 

organic and inorganic materials. Various models of excitons are used to classify excitons: 

small‐radius Frenkel exciton (FE) model [11,12], charge transfer exciton (CTE) model [13–

15], and the large‐radius Wanier‐Mott exciton (WME) model [16]. FE and CTE models are 

used  to classify excitons  in organic semiconductor materials, while  the WME model  is 

typical for inorganic semiconductors. FE is a neutral excited state in which an electron and 

a hole are located on the same molecule. The intermolecular interaction leads to a finite 

transition integral for the transfer of electronic excitation from one molecule to another, 

and as a result, FEs propagate through a crystal as coherent waves. CTE consists of a pair 

of charge carriers located on different neighboring molecules. Such arrangements are en‐

sured in organic crystals because (in contrast to inorganic semiconductors) the binding 

energy of lower CTEs is greater than the width of the valence and the conduction bands. 

WME model considers the Coulomb  interaction between an electron and a hole and  is 

based on an approximation of the effective mass for them in a periodic lattice potential. 

The main characteristic of WME is hydrogen absorption and emission behavior in crystals 

with a large dielectric constant. The average distance between the electron and the hole 

for this type of exciton is much larger than the lattice constant. Mixing the different exci‐

tons is an appealing area of fundamental research allowing one to pursue enhancement 

of resonant optical nonlinearity, fluorescence efficiency and relaxation processes [17]. 

The  studied  perylene  derivative,  perylene‐3,4:9,10‐bis(dicarboximide)‐N,N‐bis(1‐

methyl‐3pyridinium) bis‐n‐toluenesulfonate (2416SL) is similar in its structural and elec‐

tronic properties to the well‐investigated PTCDA. The difference is that 2416SL molecules 

have ionic groups on the periphery (Figure 1), which makes them soluble in water [18], 

therefore semiconductor crystalline structures with 2416SL can be prepared  from solu‐

tions. In water, 2416SL molecules associate into aggregates, which at high concentrations 

assemble  into structures with  long‐range orientational order. Such structures can  form 

lyotropic chromonic liquid crystals (LCLC), the elementary building blocks of the meta‐

phase of which are elongated disk‐like molecular aggregates [19]. 2416SL can form ori‐

ented nanostructured films preserving the LCLC orientational order in solid crystalline 

film [18,20,21]. The main motivation for researching 2416SL in different aggregated states 

stems from promising excitonic and related optical properties, which appear due to the 

regular planar organization of 2416SL molecules in thread‐like H‐aggregates having π‐π 

stacking with an unusually small intermolecular distance of 0.34 nm [6,7]. The excitonic 

properties of neat 2416SL have not been studied comprehensively, and this aspect will be 

investigated here as well in more detail. Thus, 2416SL is a relevant model object that al‐

lows us to study a wide range of fundamental phenomena involved in the operation of 

various electronic devices made of organic and inorganic materials. Functionalizing CdTe 

QDs by perylene dye, such as 2416SL, will allow one to create nanostructures with novel 

features, and fundamental spectral characteristics of such new nanostructures have to be 

analyzed. The study of the nature of exciton states in the bulk and at the interface of or‐

ganic/inorganic materials is one of the fundamental objectives for the application of such 

hybrid functional systems in the future. 

 

Figure  1.  The  structural  formula  of  the  perylene‐3,4:9,10‐bis(dicarboximide)‐N,N‐bis(1‐methyl‐

3pyridinium) bis‐n‐toluenesulfonate (2416SL) molecule. 
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Figure 1. The structural formula of the perylene-3,4:9,10-bis(dicarboximide)-N,N-bis(1-methyl-
3pyridinium) bis-n-toluenesulfonate (2416SL) molecule.

2. Materials and Methods

The structural formula of the studied 2416SL molecule is shown in Figure 1. 2416SL
was synthesized at the Institute of Organic Chemistry, the National Academy of Sciences of
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Ukraine using the methodology described before [20]. Solutions of 2416SL were prepared
in dimethyl sulfoxide (DMSO) and water. 2416SL dissolves well in DMSO. In water, even
at low concentrations, 2416SL molecules aggregate. The aggregation of 2416SL molecules
in aqueous solvents can be associated with the high hydrophobicity of their perylene
core-chromophore [22]. The aqueous solutions in water were heated to 90 ◦C and then
cooled down before measurement. The concentrations of the solutions were in the range of
(10−3–5·10−6) M.

2416SL films were obtained by drop casting of high concentration (0.1 M) aqueous
solution on a quartz substrate and drying at room temperature. The films were annealed at
470 K to improve crystalline structure.

A dispersion of CdTe quantum dots (QDs) in deionized water was obtained in the
presence of thioglycolic acid (TGA) [10]. All reagents and solvents obtained from commer-
cial suppliers were of reagent grade quality. Milli-Q water, CdI2, NaOH, and thioglycolic
acid (TGA ≥ 90%) were purchased from Himlaborreactive (Ukraine). In the synthesis of
the QDs, each chemical element was introduced into the reactor in the form of a precursor:
a molecule or complex containing at least one constituent element. In our case, the Cd2

+

source was the CdI2 salt, and the Te2
− source was H2Te gas prepared electrochemically in

a galvanostatic cell. The low-temperature colloidal synthesis has been performed in the
reactor of complete mixing in the presence of TGA as a stabilizer. CdI2 was dissolved in
water, and TGA was added under stirring, followed by adjusting the pH to 10 by dropwise
addition of NaOH solution. H2Te gas was passed through the solution using argon as a
carrier gas. The size of CdTe QD increased with the duration of the synthesis. The size
of CdTe QDs was determined by dynamic light scattering and the ratio of the particle
diameter, d, and the absorption wavelength of the first exciton maximum. For studied CdTe
QDs, the average diameter d was 2.5 and 3.5 nm, having a relatively narrow distribution
of QDs sizes characterized by dynamic light scattering (for d = 2.5 nm, the distribution
range is 1.5–6.0 nm, and 3.5 nm QDs sizes spread slightly wider over 1.8–9.0 nm). The
concentration of CdTe QDs in the initial dispersions was approx. 10−5 M.

The formation of hybrid nanostructures of CdTe-2416SL took place by admixing initial
dispersions of CdTe in portions of Vn = 0.1·n mL, where n was taken from 1 to 15, to
1 mL of an aqueous solution of 2416SL (with a concentration of 5·10−5 M). The mixture of
CdTe-2416SL at n = 15 has been studied in two forms due to abundant aggregation and
precipitate formation. One form was a CdTe-2416SL supernatant where all precipitate was
allowed to go down for 24 h and only the top half of the mixture was studied. Another
form was a freshly mixed CdTe-2416SL with all the micro and nano-aggregations present
in the dispersion.

The structure of electron-vibrational and excitonic transitions in the studied samples
(2416SL solutions, CdTe QDs dispersions, 2416SL films, and hybrid systems based on
CdTe-2416SL) was studied by analyzing electronic absorption spectra, steady-state, and
time-resolved photoluminescence (PL) spectra. The complex use of spectral techniques
allowed us to identify molecular and exciton signatures in the studied systems.

Absorption spectra were measured using a Lambda 1050UV/VIS/NIR spectropho-
tometer (PerkinElmer, US). Steady-state PL spectra were measured using a USB2000+UV-
VIS-ES spectrometer through an optical fiber with a diameter of 600 µm. LLS-385 LED
(Ocean Optics, US) and EPL-405 laser (Edinburgh Instruments Ltd., Livingston, UK) were
used to excite steady-state PL with the corresponding λe wavelength.

Time-resolved PL emission spectra (TRES) were measured using a LifeSpec II spec-
trofluorimeter (Edinburgh Instruments Ltd., Livingston, UK). An EPL-405 laser with a
wavelength of λe = 405 nm and a pulse duration of 40 ps was used to excite time-resolved
PL in the visible range. The frequency of excitation pulses can be adjusted in the range
of 10 kHz–20 MHz. To determine the lifetimes τ of excited states of molecules, the time-
correlated photon counting with picosecond time resolution was used allowing us to
measure PL decay kinetics of weakly emitting samples with characteristic lifetimes of
(10−6–10−11) s. To excite PL in this method, a sequence of short excitation pulses of radia-
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tion from the lasers with a strictly fixed follow-up period is used. The probability of PL
detection is kept below one photon when the object is excited by a single pulse, and the
repetition frequency of the exciting pulse is set as high as possible. On the other hand, the
sequence of pulses is maintained in such a way that the time interval between pulses is
at least 5–10 times longer than the decay time of PL being recorded. The obtained time
dependence of PL kinetics, I(t), was approximated by the expression:

I(t) = IRF ∗
n

∑
i=1

Ai exp (− t
τi

)

where IRF is the instrument response function of the detector, i is a serial number, τ is the
lifetime of the excited state, and Ai is the weighting factor. To measure IRF, the certified
colloidal LUDOX solution was used.

To establish the true PL attenuation curve according to experimental data, it is neces-
sary to solve the integral equation I(t) =

∫ t
0 F(t− t′)G(t′)dt′, where I(t) is the experimental

dependence of PL intensity on time, F(t) is the true dependence of PL attenuation on time,
G(t) is the IRF. Using a sequence of PL kinetic curves for different emission wavelengths,
TRES maps were constructed representing the spectral dependence of PL on the delay
time, t. TRES map is a functional dependence of the PL intensity on two variables—the
radiation wavelength (λEM; Y-axis) and the delay time (t; X-axis). In the TRES map, as
instantaneous PL spectra are measured, the corresponding t are recorded with the reference
to the maximum of the laser pulse in the IRF, when t = 0 ns. To calculate τ and plot the TRES
maps, the F900 software package (version 7.2, Edinburgh Instruments Ltd., Livingston, UK)
was used.

3. Results and Discussion
3.1. Solutions and Films of 2416SL

To determine the structure of electron-vibrational and exciton transitions in 2416SL,
the absorption and PL spectra of aqueous and DMSO solutions at different concentrations
were studied. Furthermore, the spectra of 2416SL films deposited on quartz provided
additional insight. Absorption (Figure 2, curves 1,3) and PL (Figure 2, curves 2,4) spectra
for low concentration (5·10−6 M) solutions of 2416SL in water and DMSO at 296 K have
variations, which can be associated with their different solubility. The positions of the
maxima of the electronic and electronic-vibrational bands in the absorption and PL spectra
(Figure 2) of solutions of 2416S in water and DMSO are summarized in Tables 1 and 2.
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Figure 2. Spectra of absorption (1,2) and steady‐state PL (3,4) of molecular solutions of 2416SL in 

DMSO (2,4) and water (1,3) at the concentration of 5∙10−6 M, λe = 385 nm, T = 296 K. 

Table 1. Positions of electronic absorption band maxima for solutions of 2416SL. 

Solution 
Transitions (nm/cm−1) 

S0(0) → S1(0)  S0(0) → S1(1)  S0(0) → S1(2) 

DMSO  530/18,870  495/20,200  464/21,550 

water  532/18,800 *  502/19,920  471/21,220 

* The transition is estimated from the comparison of the absorption spectra of aqueous and DMSO 

solutions, the values of their vibrational repetitions, and Stokes shifts. 

Table 2. Positions of PL band maxima of 2416SL solutions. 

Solution 
Transitions (nm/cm−1) 

S0(0) ← S1(0)  S0(0) ← S1(1)  S0(0) ← S1(2) 

DMSO  545/18,340  586/17,070  633/15,800 

water  549/18,190  591/16,920  639/15,650 

The spectra in DMSO (Figure 2) are mirror symmetric, have a Stokes shift of 530 cm−1, 

and oscillating repetitions with a frequency close to 1330 cm−1 forming solid evidence that 

the spectra are of molecular origin. Absorption spectra for aqueous solutions of 2416SL 

(Figures 2 and 3a) are lacking mirror symmetry between the absorption and PL spectra. 

There is a significantly reduced light absorption in the region of the purely electronic S0(0) 

→ S1(0) optical transition, and a high intensity 502 nm band, approximately in the region 

of S0(0) → S1(1) transition. In the present work, only aqueous solutions of 2416SL are stud‐

ied in detail, because aqueous solutions of CdTe and their mixtures with 2416SL are the 

focus of this study. The absence of mirror symmetry between the absorption and PL spec‐

tra of aqueous solutions, additional absorption  in the short wavelength region, and re‐

duced contribution of molecular spectral signatures evidence that, even at low concentra‐

tions, H‐aggregates are formed. Therefore, the absorption and PL spectra are formed not 

only by molecular but also by collective excitations in the aggregates, and disk‐like mole‐

cules of 2416SL aggregate into thread‐like columnar structures with a diameter equal to 

the size of the molecule. Furthermore, the perylene derivatives are well‐known for form‐

ing H‐aggregates, where molecules are positioned almost parallel to each other [23]. Such 

one‐dimensional molecular  aggregates have  features  characteristic of  collective  excita‐

tions (excimers, FE [11,12], CTE [24–26]). 

Figure 2. Spectra of absorption (1,2) and steady-state PL (3,4) of molecular solutions of 2416SL in
DMSO (2,4) and water (1,3) at the concentration of 5·10−6 M, λe = 385 nm, T = 296 K.
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Table 1. Positions of electronic absorption band maxima for solutions of 2416SL.

Solution
Transitions (nm/cm−1)

S0(0)→ S1(0) S0(0)→ S1(1) S0(0)→ S1(2)

DMSO 530/18,870 495/20,200 464/21,550

water 532/18,800 * 502/19,920 471/21,220
* The transition is estimated from the comparison of the absorption spectra of aqueous and DMSO solutions, the
values of their vibrational repetitions, and Stokes shifts.

Table 2. Positions of PL band maxima of 2416SL solutions.

Solution
Transitions (nm/cm−1)

S0(0)← S1(0) S0(0)← S1(1) S0(0)← S1(2)

DMSO 545/18,340 586/17,070 633/15,800

water 549/18,190 591/16,920 639/15,650

The spectra in DMSO (Figure 2) are mirror symmetric, have a Stokes shift of 530 cm−1,
and oscillating repetitions with a frequency close to 1330 cm−1 forming solid evidence that
the spectra are of molecular origin. Absorption spectra for aqueous solutions of 2416SL
(Figures 2 and 3a) are lacking mirror symmetry between the absorption and PL spectra.
There is a significantly reduced light absorption in the region of the purely electronic
S0(0)→ S1(0) optical transition, and a high intensity 502 nm band, approximately in the
region of S0(0)→ S1(1) transition. In the present work, only aqueous solutions of 2416SL are
studied in detail, because aqueous solutions of CdTe and their mixtures with 2416SL are the
focus of this study. The absence of mirror symmetry between the absorption and PL spectra
of aqueous solutions, additional absorption in the short wavelength region, and reduced
contribution of molecular spectral signatures evidence that, even at low concentrations,
H-aggregates are formed. Therefore, the absorption and PL spectra are formed not only
by molecular but also by collective excitations in the aggregates, and disk-like molecules
of 2416SL aggregate into thread-like columnar structures with a diameter equal to the
size of the molecule. Furthermore, the perylene derivatives are well-known for forming
H-aggregates, where molecules are positioned almost parallel to each other [23]. Such
one-dimensional molecular aggregates have features characteristic of collective excitations
(excimers, FE [11,12], CTE [24–26]).
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Figure 3. (a) Absorption spectra of aqueous solutions for 2416SL at the concentrations of 5∙10−6 M 

(1), 10−4 M (2), and 8∙10−2 M (3,4); λe = 405 nm; T = 296 K (1–3) and 77 K (4). (b) Steady‐state PL spectra 

of aqueous solutions for 2416SL at the concentrations of 10−4 M (1) and 10−3 M (2,3); λe = 405 nm; T = 

296 K (1,2) and 4.2 K (3). 

Due to the stacking parallel orientation of molecules and their dipoles in molecular 

H‐aggregates in solutions and films, their PL of FE is significantly quenched in compari‐

son  to an  isolated molecule. This  is happening because optical  transitions  for FE  in H‐

aggregate absorption and PL between S0(0) ↔ S1(0) electronic states are forbidden [16]. 
However, the strict prohibition of S0(0) ↔ S1(0) transitions is valid, only for excitation de‐
localized along an  infinite crystal [16]. In real crystals, the effect of dipole ordering de‐

pends on the exciton coherence length. In molecular aggregates and thin polycrystalline 

films, the coherence length decreases due to thermal and structural disorder [26–28], and 

optical S1(0) → S0(1) transitions to higher electronic vibrational states of the S0(1) ground 
state are allowed, albeit with a smaller intensity. This can be related to the characteristic 

features of the absorption spectra for aqueous solutions of 2416SL at different concentra‐

tions (Figure 3), there is a lack of mirror symmetry between the electronic absorption and 

PL spectra at room temperature, as well as very low absorption in the region of the purely 

electronic S0(0) → S1(0) transition and a significant intensity of the 502 nm band, approxi‐
mately in the region of the allowed S0(0) → S1(1) transition. The above features of absorp‐
tion and PL spectra for aqueous solutions of 2416SL can be explained by the manifestation 

of FE in H‐aggregates, which are formed in these solutions. 

For aqueous solutions of 2416SL of different concentrations, starting from 5∙10−6 M 

and more, changes in the PL spectra at room temperature are much more significant than 

in the absorption spectra (Figure 3). Two bands with maxima at 550 and 594 nm can be 

distinguished in the steady‐state PL spectrum of aqueous solutions for 2416SL at concen‐

trations of 10−4 M (Figure 3b, curve 1). The position of the maximum of the first PL band 

corresponds to the S1(0) → S0(0) transition of the molecular solution, and the second max‐

imum reflects the S1(0) → S0(1) transition of the H‐aggregate, as this band is getting dom‐
inant in the high concentration solutions. An increase in the concentration from 5∙10−6 M 

to 10−4 M leads to a significant drop in the intensity of the purely electronic S1(0) → S0(0) 
transition, and the intensity of the 594 nm band of the S1(0) → S0(1) transition relatively 
increases (Figure 3b, curve 1). At the concentration increased to 10−3 M, only a band with 

a maximum of 589 nm and a weak shoulder at 626 nm is observed in the PL spectrum 

(Figure 3b, curve 2). 

The absorption spectrum of the aqueous solution of 2416SL (8∙10−2 M) changes signif‐

icantly with a temperature drop from 297 K (Figure 3a, curve 3) to 77 K (Figure 3a, curve 

4). In the absorption spectrum at 77 K, the intensity of absorption at a longer wavelength 

increases dramatically and a new band of 571 nm appears. The presence of this band at 

Figure 3. (a) Absorption spectra of aqueous solutions for 2416SL at the concentrations of 5·10−6 M (1),
10−4 M (2), and 8·10−2 M (3,4); λe = 405 nm; T = 296 K (1–3) and 77 K (4). (b) Steady-state PL spectra
of aqueous solutions for 2416SL at the concentrations of 10−4 M (1) and 10−3 M (2,3); λe = 405 nm;
T = 296 K (1,2) and 4.2 K (3).
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Due to the stacking parallel orientation of molecules and their dipoles in molecular
H-aggregates in solutions and films, their PL of FE is significantly quenched in comparison
to an isolated molecule. This is happening because optical transitions for FE in H-aggregate
absorption and PL between S0(0)↔ S1(0) electronic states are forbidden [16]. However, the
strict prohibition of S0(0)↔ S1(0) transitions is valid, only for excitation delocalized along
an infinite crystal [16]. In real crystals, the effect of dipole ordering depends on the exciton
coherence length. In molecular aggregates and thin polycrystalline films, the coherence
length decreases due to thermal and structural disorder [26–28], and optical S1(0)→ S0(1)
transitions to higher electronic vibrational states of the S0(1) ground state are allowed, albeit
with a smaller intensity. This can be related to the characteristic features of the absorption
spectra for aqueous solutions of 2416SL at different concentrations (Figure 3), there is a lack
of mirror symmetry between the electronic absorption and PL spectra at room temperature,
as well as very low absorption in the region of the purely electronic S0(0)→ S1(0) transition
and a significant intensity of the 502 nm band, approximately in the region of the allowed
S0(0) → S1(1) transition. The above features of absorption and PL spectra for aqueous
solutions of 2416SL can be explained by the manifestation of FE in H-aggregates, which are
formed in these solutions.

For aqueous solutions of 2416SL of different concentrations, starting from 5·10−6 M
and more, changes in the PL spectra at room temperature are much more significant
than in the absorption spectra (Figure 3). Two bands with maxima at 550 and 594 nm
can be distinguished in the steady-state PL spectrum of aqueous solutions for 2416SL at
concentrations of 10−4 M (Figure 3b, curve 1). The position of the maximum of the first
PL band corresponds to the S1(0) → S0(0) transition of the molecular solution, and the
second maximum reflects the S1(0)→ S0(1) transition of the H-aggregate, as this band is
getting dominant in the high concentration solutions. An increase in the concentration
from 5·10−6 M to 10−4 M leads to a significant drop in the intensity of the purely electronic
S1(0)→ S0(0) transition, and the intensity of the 594 nm band of the S1(0)→ S0(1) transition
relatively increases (Figure 3b, curve 1). At the concentration increased to 10−3 M, only a
band with a maximum of 589 nm and a weak shoulder at 626 nm is observed in the PL
spectrum (Figure 3b, curve 2).

The absorption spectrum of the aqueous solution of 2416SL (8·10−2 M) changes signif-
icantly with a temperature drop from 297 K (Figure 3a, curve 3) to 77 K (Figure 3a, curve 4).
In the absorption spectrum at 77 K, the intensity of absorption at a longer wavelength
increases dramatically and a new band of 571 nm appears. The presence of this band at low
temperatures can be associated with structural changes in H-aggregates, a manifestation of
their excitonic properties and the formation of low-temperature CTEs.

For the 10−3 M solution at 4.2 K, the intensity of the PL bands at 589 and 626 nm
decrease to practically zero, and only bands with maxima at 685 and 745 nm are observed in
the PL spectrum (Figure 3b, curve 3). The dramatic reduction of the 589 and 626 nm bands
is characteristic of excimer emission [12]. In solutions, 2416SL molecules form elongated
disc-like aggregates and, in such one-dimensional molecular aggregates, the formation
of excimers has already been established [12]. Excimers should not be confused either
with CTE states, which involve significant charge transfer between molecules, or with FEs,
which characterize the coherent excitation of a crystal. An excimer is an optically excited
dimer stabilized by resonance interaction. A necessary condition for the formation of
excimers is a small distance between molecules, which is usually achieved due to effective
π-stacking [16] and the convergence of molecules in an excited state. The ground state of
excimers is antibonding; therefore, excimers have no direct absorption in the ground state
and must be excited by energy transfer. The excimer radiation is characterized by a broad
structureless band of PL. In 2416SL nanoaggregates, as in pyrene and α-perylene, several
types of excimers can be realized [12]. In our case, the 2416SL excimers are featured by PL
bands of 589 and 626 nm.

Changes in the PL spectra of the aqueous solutions at different concentrations can be
associated with a manifestation of collective excitations of FEs, excimers, and CTEs in H-
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aggregates [7,12]. For molecular aggregates of perylene derivatives, CTEs play a significant
role in PL [6,7,12,24–26,29]. Comparative analysis of absorption and PL spectra for 2416SL
in solutions and condensed state allows us to determine the nature of these collective
excitations. Figure 4 shows the spectra of absorption (Figure 4, curves 2,3) and steady-state
PL (Figure 4, curves 4,5) of 2416SL films, before (Figure 4, curves 2,5) and after thermal
annealing (Figure 4, curves 3,4). The absorption spectra of the films after thermal annealing
(Figure 4) are more structured than the absorption spectra of nanoaggregates in solutions
and are more like the absorption spectra of PTCDA films [6,7]. Such spectral changes can be
associated with structural changes in the aggregates after thermal annealing. In the spectra
of thermally annealed films, clearly expressed CTE absorption maxima at 556 (CTE1) and
589 nm (CTE2) appear (well evidenced by differential spectrum in Figure 4, curve 6). These
maxima correspond to Franck-Condon’s non-relaxed optical CTE states [14,15]. The PL
bands, which correspond to the emission of relaxed exciton states, have maxima at 636, 680,
and 750 nm. The nature of the absorption and PL spectra in Figure 4 will be analyzed below.
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 Figure 4. Absorption (1–3) and steady-state PL (4,5) of aqueous solution (1) of 2416SL at the con-
centration of 5·10−6 M (1) and 2416SL films before (2,5) and after thermal annealing at 470 K (3,4);
differential spectrum, ∆, (6) obtained by subtraction of the spectrum (2) from the spectrum (3).
λe = 405 nm; T = 296 K.

CTE occupying an intermediate place in the classification of excitons based on their
internal structure have the charge or its part transferred to a neighboring molecule due to
photoinduced electron transfer [13–15]. With incomplete charge transfer, the wave function
of the resulting state can be delocalized within two or more molecules and have both
excitonic and ionic features. If the excitonic character prevails, CTE can coherently move
along the crystal. Unrelaxed CTEs are formed directly upon optical excitation and appear
in the absorption spectra. Due to a large static dipole moment (up to 25 Debye on the
nearest molecules), CTEs can be a cause of a large nonlinear second-order polarizability
and a strong electroabsorption. CTEs have a strong tendency to self-localize. They polarize
the surrounding molecules, which leads to the relaxation of the crystal lattice into a new
equilibrium. If the time of CTE excitation at the lattice nodes is longer than the lattice
relaxation time, the excitation is accompanied by local deformation of the lattice and the
formation of the excitonic polaron—CPE [14]. Relaxed molecular-polaron excitons (CPE)
are a characteristic feature of molecular crystals. CPEs appear as intermediate states in the
processes of photogeneration and radiative recombination of CTE states.

In addition to excimer radiation in the long-wavelength region of the PL spectrum for
concentrated solutions of 2416SL (Figure 3), weakly intense bands of 680 and 750 nm can
be distinguished. These bands are also observed in the spectra of 2416SL films at room
temperature (Figure 4). When the 2416SL solution is cooled to 4.2 K, the PL intensity in
this spectral region increases significantly and the bands at 685 and 745 nm appear in
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the spectra (Figure 3b, curve 3). The PL emission of the bands at 680 and 750 nm can be
associated with CPE1 and CPE2, respectively.

Electronic states in quasi-one-dimensional molecular crystals of the PTCDA type with
a strong overlap of molecular orbitals were comprehensively analyzed [3,6,7,12,24–26,29].
In such quasi-one-dimensional crystals, due to the small, less than 0.35 nm, intermolecular
distance, there is a strong overlap of the π-orbitals of neighboring molecules. In such
crystals, the difference between FE and CTE energies becomes small, and their strong
mixing determines the nature of the lowest exciton states [7,13,30,31]. As soon as the
energy difference between CTE and FE becomes small, both types of excitons can interact,
and new mixed excitonic states are formed. At FE and CTE being close in energy, the FE
band admixes some CTE states and shifts down, and CTE also shifts up, acquiring some
energy of the FE state, and becomes optically allowed. These mixed FE-CTE states exhibit
the properties of two types of excitons: FE provides a high oscillator strength, and CTEs
lead to high sensitivity in external electric fields. Such exciton mixing can also result in a
noticeable transition dipole for CTE [7]. This can explain the spectral dependence of the
PTCDA films on their thickness in the range of 0.3–10 nm when the effects of quantum
confinement become important [32]. In finite chains, simultaneously with excitonic “bulk”
states, “surface” states can also arise [33]. The “surface” states are localized at the end of
the chain and can be shifted to the blue or red region of the spectrum compared to the bulk
states. Thus, PL in 2416SL nanoaggregates can be caused by direct excitation due to the
borrowing of some transition oscillator strength from intense transitions with subsequent
radiative recombination or thermally activated decay into free charge carriers. In 2416SL
having a strong tendency for mixing of FEs and CTEs, the CTEs play a significant role in
PL emission.

Registration of the dependence of the PL intensity on the decay time t was carried
out for radiation wavelengths λEM = 550 and 590 nm corresponding to molecular and H-
aggregate emissions, respectively. The PL decays for λEM = 550 nm at the concentration of
10−4 M are well described by a single-exponential function and feature molecular emission.
The kinetics of PL decay for λEM = 590 nm at the concentration of 10−3 M have a good
fit by a biexponential function with fast and slow components of lifetimes τ. This can be
attributed to the emission of molecular and aggregated forms of 2416SL. Table 3 shows the
values of τ calculated for the PL kinetics of 2416SL.

Table 3. PL lifetimes of aqueous solutions of 2416SL for various concentrations and λEM; λe = 405 nm;
T = 296 K.

2416SL
Concentrations λEM, nm τ1, ps % τ2, ps % χ2

10−4 M 550 - 4050 1.162

10−3 M 590 1710 3 4760 97 1.068

The presence of two emission components in the PL spectra of concentrated 2416SL
solutions is demonstrated in TRES maps (Figure 5a,b) and instantaneous PL spectra
(Figure 5c,d). In TRES maps, the dependence of the PL intensities vs. t and λEM for aqueous
solutions of 2416SL at the concentrations of 10−4 (Figure 5a) and 10−3 M (Figure 5b) is
shown. PL emission wavelengths (520–700 nm) and delay times (0–20 ns) are plotted on
the vertical and horizontal axes, respectively, whereas PL intensity is a function of color in
relative units. For 2416SL concentration of 10−4 M (Figure 5a), two PL bands with maxima
at 551 and 594 nm can be distinguished in the TRES map. When the concentration of 2416SL
increases to 10−3 M (Figure 5b), the intensity of the band at 551 nm decreases significantly,
and only the band at 589 nm remains.
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Figure 5. TRES maps  (a,b) and  instantaneous PL spectra at various delay  times  (c,d) of aqueous 

solutions of 2416SL for two concentrations 10−4 M (a,c) and 10−3 M (b,d). The following delay times 

are presented: (c) −100 (1), −80 (2), 40 (3), 70 ps (4); (d) −100 (1), −40 (2), 40 (3), 520 ps (4). The steady‐

Figure 5. TRES maps (a,b) and instantaneous PL spectra at various delay times (c,d) of aqueous
solutions of 2416SL for two concentrations 10−4 M (a,c) and 10−3 M (b,d). The following delay times
are presented: (c) −100 (1), −80 (2), 40 (3), 70 ps (4); (d) −100 (1), −40 (2), 40 (3), 520 ps (4). The
steady-state spectra (5) are shown as a reference. (d) Differential spectrum, ∆, (6) is obtained by
subtraction of spectrum (1) from spectrum (4). λe = 405 nm; T = 296 K.

In Figure 5c,d, instantaneous PL spectra are presented for aqueous solutions of 2416SL
at various delay times t and concentrations, using the data of TRES maps in Figure 5a,b.
The instantaneous PL spectra are normalized by the most intense PL bands in the steady-
state spectra. These are bands with emission maxima at 551 nm and 589 nm for the
concentration of 10−4 (c) and 10−3 M (d), respectively. Negative values of delay times mean
that instantaneous PL spectra were recorded at the leading edge of the laser pulse. It can
be seen from Figure 5c that at short delay times of −100 ps, the instantaneous PL spectra
are similar to the molecular spectra of Figure 3, and already at delay times of 40 ps, they
coincide with the steady-state PL spectra (Figure 5c, curves 3,5), which is also manifesting
contribution of the aggregated form of 2416SL.

Figure 5d shows the instantaneous PL spectra for aqueous solutions of 2416SL at the
concentration of 10−3 M, which reflect the time dependence of the instantaneous spectra
of the aggregated form of 2416SL. In the time delay of around 40 ps, the instantaneous
PL spectra reach an equilibrium value and become similar to the steady-state PL spectra
(Figure 5d, curves 3,5). A relative decrease in PL on the long-wavelength side of the 589 nm
band is also observed. The presented difference spectrum (Figure 5d, curve 6), obtained
by subtracting the instantaneous spectra at the time delay of 520 and −100 ps (Figure 5d,
curves 4,1), has bands with maxima at 570, 605, and 640 nm. Analysis of the instantaneous
PL spectra (Figure 5) and the lifetimes (Table 3) allows ones to conclude that the band
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maxima at 551, 589, 626, 685 and 745 nm are of different natures. PL in these bands has
different lifetimes and differs in temperature dependence.

3.2. Dispersions of CdTe QDs

In Figure 6a, absorption and PL spectra are shown for initial aqueous dispersions of
CdTe QDs with a diameter of d = 2.5 nm (curves 1,3) and 3.5 nm (curves 2,4). The spectra
evidence the positions of exciton transitions for CdTe QDs. In the absorption spectra of
CdTe QDs, bands with maxima at 525 and 583 nm can be distinguished, which correspond
to the excitonic absorption of the QDs with d = 2.5 and 3.5 nm, respectively [34]. Exciton
emission bands with maxima at 557 and 619 nm can be distinguished in the PL spectra
(Figure 6, curves 3,4) of these QDs. As the size of QDs increases, the spectra of exciton
absorption and emission shift to the long-wavelength side (Figure 6a), having a clear
manifestation of the quantum-size effect [34].
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Figure 6. (a) Absorption (1,2) and PL (3,4) spectra of aqueous dispersions of CdTe QDs with a di‐

ameter of d = 2.5 (1,3) and 3.5 (2,4) nm. (b) PL kinetics at various λEM for aqueous dispersions of 

CdTe QDs with a diameter of 2.5 (1) and 3.5 (2–7) nm. λe = 405 nm. T = 296 K. 

Figure 6. (a) Absorption (1,2) and PL (3,4) spectra of aqueous dispersions of CdTe QDs with a
diameter of d = 2.5 (1,3) and 3.5 (2,4) nm. (b) PL kinetics at various λEM for aqueous dispersions of
CdTe QDs with a diameter of 2.5 (1) and 3.5 (2–7) nm. λe = 405 nm. T = 296 K.

Measurements of time-resolved PL spectra for the dispersions of CdTe showed that,
for QDs with a diameter of 2.5 nm, the band at 557 nm does not change with delay time.
This allows us to confirm that the studied dispersions of CdTe QDs at d = 2.5 nm have
a very narrow distribution of their sizes. For CdTe QDs with a diameter of 3.5 nm, the
time-resolved PL (TRES) depends on the time delay. At small delay times, in addition
to the dominant emission band of 619 nm, an additional shoulder was observed on the
short-wavelength side of the PL spectra evidencing broader distribution of sizes for CdTe
QDs in the range of 3.5 nm diameter.

The dependence of PL lifetimes for CdTe QDs on their diameter (d) and λEM is shown in
Figure 6b and Table 4. Kinetics of PL decays for the dispersions of CdTe QDs at different λEM
are well described by a three-exponential function: IPL(t)= A1e−t/τ

1 +A2 e−t/τ
2 +A3 e−t/τ

3.
As can be seen from Table 4, the shorter λEM is, the faster the PL lifetime is for CdTe QDs at
d = 3.5 nm. The PL spectra for the 3.5 nm CdTe QDs are dominated by components with
lifetimes from 31 to 62 ns.

3.3. Mixing of Excitons in Hybrid Systems of CdTe-2416SL

QDs of CdTe stabilized by thioglycolic acid are negatively charged and can adsorb on
the surface positively charged molecules by Coulombic attraction. 2416SL molecules
have a positive charge (Figure 1) and can be attached to the surface of CdTe due to
electrostatic interaction.
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Table 4. PL lifetimes for aqueous dispersions of CdTe QDs depending on their diameter d and λEM.
λe = 405 nm. T = 296 K.

CdTe Diameter λEM, nm τ1, ns % τ2, ns % τ3, ns % χ2

2.5 nm 556 2.3 1.3 20 38.7 42 60 1.355

3.5 nm

560 0.160 2.3 7.7 11 31 66.7 0.936

580 0.150 1.7 13.7 24.3 40.7 74 1.077

600 0.180 1.1 17 29 46 69.9 1.230

618 0.160 1 20 32 48 67 1.065

640 0.137 0.8 22.6 34.2 49 65 1.072

660 0.134 0.6 14 9.4 62 90 1.058

After the mixture of CdTe-2416SL at n = 15, a broad absorption band (Figure 7a,
curve 3) with a maximum at 504 nm was observed. In Figure 7a, the absorption spectra of
the aqueous solutions of neat 2416SL (Figure 7a, curve 1) and initial dispersions of CdTe
(Figure 7a, curve 2) are shown as a reference. A part of the formed CdTe-2416SL nanoag-
gregates gradually precipitate. To analyze the spectral features of the nanoaggregates,
absorption spectra of CdTe-2416SL supernatant without precipitate (Figure 7a, curve 3)
and freshly mixed CdTe-2416SL with all the nano-aggregations present (Figure 7a, curve 4)
were compared. The spectrum of freshly mixed CdTe-2416SL represent a superposition of
the absorption of the supernatant and precipitated aggregate. The differential spectrum, ∆,
(Figure 7a, curve 5) obtained by subtraction of the supernatant spectrum from freshly mixed
CdTe-2416SL spectrum demonstrate spectral features of the CdTe-2416SL nanoaggregates.
The differential absorption spectrum, which is characterized by a new absorption band with
a maximum at 569 nm, can be associated with light absorption by CdTe-2416SL nanoag-
gregates. The new absorption band that appears in the hybrid structures of CdTe-2416SL
(Figure 7a) can be associated with the hybridization of CTE and WME at the interface of
2416SL and CdTe.

The addition of the CdTe dispersions to the solution of 2416SL resulted in significant
quenching of 2416SL emission with the most intense relative quenching of PL in the 550 nm
band (Figure 7b). The band with a maximum at 595 nm featuring H-aggregated 2416SL
remains in the PL spectrum of CdTe-2416SL mixtures and becomes more prominent upon
excitation with λe = 510 nm (Figure 7b, curve 5) evidencing efficient absorption responsible
for this emission. This behavior of the absorption and PL spectra can be associated with the
formation of CdTe-2416SL nanoaggregate structures, as the observed emission is different
to the features of H-aggregate and molecular PL of neat 2416SL. Importantly, the PL of
CdTe QDs, which have a high quantum yield in the dispersions, was not observed. Strong
quenching of QDs emission can be associated with the hybridization of WME in the CdTe
QDs with the CTE states at the interface of 2416SL and CdTe and the formation of mixed
exciton states—CTE-WME.

PL spectra of CdTe-2416SL nanoaggregates based on CdTe QDs with a diameter of 3.5
and 2.5 nm (Figure 7c,d) are similar featuring intense PL bands with maxima at 550, 594
and 640 nm. The bands are associated with the formation of CdTe-2416SL nanoaggregates.
The difference between these spectra can be attributed to the change of spectral positions
of excitonic transitions for QDs of various diameters.

Figure 8 shows the PL kinetics of CdTe-2416SL mixtures for two λEM (550 nm in
Figure 8a and 620 nm in Figure 8b) depending on the concentration of CdTe QDs. The
measured PL lifetimes for the above wavelengths are shown in Table 5. According to the PL
kinetics, the PL lifetime in the 620 nm band does not depend on the CdTe concentration. The
PL intensity and lifetime in the 550 nm band decrease with increasing CdTe concentration,
which can be associated with the processes of CdTe-2416SL formation and energy transfer
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in them. Förster resonant energy transfer (FRET) mechanism could be involved in studied
CdTe-2416SL nanostructures.

Materials 2023, 16, x FOR PEER REVIEW  12  of  18 
 

 

440 480 520 560 600 640 680 720
0.0

0.2

0.4

0.6

0.8

A
bs

or
ba

nc
e,

 a
.u

.

, nm

1.  2416SL
2.  CdTe
3.  CdTe-2416SL
            (supernatant)
4.  CdTe-2416SL
            (fresh mixture) 
5.  =(4)-(3)

569

502

532

525

1

2

4

3

5

(a)

 

500 550 600 650 700 750 800
0.0

0.2

0.4

0.6

0.8

1.0

P
L 

in
te

ns
ity

, a
.u

.

, nm

1.  n=0
2.  n=3
3.  n=9
4.  n=15
5.  n=15

1

2

3

4

5

(b)

 

480 520 560 600 640 680 720
0.0

0.2

0.4

0.6

0.8

1.0

1.2

P
L 

in
te

ns
ity

, a
.u

.

, nm

1.  3.5nm
2.  2.5nm

1

594

640

2

550

(c)

540 560 580 600 620 640 660 680 700
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

P
L 

in
te

ns
ity

, a
.u

.

, nm

1.  3.5nm
2.  2.5nm

1

594

640

2

550

(d)

Figure 7. (a) Absorption spectra of the aqueous solution of 2416SL (5∙10−5 M) (1), initial dispersion 

of CdTe QDs (d = 2.5 nm) (2), the mixture of CdTe‐2416SL at n = 15 (3,4) in the form of supernatant 

(nanoaggregates precipitated) (3) and freshly mixed having nanoaggregates in the dispersion (4). 

Differential spectrum, Δ, (5) obtained by subtraction of the spectrum (3) from the spectrum (4). (b) 

PL quenching dynamics for the aqueous solution of 2416SL (5∙10−5 M) with fresh admixing of CdTe 

QDs (d = 2.5 nm) dispersions at n = 0 (1), n = 3 (2), n = 9 (3), n = 15 (4,5); λe = 385 (1–4) and 510 (5) nm. 
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Figure 7. (a) Absorption spectra of the aqueous solution of 2416SL (5·10−5 M) (1), initial dispersion
of CdTe QDs (d = 2.5 nm) (2), the mixture of CdTe-2416SL at n = 15 (3,4) in the form of supernatant
(nanoaggregates precipitated) (3) and freshly mixed having nanoaggregates in the dispersion (4).
Differential spectrum, ∆, (5) obtained by subtraction of the spectrum (3) from the spectrum (4). (b)
PL quenching dynamics for the aqueous solution of 2416SL (5·10−5 M) with fresh admixing of CdTe
QDs (d = 2.5 nm) dispersions at n = 0 (1), n = 3 (2), n = 9 (3), n = 15 (4,5); λe = 385 (1–4) and 510 (5) nm.
(c,d) PL spectra for (supernatant) mixtures of CdTe-2416SL at n = 8 for CdTe QDs with d = 3.5 nm (1)
and 2.5 (2) nm; λe = 385 (c) and 510 nm (d). T = 296 K.

Materials 2023, 16, x FOR PEER REVIEW  13  of  18 
 

 

kinetics, the PL lifetime in the 620 nm band does not depend on the CdTe concentration. 

The PL intensity and lifetime in the 550 nm band decrease with increasing CdTe concen‐

tration, which can be associated with the processes of CdTe‐2416SL formation and energy 

transfer in them. Förster resonant energy transfer (FRET) mechanism could be involved 

in studied CdTe‐2416SL nanostructures. 

10 20 30
0

2

4

6
1.  n=0
2.  n=1
3.  n=3
4.  n=5
5.  n=8
6.  IRF

ln
(P

L 
in

te
ns

ity
),

 a
.u

.

t, ns

6

1,2,3

4

5

(a)

 

0 5 10 15 20 25
0

2

4

6

ln
(P

L 
in

te
ns

ity
),

 a
.u

.

t, ns

1.  n=0
2.  n=1
3.  n=3
4.  n=5
5.  n=8
6.  IRF

6

1-5

(b)

 
Figure 8. PL kinetics for CdTe‐2416SL mixtures at λEM = 550 nm (a) and 620 nm in (b) depending on 

the concentration of CdTe (d = 3.5 nm) QDs (Vn): n = 0 (1), n = 1 (2), n = 3 (3), n = 5 (4), n = 8 (5); λe = 

405 nm. T = 296 K. 

Table 5. PL lifetimes for CdTe‐2416SL mixtures depending on λEM and the concentration of CdTe (d 

= 3.5 nm) QDs (n); λe = 405 nm. T = 296 K. 

λEM, nm  n  τ1, ps  %  τ2, ps  %  χ2 

550  1, 3    4040    0.967 

550  8  350  11  3900  89  1.037 

620  1, 3    4450    1.105 

620  8    3770    1.037 

2416SL‐CdTe nanocomposites arise due to the electrostatic interaction between the 

columnar nanoaggregates of 2416SL and CdTe QDs. A new band with a maximum of 569 

nm appears in the absorption spectra of the mixtures (Figure 7a, curve 5), which can be 

associated with the mixed exciton states—СТЕ‐WME. The band with a maximum at 594 

nm  in the PL spectra of mixtures can also be attributed to the emission of mixed СТЕ‐

WME states. Such states arise due  to the close position of CTE of 2416SL and WME  in 

CdTe QDs. Electronic states and resonant energy transfer in hybrid nanostructures con‐

taining organic and inorganic semiconductor materials were studied before [35–39]. The 

high  efficiency  of  non‐radiative  energy  transfer  from  semiconductor  nanostructures 

(quantum wells/QDs) to organic material with overlapping electronic excitation spectra 

has been demonstrated [36–39]. The time of energy transfer for WME to organic matter is 

less  than  the exciton  lifetime  in  the absence of an organic coating  [35–39].  In our case, 

significant changes of the PL spectra in the emission ranges of 2416SL and CdTe QDs are 

observed for the mixtures. The intensity and lifetime of PL in the emission band of CdTe‐

2416SL  nanoaggregates  (550  nm  band)  decrease with  increasing  CdTe  concentration, 

which can be associated with FRET and formation of CdTe‐2416SL nanostructures. 

For FRET, the rate of energy transfer depends on the degree of overlapping of the PL 

spectrum of the donor and the absorption spectrum of the acceptor, the mutual orientation 

of the transition dipole moments, and on the distance R between the interacting molecules 

[40,41]. As a result of FRET, the fluorescence quantum yield of the donor φd and the life‐

time of the excited state of the donor τd decrease compared to the intrinsic radiation time 

τD, since an additional channel for reducing the population of the excited state of the donor 

Figure 8. PL kinetics for CdTe-2416SL mixtures at λEM = 550 nm (a) and 620 nm in (b) depending
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Table 5. PL lifetimes for CdTe-2416SL mixtures depending on λEM and the concentration of CdTe
(d = 3.5 nm) QDs (n); λe = 405 nm. T = 296 K.

λEM, nm n τ1, ps % τ2, ps % χ2

550 1, 3 4040 0.967

550 8 350 11 3900 89 1.037

620 1, 3 4450 1.105

620 8 3770 1.037

2416SL-CdTe nanocomposites arise due to the electrostatic interaction between the
columnar nanoaggregates of 2416SL and CdTe QDs. A new band with a maximum of
569 nm appears in the absorption spectra of the mixtures (Figure 7a, curve 5), which can be
associated with the mixed exciton states—CTE-WME. The band with a maximum at 594 nm
in the PL spectra of mixtures can also be attributed to the emission of mixed CTE-WME
states. Such states arise due to the close position of CTE of 2416SL and WME in CdTe
QDs. Electronic states and resonant energy transfer in hybrid nanostructures containing
organic and inorganic semiconductor materials were studied before [35–39]. The high
efficiency of non-radiative energy transfer from semiconductor nanostructures (quantum
wells/QDs) to organic material with overlapping electronic excitation spectra has been
demonstrated [36–39]. The time of energy transfer for WME to organic matter is less than
the exciton lifetime in the absence of an organic coating [35–39]. In our case, significant
changes of the PL spectra in the emission ranges of 2416SL and CdTe QDs are observed
for the mixtures. The intensity and lifetime of PL in the emission band of CdTe-2416SL
nanoaggregates (550 nm band) decrease with increasing CdTe concentration, which can be
associated with FRET and formation of CdTe-2416SL nanostructures.

For FRET, the rate of energy transfer depends on the degree of overlapping of the
PL spectrum of the donor and the absorption spectrum of the acceptor, the mutual ori-
entation of the transition dipole moments, and on the distance R between the interacting
molecules [40,41]. As a result of FRET, the fluorescence quantum yield of the donor ϕd and
the lifetime of the excited state of the donor τd decrease compared to the intrinsic radiation
time τD, since an additional channel for reducing the population of the excited state of the
donor with the migration constant km appears. If the donor and acceptor molecules are at a
distance R 6= R0 from each other, then the ratio between the characteristic migration time
τm = km

−1 and the intrinsic radiation lifetime of the excited state of the donor:

τm = τD · (R/R0)6

where R0 (Förster radius) is the characteristic distance, at which the probability of FRET
is equal to the probability of spontaneous fluorescence of the donor molecule and is
determined by the condition km·τD = 1. In the first case of potential FRET, the 2416SL with
absorption of 502 and 532 nm and PL emission peaking at 549 and 591 might be a donor,
and the QDs would act as an acceptor. Absorption levels of QDs with d = 2.5 nm are not
having much of overlap for the above FRET conditions to be met properly. However, for
2416SL adsorbed on the QDs with a diameter of 3.5 nm, the above conditions for energy
transfer are reasonably satisfied. The emission band of 2416SL overlaps with the absorption
band of 3.5 nm CdTe QDs having a maximum of about 583 nm. Furthermore, it needs to
be admitted that there is practically no PL emission from the QD levels for the mixtures
due to formation of CTE-WME states with low quantum yield. Another case of potential
FRET process might involve CTE states of 2416SL (absorption maxima at 556 and 589 nm)
that could act as acceptors of energy from QDs levels. The photon energy absorbed by
CTEs could quickly relax to CPE levels of emission, but due to CTE-WME hybridization
the absorbed energy more likely to relax on the CTE-WME levels as these levels have much
longer lifetime, and the emission would be observed from these mixed levels. Therefore,
the FRET from the QDs to CTE is unlikely process. Overall, the hybrid CdTe-2416SL
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nanostructures with strong quenched emission of QDs might be applied in dissociative
sensing. Such sensors would work by enabled interaction of the perylene dye with an
analyte, leading to the dissociation of the nanostructures and an emergence of strong PL
emission of the QDs. Current research provides a fundamental understanding for the
emission of the hybrid CdTe-2416SL nanostructures and further studies toward sensing
would be pursued to provide clear insight into the above applications.

The energy diagram is proposed in Figure 9 to elucidate various types of exciton
transitions for 2416SL in the condensed phase and mixed excitons in 2416SL nanocompos-
ites with CdTe QDs. The nature of excitonic transitions has been discussed above, and
the diagram is aiming to group the transitions and visualize the complexity of studied
transitions. The first group is associated with FE transitions in 2416SL H-aggregates that
occur in the solutions and films. In addition to FE, at optical Frank-Condon transitions, it is
possible to excite an unrelaxed electron-polaron pair: excitons with charge transfer (CTE1
and CTE2). Relaxed molecular-polaron pairs (CPE1 and CPE2) appear as intermediate
states in the processes of photogeneration and radiative recombination of the CTEs. In the
hybrid 2416SL-CdTe nanostructures, the unrelaxed CTE1 state of the aggregated 2416SL
and the WME of CdTe QDs form mixed exciton states. As can be seen from the diagram, the
interaction of exciton states leads to the appearance of new levels above the bottom of the
exciton zone for CdTe WME and the exciton zone of CTE1. The mixed exciton transition is
indicated on the diagram as CTE1-WME1 transition. The emission of hybrid 2416SL-CdTe
nanostructures (e.g., 594 nm) strongly overlaps with the emission of 2416SL aggregates
and is not included in the diagram. Table 6 summarizes the nature and values of exciton
transitions for absorption and PL in the studied systems.
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Figure 9. Energy diagram of exciton transitions for 2416SL in the condensed phase and CdTe-2416SL
nanoaggregates. More details about each transition are summarized in Table 6.

Table 6. Exciton transitions for 2416SL in the condensed phase and CdTe-2416SL nanoaggregates.

# Nature of the Transitions λ, nm E, eV Comments

1 S0 (0)→ S1(1), FE Absorption 507 2.44

2 S0 (0)→ S1(0), FE Absorption 542 2.29 forbidden

3 S1(0)→ S0(0), FE PL 550 2.26 forbidden

4 S1(0)→ S0(1), FE PL 594 2.09

5 Excimer-1, FE PL 589 2.11

6 Excimer-2, FE PL 636 1.95

7 CTE1 Absorption 556 2.23

8 CTE2 Absorption 589 2.11

9 CPE1 PL 680 1.82
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Table 6. Cont.

# Nature of the Transitions λ, nm E, eV Comments

10 CPE2 PL 750 1.65

11 WME1 Absorption 525 2.36 d = 2.5 nm

12 WME2 Absorption 583 2.13 d = 3.5 nm

13 WME1 PL 557 2.23 d = 2.5 nm

14 WME2 PL 619 2.00 d = 3.5 nm

15 CTE1–WME1 Absorption 569 2.18

4. Conclusions

Comprehensive studies of the optical properties of water-soluble perylene derivative,
2416SL, were carried out using absorption spectroscopy and techniques of steady-state and
picosecond time-resolved PL. Comparison of the absorption and PL spectra of 2416SL in
solutions and films revealed the nature of the molecular and aggregated excitonic states.
Spectral and lifetime analysis allowed us to identify optical bands of FE, CTE and mixed
FE-CTE states. Furthermore, the pathways of non-radiative and radiative relaxation of the
indicated collective electronic excitations were determined in steady-state and picosecond
time-resolved PL spectra. The emission of excimer and localized polaron states with charge
transfer has been identified.

In the aqueous mixtures of 2416SL and CdTe QDs, the aggregation of 2416SL molecules
on the surface of CdTe results in the hybridization of CTE and WME and the formation of
mixed CTE-WME states. The new absorption and PL bands that appear in the mixtures
of CdTe-2416SL as well as strong quenching of QDs emission are associated with such
hybridization. FRET from the dye to the CdTe QDs in CdTe-2416SL nanostructures has
been analyzed proving its feasibility for hybrid nanostructures made of CdTe QDs of
3.5 nm in diameter. The energy diagram of possible exciton transitions leading to mixed
excitons in CdTe-2416SL nanocomposites is proposed to help in understanding the nature of
excitonic transitions. Learning more about the fundamental nature of mixed excitons at the
interface of organic and inorganic nanostructures makes us a step closer to the application
of excitonic elements in molecular electronics and optoelectronics.
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Abstract: A silver sulfide (Ag2S) semiconductor photocatalyst film has been successfully synthesized
using a solution casting method. To produce the photocatalyst films, two types of Ag2S powder were
used: a commercialized and synthesized powder. For the commercialized powder (CF/comAg2S),
the Ag2S underwent a rarefaction process to reduce its crystallite size from 52 nm to 10 nm, fol-
lowed by incorporation into microcrystalline cellulose using a solution casting method under the
presence of an alkaline/urea solution. A similar process was applied to the synthesized Ag2S
powder (CF/syntAg2S), resulting from the co-precipitation process of silver nitrate (AgNO3) and
thiourea. The prepared photocatalyst films and their photocatalytic efficiency were characterized by
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and UV-visible spectroscopy
(UV-Vis). The results showed that the incorporation of the Ag2S powder into the cellulose films
could reduce the peak intensity of the oxygen-containing functional group, which indicated the
formation of a composite film. The study of the crystal structure confirmed that all of the as-prepared
samples featured a monoclinic acanthite Ag2S structure with space group P21/C. It was found that
the degradation rate of the methylene blue dye reached 100% within 2 h under sunlight exposure
when using CF/comAg2S and 98.6% for the CF/syntAg2S photocatalyst film, and only 48.1% for
the bare Ag2S powder. For the non-exposure sunlight samples, the degradation rate of only 33–35%
indicated the importance of the semiconductor near-infrared (NIR) Ag2S photocatalyst used.

Keywords: near-infrared irradiation; silver sulfide; cellulose film; photocatalysis; methylene blue

1. Introduction

Since the prehistoric age, humans have used dyes from natural resources for coloring
purposes. The lengthy process, poor colorfastness, excessive cost of producing natural dyes,
and the increasing demand for textiles led to the discovery of synthetic dyes from petroleum
compounds that outperformed the properties of natural dyes [1–3]. Statistically, more than
7× 105 tons of synthetic dyes are produced worldwide, and about 1× 104 of them are used
in industry [4]. However, these synthetic dyes have a negative impact on the environment,
such as water pollution. Textile industries discharge around 35% of dye wastewater into
water bodies as effluent annually [5]. These dyes can contaminate the aquatic habitat,
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which may enter the food chain [6,7]. Methylene blue (MB), or C16H18N3SCl, is one of the
synthetic dye materials used in textile industries. When dissolved in water, it results in
the formation of a blue-colored solution. The discharging of MB dye into the environment
is considered as a significant threat for aesthetical and toxicological reasons. In terms of
aquatic life, its existence in the water could reduce sunlight transmittance and decrease
oxygen solubility due to the high molar absorption coefficient (~8.4× 104 L·mol−1·cm−1 at 664 nm)
of MB dyes [8–10]. At a certain concentration, it can cause serious threats to human health,
including respiratory distress, abdominal disorders, blindness, and digestive and mental
disorders [11].

In recent years, tremendous attempts have been made to improve industrial wastew-
ater treatment methods. These methods can be divided into physical [12–16], biologi-
cal [17–21], and chemical methods. For the chemical methods, there are several conven-
tional chemical dye-removal processes that have been used, e.g., the coagulant flocculation,
electrochemical destruction, advanced oxidation process (AOP), etc. [22–25]. Amongst
these, the advanced oxidation processes (AOPs) have received the most attention due
to their significant competence in acting toward a wide range of organic or inorganic
dye pollutants in the aqueous phase, by converting those pollutants into stable inorganic
compounds such as water, carbon dioxide, and salt without any footprint and sludge pro-
duction [26,27]. The AOPs also rely on the in situ production of greatly reactive hydroxyl
radicals (OH•) [28].

In the midst of the AOPs, heterogeneous photocatalysis has been considered a leading
method and desired breakthrough to cope with organic contaminants. Photocatalysis is a re-
action that involves light (photoreaction) and accelerates the reaction due to the presence of
a catalyst that absorbs light energy to form the reducing and oxidizing (electron–hole pairs)
ions on the surface of the catalyst. The electron’s handover occurs during the oxidation–
reduction process [29]. The reduction of an acceptor occurs when the electrons (e−) combine
with oxygen in the water to generate an anion (O2

−), which oxidizes the hydroxyl radical
(OH•), while the hole (h+) will oxidize the dissolved hydroxyl and convert it into a radical
with great energy [30]. These processes work simultaneously. The photocatalytic properties
of various metal oxides (e.g., titania, TiO2, and zinc oxide, ZnO) have been extensively
studied. The results of these studies show that the metal oxides become active potential
photocatalysts in wastewater treatment [31–34]. However, due to a wide bandgap, they
can only absorb the ultraviolet (UV) light and show poor performance in the visible–near-
infrared (NIR) range of the solar spectrum [29,35–37]. In addition, the solar spectrum
itself is dominated by the visible (46%) and NIR spectral (49%) rather than the UV spectral
(5%) [38]. In addition, the manufacturing cost is relatively high for many of the metal oxide
materials [39,40]. Therefore, metal sulfides have become an option.

Among all of the metal sulfide photocatalyst materials, silver sulfide (Ag2S) shows
more efficient charge separation, attributed to the remarkable synergistic effects of strong
NIR light absorption and excellent surface properties [41,42]. Furthermore, compared to
the other metal sulfide compounds such as cadmium selenide, CdS, and lead selenide,
PbS, Ag2S is found to be acceptable for wastewater treatment due to its non-toxic proper-
ties [43–45]. Silver sulfide has an eminent performance in the degradation of pollutants,
solar energy conversion, and production of hydrogen with various approaches that have
been well established for synthesizing a variety of visible–NIR-light driven Ag2S photo-
catalysts. For example, Ag2S synthesized using the facile ion-exchange method at room
temperature can be used as an effective photocatalyst for the decomposition of methylene
orange (MO). The results of a study confirmed the excellent photo-oxidation performance
of Ag2S since MO can be completely photodegraded with Ag2S in just 30 min, and 70 min
under visible light and NIR light irradiation. This performance is due to the narrow band
gap of Ag2S, 1.078 eV, and the lower recombination efficiency and photogenerated electron–
hole pairs of Ag2S during the photocatalytic process [46]. The Ag2S photocatalyst has
usually been used in the powder form [43,47–49]. This is because the photocatalyst powder
can be well dispersed in suspensions [50].
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However, this photocatalyst powder exhibits certain drawbacks especially for nano-
sized powders/particles. During the degradation process, the photocatalyst may undergo
coagulation due to the instability of the nano-sized particles, which will hamper the light
incidence on the active centers, consequently reducing its catalytic activity [51]. Further-
more, for the slurry system, the main challenge is to recover the nano-sized photocatalyst
particles from the treated water [52–54]. This condition leads to the requirements of high
filtration costs of catalyst removal [55], hindering its industrial application and impractical.
In addition, the Ag2S nanoparticles are susceptible to photo-corrosion, which means that
the sulfide ions have the potential to be oxidized into sulfur by photogenerated holes
when they are exposed to irradiation [56]. There have been a lot of efforts towards increas-
ing the photocatalytic efficiency and preventing the photo-corrosion of Ag2S [57–60]. A
photocatalyst film is one of the plausible material technologies to diminish the impacts
of photocatalyst powder on the environment [61]. A photocatalyst film has promising
performance in terms of adsorption and efficient mass transport. The adsorption ability is
maxed out by the larger surface area that allows more catalyst deposit in the film, resulting
in higher photocatalytic activity. Moreover, the mass transport of reactants, intermedi-
ates, and products is enhanced by the compact substrate that allows better contact with
the catalyst, and prevents the leakage of the powder of the photocatalyst material into
clean water [62,63]. Table 1 shows the cost comparison for some types of photocatalyst,
especially titania (TiO2), which is a common photocatalyst used for industrial purposes.
Those types of photocatalyst are used under a UV lamp-assisted reactor for the photocat-
alytic processes and consume a certain amount of energy (power). For an industrial batch
process, it will consume a lot of energy with a higher cost of operation. Thus, our study
introduces a composite film (cellulose/Ag2S) that can effectively degrade methylene blue
concentrations using only sunlight, which is cost-effective. Furthermore, the composite
film can also be easily removed from the water after the treatment process without a costly
separation method.
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To date, bio-based products such as cellulose film have become attractive compounds
due to their excellent properties that are harmless to the environment. A cellulose film
has distinctive characteristics such as transparency, robustness, low water content, etc.
These properties lead to the wide usage of cellulose film as a renewable alternative to
petroleum-based materials [68]. Furthermore, it is hypothesized that cellulose may become
one of the solutions to improve the efficiency of electron donors and to establish the
hole (h+) transporter during the light irradiation process. To the best of our knowledge,
the incorporation of Ag2S powder into cellulose film has not been studied, although the
integration between semiconductor catalyst and cellulose film is a promising innovation
for photocatalytic applications. Therefore, the integration of Ag2S in cellulose-derived film
is hoped to enhance the photocatalytic efficiency. Thus, this study aimed to synthesize
cellulose/Ag2S film in the presence of an alkali/urea solution using a simple solution
casting method to describe the transformation of the functional group and the structure of
the cellulose thin film due to the deposition of Ag2S. We also compared the photocatalytic
efficiency of the commercial Ag2S and synthesized Ag2S doped into the cellulose film via
the degradation of the MB solution.

2. Materials and Methods

The current study successfully synthesized films that were stated as CFs for cellulose
film, cellulose films with commercial Ag2S (CF/comAg2S), and cellulose films with syn-
thesized Ag2S (CF/syntAg2S). The materials and methods used for synthesizing the Ag2S
photocatalyst film are described in the section below.

2.1. Materials and Reagents

The materials and reagents used consist of microcrystalline cellulose, MCC (≤100%),
commercial silver sulfide, Ag2S, silver nitrate, AgNO3, thiourea, (NH2)2CS, and polyvinyl
alcohol, PVA. All of these materials were bought from Sigma-Aldrich. The PVA was
dissolved with distilled water at the temperature of 90 ◦C until the transparent PVA solution
with a concentration of 5.0% (w/w) occurred. Chemicals including sodium hydroxide
(NaOH), glycerol (C3H8O3), and acetone (C3H6O) were supplied by HmbG chemicals. The
acetone was diluted in distilled water with a ratio of 2:1 as the agent of regeneration for
cellulose films, called an acetone bath. Urea (CO(NH2)2) was obtained from Bendosen
Laboratory Chemicals.

2.2. Preparation of Sodium Hydroxide/Urea (NaOH/urea) Aqueous Solution

To obtain the NaOH/urea solution, the NaOH pellets and urea powder were weighed
to obtain 7 g and 12 g of mass, respectively [47,69]. Subsequently, each sample of NaOH
and urea was diluted in a separate beaker glass before being mixed in a 100 mL volumetric
flask. The balanced chemical reaction worked in the mixture can be written as:

2NaOH(aq) + CO(NH2)2(aq)→ 2NH3(g) + Na2CO3(aq) (1)

The solution was agitated to obtain a homogenous solution. Once the homogeneity
was obtained, the solution was stored for the next process.

2.3. Liquid Phase Rarefaction of Commercial Ag2S by Magnetic Stirring Technique

Prior to the incorporation of the commercial Ag2S into the cellulose film, it was essen-
tial to break down the bulk Ag2S into smaller particle sizes. In this step, the commercial
Ag2S powder was weighed according to the mass variation that is displayed in Table 2.
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Table 2. Sample code and composition of refracted commercial Ag2S.

Sample Code Ag2S Mass (Gram) Volume of Distilled Water (mL)

CF/comAg2S1 0.075 6.0
CF/comAg2S2 0.100 6.0
CF/comAg2S3 0.300 6.0

After the desired amount of Ag2S was obtained, the powder was placed into a beaker
containing 6 mL of distilled water and vigorously stirred using a magnetic stirrer under
ambient temperature for 24 h. The crystallite size of rarefaction Ag2S was then investigated
using X-ray diffraction (XRD) to confirm its size reduction.

2.4. Synthesis of the Cellulose Film

The cellulose films were prepared using a solution casting method. The cellulose with
NaOH/urea aqueous solution was used as the main reagent to synthesize the cellulose films.
Both commercial Ag2S and synthesized Ag2S were incorporated into the cellulose system
to study the different behavior of the cellulose film with commercial and synthesized Ag2S.
The composition of NaOH, urea, and water was different for each process as shown in
Table 3. Figure 1 shows the overall schematic procedure to synthesize the CFs, CF/comAg2S,
and CF/syntAg2S samples.
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2.4.1. Synthesis Cellulose Film (CF) and Cellulose Film/Commercial Ag2S (CF/comAg2S)

At the beginning of the process, 15 mL of NaOH/urea aqueous solution was precooled
to a temperature of ~1 ◦C in the ice bath. After that, 3 wt% of microcrystalline cellulose
(MCC) was added into the precooled solvent, and the mixture was rapidly agitated for
20 min. Then, the cellulose solution was taken out from the ice bath and 2.5 wt% of
glycerol [70] was wisely dropped into the solution. Afterwards, the solution was spun for
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another hour to achieve the homogeneity. Once the dope and viscous solution was obtained,
it was cast onto an 8.5 cm× 6 cm× 0.2 cm glass mold. Subsequently, the casted sample was
regenerated in an acetone coagulant bath [71] until opaque-sheet-like cellulose hydrogel
was formed. The hydrogel was soaked in distilled water for neutralization. Before drying,
the hydrogel was submerged in a 5 wt% polyvinyl alcohol (PVA) bath for 2 h [72]. Finally,
a transparent cellulose film was obtained. The same steps were also conducted in order
to synthesize the CF/comAg2S specimens, except the 6mL of refracted Ag2S produced
from Section 2.3 was first poured into the NaOH/urea solution prior to the addition of the
desired amount of MCC into the precooled solution.

2.4.2. Synthesis of Cellulose Film/Synthesized Ag2S (CF/syntAg2S)

The co-precipitation method was used to synthesize the Ag2S particles. Silver nitrate
and thiourea were the main precursors to produce the Ag2S slurry. The presence of silver
and sulfide ions in the solution was required for the chemical deposition process to occur
in order to complete the formation of Ag2S. The chemical reaction involved during the
deposition process is shown in the following formulas [73,74]:

(NH2)2CS + H2O↔ (NH2)2CO + H2S (2)

2AgNO3 + H2S→ Ag2S + 2HNO3 (3)

Table 3 shows the final composition that was utilized in this section for the whole
synthesis process:

Table 3. Sample code and sample composition to synthesize samples CF/syntAg2S.

Sample Code Molarity of
AgNO3

AgNO3 Solution Thiourea Solution

AgNO3 Water NaOH Thiourea Urea Water

CF/syntAg2S1 0.1 M 0.084 g 5.0 mL 1.6 g 1.3 g 1.6 g 10.5 mL
CF/syntAg2S2 0.3 M 0.254 g 5.0 mL 1.6 g 1.3 g 1.6 g 10.5 mL
CF/syntAg2S3 0.5 M 0.422 g 5.0 mL 1.6 g 1.3 g 1.6 g 10.5 mL

According to Table 3, the total volume of solution that was used in the synthesis of
CF/syntAg2S samples was 20 mL (5 mL AgNO3 solution and 15 mL thiourea solution). The
solutions were prepared in two different beakers. At the beginning of the process, 15 mL
of thiourea solution was poured into a 50 mL glass beaker while stirring on a magnetic
stirrer. After that, the 5 mL of AgNO3 solution was added dropwise into the stirred thiourea
solution. At this stage, a black precipitate was obtained, which indicated the formation of
Ag2S particles. The solution was left to stir for another 15 min to ensure all of the substances
completely reacted. Then, the precipitated solution was precooled in the ice bath for 20 min.
Subsequently, 3% w/v of MCC powder was added into the black cold-precipitated solution
and continuously stirred until the MCC was well dispersed in the solution. The mixed solution
was then removed from the ice bath, dripped with glycerol, and spun for an entire hour.
The cellulose/synthesized AgNO3 solution was transferred into the glass mold and then
regenerated by using an acetone bath and PVA bath, in sequence. Lastly, the cellulose film
obtained after the regenerated film was open-air dried for 2 days. All of the procedures above
were repeated for different molarities of synthesized AgNO3.

2.5. Photocatalytic Activity Test

For photocatalytic testing, a concentration of 10 ppm of methylene blue (MB) solution
was prepared. An amount of 0.1 g of MB powder was diluted with distilled water in a
100 mL volumetric flask. Afterwards, 0.7 g of each sample was submerged into a glass
beaker consisting of 70 mL of 10 ppm MB and immediately exposed to sunlight for a total
of 300 min. Every 30 min, about 40 mL of the irradiated solution was transferred into a
glass vial with a dropper to investigate its degradation behavior using an ultraviolet-visible
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(UV-Vis) spectrophotometer, (Lambda 25, Perkin Elmer, Waltham, MA, USA) with 650 nm
of wavelength. The degradation ratio of MB was determined using Equation (4); where At
is the degradation ratio, I0 is base absorbance, and It is absorbency after time t [33,73,75].

At =
I0 − It

I0
× 100 (4)

2.6. Characterizations

To identify chemical bonds and to locate the functional group of the cellulose films,
the samples were characterized using a Fourier-transform infrared (FTIR) analysis. The
analysis was carried out using an ATR-Perkin Elmer Spectrometer 2000 FT-IR, based on
the attenuated total reflection (ATR) approach to ensure non-destructive analysis. The
measurement was conducted under 650 cm−1–4000 cm−1 and 4 cm−1 resolution. The phase
determination and crystallite size measurement were conducted using a Rigaku RINT 2000
X-ray diffraction (XRD). The reflection mode with monochromator-filtered Cu Kα radiation
(λ = 0.15418 nm) at 30 kV and 10 mA was applied. Samples were prepared in two different
ways depending on the type of tested sample. For the powder sample, it was loaded onto
the XRD sample holder with a small circle cavity in the middle of the holder. For film
samples, the cellulose film was cut into a size of 25 mm, thickness≤ 8 mm, and stuck on the
holder. The prepared samples were subsequently scanned with 2theta in the range between
15◦ and 80◦. The Debye-Scherrer Equation (5) was generated to compute the crystallite size
and the degree of crystallinity was obtained from Equation (6) as follows:

D =
Kλ

β cos θ
(5)

Degree of Crystallinity =
Area of all crystalline peaks
Total area under XRD peaks

× 100 (6)

where, D = crystallite size (nm); K = Scherrer’s constant (K = 0.94); λ = the wavelength of
X-ray (1.54178 Å); β = full width half maximum (FWHM); θ = angle of diffraction (rad) [76].

3. Results and Discussion
3.1. The Formation of Cellulose-Photocatalyst Film

In nature, the structure of cellulose includes both axial C–H bonds and equatorial
hydroxyl groups. Hence, it has amphiphilic properties with the inter-layer region being
hydrophobic and the intra-layer region being hydrophilic. The intra- and intermolecular
hydrogen bonds should be broken to a large extent when the cellulose is dissolved in the
solvent [77]. Thus, when cellulose is dissolved in the NaOH/urea solution, it is expected
that the NaOH interacts with the hydrophilic hydroxyl groups of cellulose, breaking the
hydrogen bond between the chains, and the urea reacts with the hydrophobic portions,
resulting in a solution that dissolves cellulose [78].

In this study, it was also discovered that the semi-crystalline properties of the cellulose
can impact the end-product of the prepared films. During the drying process, the cellulose
films will experience severe shrinkage [72,79,80]. Nevertheless, when 2.5% w/v glycerol
and 5% PVA bath was applied, the shrinkage of the film samples became less. This is
because the existence of PVA as a plasticizer in the film can improve the toughness of the
cellulose glycerol composite films [73]. The commercial Ag2S powder was micron- sized
and might affect the distribution of particles when incorporated in the MCC film. Thus, the
rarefaction process was conducted as shown in Figure 2.
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Figure 2. Illustrated scheme of the rarefaction process of commercial semiconductor Ag2S.

The particle size transformations were involved during the process. The stirring
action from the magnetic stirrer was deployed in a clockwise direction at a certain speed
in the liquid while applying fluidic shear forces among the involved substances [81]. The
existence of opposing forces between the applied forces and the friction forces within the
system (Figure 2) caused the occurrence of shear stress in the Ag2S powders, which can
reduce the Ag2S particle size. The longer the magnetic bar rotates, the more forces work,
resulting in more energy provided to wear down the Ag2S powder. Thus, smaller crystal
Ag2S were formed. According to the peak analysis and crystallite size calculation, it was
confirmed that before stirring, the Ag2S particle has a crystallite size of 52 nm and this size
was reduced to 10 nm after the rarefaction process. Thus, the purpose of the rarefaction in
this study was succeeded.

The distribution of both the rarefacted and synthesized Ag2S powder in the cellulose film
can be observed in Figure 3. According to Figure 3d–f, the particles from the synthesized Ag2S
particles evenly spread in the whole area of the cellulose matrix. Meanwhile, the samples
that were loaded with the commercial Ag2S had diverse particle distributions (Figure 3a–c).
It was shown that part of the cellulose film was not affected by the Ag2S. The degree of
crystallinity and the crystallite size of the synthesized Ag2S can be categorized as one of the
factors that affected this particle distribution. Therefore, further discussion about the structure
and chemical function of the samples will be explained in the following section.
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3.2. Crystalline Phase Investigation of the Synthesized Ag2S powder

Figure 4 shows the XRD spectra of the synthesized Ag2S particles that were obtained
from the reaction of 0.3 M AgNO3 and thiourea. The diffraction peaks of Ag2S that were
observed at 2theta = 22.4◦, 25.9◦, 28.9◦, 31.5◦, 34.4◦, 36.8◦, 37.7◦, 40.7◦, 43.6◦, and 46.2◦

showed similar patterns with the commercial Ag2S and confirmed the formation of Ag2S
phase (ICDD No. 00-014-0072) with monoclinic structure.
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3.3. Crystal Structure and Phase Identification of Cellulose Film/Synthesized Ag2S (CF/syntAg2S)

To ensure the formation of the synthesized silver sulfide in the cellulose film samples,
it was necessary to delve into the characterization of their crystal structure and phase
identification. Furthermore, the influence of the AgNO3 concentration on the crystal
structure of the sample was also studied. The crystallite is crucial because the crystallinity
of the catalyst in the film will have a direct impact on the photocatalytic properties.

The study of the crystal structure of the CF/syntAg2S sample confirmed that all
as-prepared samples have diffraction peaks of a monoclinic Acanthine Ag2S structure
with space group P21/C. The specific lattice parameter of these samples can be indexed
as a = 9.5200 Å, b = 6.9300 Å, and c = 8.2900 Å. Moreover, the peak of (002) due to the
reflection of the cellulose plane also existed in all of the samples that had undergone
different AgNO3/thiourea loadings during the synthesis. The acquired peaks of the Ag2S
and cellulose were matched well with the references ICDD No. 00-009-0422 and ICDD
No. 00-050-2241, respectively. The average grain size and degree of crystallinity of the
samples are shown in Table 4.

Table 4. Phase identification and crystallinity of the CF/syntAg2S sample.

Sample
Code

Index Miller Cellulose Index Miller Ag2S

Crystallite Size (Å) Degree of
Crystallinity (%)(002) (

¯
3 11) (220) (022)

2θ Stnd. 2θ Ob. 2θ Stnd. 2θ Ob. 2θ Stnd. 2θ Ob. 2θ Stnd. 2θ Ob.

CF/syntAg2S1 22.78 22.76 31.56 - 34.50 34.44 36.92 37.18 221 47.93
CF/syntAg2S2 22.78 22.30 31.56 31.18 34.50 33.99 36.92 36.47 188 76.76
CF/syntAg2S3 22.78 22.78 31.56 31.48 34.50 34.49 36.92 36.99 174 37.75

In terms of peak intensity, it was observed that the higher the concentration, the lower
and broader the peak (see Figure 5), which is attributed to the low crystallite size of the
sample [82]. Table 4 illustrates that the smallest yield of crystallite size was found from the
highest concentration of the substituent (CF/syntAg2S). Furthermore, Table 4 also depicts
that the substituent was responsible for the shifted peak that occurred in the sample with
concentrated loadings. The shifted peak towards the lower 2theta indicated that the lattice
parameter of the pristine cellulose had been incorporated by the synthesized Ag2S [83,84].
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3.4. Functional Group Analysis of CF/comAg2S and CF/syntAg2S

According to Figure 6, the commercial (Figure 6a–d) and synthesized (Figure 6g–j)
samples had comparable FTIR patterns along the observation scanning range. However, in
terms of peak intensity, the sample with the synthesized Ag2S had a sharp and narrow peak
compared to the commercial sample. The spectra illustrated the same pattern among the
thin films that were either impregnated by the commercial or synthesized Ag2S. The broad
bands that were found from wavenumber 3336.5 cm−1 to 3419.8 cm−1 were designated to
the hydroxyl (O-H) group stretching vibration. The shifted peak among these bands was
attributed to the interaction of the hydrogen bond of the pristine cellulose with glycerol
and PVA. These displacements were also found by [71,85], in which the high content of
glycerol and PVA in the cellulose matrix impacted the sharpening and shifting to the higher
wavenumber. The spectral band located from 2916.5 cm−1 to 2912.59 cm−1, as well as a
weak peak at 897.00 cm−1 were attributed to the characteristic of symmetrical stretching of
C-H from the alkyl group [32] and glycosidic CH deformation [72], respectively.

Thereafter, the transmittance band at the area of 1753.70 cm−1 to 1752.13 cm−1 was
associated with the stretching vibration of the C=O ester carbonyl group and the medium
peak at the range of 1238 cm−1 was denoted as C-O-C asymmetric stretching [86]. The
authentic peak of cellulose was found at the region around 1059 cm−1 and remarked as
C-O-C stretching vibrations of aliphatic primary and secondary alcohols in cellulose [87,88].
The peak of C-H bending was observed at the regions of 1374 cm−1 to 1373 cm−1. The
study by Cazón et al. announced that the chemical content of glycerol and PVA in the
cellulose matrix may contribute to the displacement of the observed peak. Nevertheless,
Figure 6e,f,k,l indicates that the loadings of metal silver sulfide into the cellulose can
reduce the intensity of the peak with an oxygen-containing functional group. The more
concentrated the Ag2S, the lower the intensity of the peak-contained oxygen functional
group. According to Kumar et al., it was confirmed that the strong electrostatic linkages
between Ag2S and the functional groups of cellulose were responsible for the lower intensity
of the transmittance peak into the oxygen-containing functional group [89]. This means
that the different intensity of the peak, particularly in the range of oxygen-containing
group regions, was a characteristic that showed the success of Ag2S deposited into the
cellulose matrix.
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3.5. Photocatalytic Degradation Mechanism of Methylene Blue Using the Cellulose/Ag2S Films

The degradation of the methylene blue (MB) dye solution with sunlight exposure and
without exposure was investigated. The results are shown in Table 5. For the non-exposure
samples, the degradation rate of both synthesized and commercial Ag2S incorporated
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in the cellulose film was only 35% and 33% (due to the adsorption by cellulose film),
respectively, even after 5 h of processing. Compared to the same samples that were exposed
to sunlight, the degradation rate of MB reached 98–100% within 2 h. This result showed
that solar energy seemed to have a great influence on the photocatalytic activity of the
Ag2S-containing samples, since this semiconductor catalyst absorbed in the NIR region.
Nevertheless, according to the direct observation of photocatalytic activity under sunlight
exposure, there were two kinds of reactions that might have occurred: firstly, the reaction
between the cellulose surface and the MB solution; secondly, the reaction among deposited
Ag2S in the cellulose film and the MB solution. Figure 7 shows the reaction mechanism
that might have occurred between the cellulose and MB solution during the process.

Table 5. Comparison of the photocatalytic efficiency of the prepared samples.

Exposure Time (Min)

Degradation Ratio (%)

Non-Exposure
Ag2S Powder Pristine Cellulose

With Exposure

CF/comAg2S CF/syntAg2S CF/comAg2S2 CF/syntAg2S1

0 0 0 0 0 0 0
5 3.59 0.66 19.78 44.14 30.99 31.49

10 5.97 1.60 23.37 53.09 40.77 44.42
15 7.84 3.09 26.85 63.43 52.10 71.71
20 10.44 4.31 30.22 71.10 58.56 83.54
25 12.21 5.64 32.82 75.91 64.92 86.69
30 14.42 6.46 34.53 81.66 69.78 89.45
60 22.76 12.43 39.39 90.88 98.95 93.98
90 27.40 16.24 45.41 94.92 99.01 97.29
120 29.78 21.60 48.18 96.19 100 98.56
150 31.33 25.03 52.98 99.56 100 99.78
180 31.93 28.18 54.92 99.56 100 99.78
210 32.32 30.17 59.28 99.83 100 100
240 32.49 33.81 62.49 99.97 100 100
270 32.71 34.75 66.74 100 100 100
300 33.04 35.08 75.03 100 100 100
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The cellulose interacts with MB through several bonds, such as the electrostatic bond
between the ion N+ in MB and ion O− in cellulose. The electrostatic attraction that was
involved in the adsorption mechanism of MB on cellulose led to the enhancement of the MB
molecules to quickly fill the adsorption sites on the surface of the cellulose film, resulting
in a high rate of MB adsorption [90]. The Van der Waals force (C=C) and hydrogen bond
also formed during this process [91]. These bonds made it possible for the cellulose to
experience the photolysis reaction when exposed to the solar source.

On the other hand, under solar illumination, the existence of the catalyst Ag2S in the
cellulose film established the photocatalytic activity due to the configuration of the reducing
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and oxidizing (electron–hole pairs) ions on the surface of the catalyst, which may degrade
the concentration of the MB dyes solution until it reached 100% discoloration (see Table 5).
During the process of solar irradiation, photons of solar light with an energy that was either
equal to or higher than the band gap of Ag2S (~1.06 eV) [92] were degraded by Ag2S. Upon
the process of photon absorption, an electron (e-) from the valence band (VB) was stimulated
up to the conduction band (CB). In addition, it was linked to the development of a hole
(h+) in the valence band, which led to the formation of electron–hole pairs that took part in
the process of reduction and oxidation. In this process, the electrons in the surface reacted
with the oxygen (O2) that was dissolved in the aqueous solution, which then resulted in the
production of anionic superoxide radicals (•O2

−) [93]. Simultaneously, the photogenerated
holes also reacted with water to create hydroxyl radicals, which further oxidized the
dye molecules. The produced anionic superoxide radicals (•O2

−) and hydroxyl radicals
oxidized the dye molecules that can decompose the MB dyes into CO2 or H2O and their
intermediates [94]. Overall, this phenomenon can be expressed through the following
chemical reactions:

Ag2S + hv→ e− + h+ (7)

e− + O2 → •O2
− (8)

h+ + H2O→ •OH + H+ (9)

Methylene Blue →
free radicals︷ ︸︸ ︷
•O2

−•OH → intermediates + CO2 + H2O (10)

However, without light energy, the processes involving reduction–oxidation reactions
in the photocatalysis process will not be formed. As a result, the MB dyes wastewater will
only interact with the cellulose film as described above.

The incorporation of Ag2S into cellulose films served primarily to increase the rate of
dye degradation by creating a massive contact surface. The catalyst, Ag2S, was distributed
well toward the cellulose films, leading to the films outperforming the powder counterparts
in terms of activity because they effectively absorbed light and perhaps underwent internal
scattering within the cellulose/Ag2S film, inducing higher charge carrier formation and
hence better photocatalytic efficiency. Table 5 shows the photocatalytic efficiency for all
samples based on the MB degradation rate (%). From the table, when Ag2S powder was
used, the degradation rate of MB only reached about 75% even after 5 h of sunlight exposure.
For pristine cellulose, the degradation of MB reached 100% after 4 h exposure. The high rate
of MB adsorption by pristine cellulose might be due to the electrostatic attraction that was
involved in the adsorption mechanism of the MB molecules to quickly fill the adsorption
sites on the surface of the cellulose [90]. For CF/com Ag2S, 100% of the MB was degraded
in 2 h of exposure time compared to the CF/syntAg2S sample with 98.6% degradation. The
deterioration in the treatment that applied the catalyst was compared to the degradation
in the photolysis experiment that was also conducted without the presence of a catalyst
in the aqueous solution of methylene blue. By observing the direct photolysis of MB, it
was clear that there were no appreciable color changes over the 5 h of exposure time. The
degradation rate also reached its lowest value, ranging from 0% to 1.66%, as shown in
Figure 8a,c.

Based on Figure 8b,d, the concentration of the dye solution was elevated to more
than 90% in just 60 min for the pristine cellulose, CF/comAg2S and CF/syntAg2S samples,
while for the Ag2S powder, less than 40% of the MB was degraded. This showed that the
distribution of Ag2S powders in regenerated cellulose matrices can enhance the photo-
catalytic activity up to 100% efficiency due to higher surface area, and the affinity of the
photocatalyst films that react with the dye molecules during the sunlight irradiation [95].

163



Materials 2023, 16, 437Materials 2023, 16, x FOR PEER REVIEW 15 of 20 
 

 

 
Figure 8. (a) Degradation ratio of MB with Ag2S commercial as a catalyst; (b) The concentration of 
MB after photocatalytic activity using CF/comAg2S samples; (c) Degradation ratio of MB with syn-
thesized Ag2S as a catalyst; (d) The concentration of MB after photocatalytic activity employing 
CF/syntAg2S samples. 

In addition, the surface of the cellulose film acted as a host during the process of dye 
adsorption, which in turn enabled the donor and acceptor molecules to interact with one 
another. This process could delay the recombination of charge carriers under direct sun-
light. Charge recombination must be avoided during this process since it can bring down 
the efficiency of the photocatalyst [96–98]. In terms of the degradation ratio, it can be seen 
that there were differences in the photodegradation characterization of the two types of 
samples that were synthesized. The samples with commercial Ag2S doping will have an 
increasing ability with increasing Ag2S loading, where the higher content that can be ac-
cepted by cellulose film is 0.1 g. Meanwhile, the other types of samples (CF/syntAg2S) 
showed the opposite nature. This may occur due to overload on the sample (Figure 3d–f) 
with loading that might exceed the limit, resulting in poor interfacial charge carrier mi-
gration and an increase in the recombination rate of photoexcited electron–hole pairs due 
to an increase in the concentration of Ag sources [73,74]. Thus, it was found that the CF/co-
mAg2S samples had the efficiency to degrade 100% of the MB content compared to the 
CF/syntAg2S (98.6%) in 2 h. 

4. Conclusions 
It has been successfully demonstrated that silver sulfide (Ag2S) particles, which were 

incorporated into regenerated cellulose, outperformed its properties in the powder state. 
This was because the distribution of Ag2S particles on the cellulose matrix could increase 
its photocatalytic activity as the contact surface between the catalyst and dyes became 
larger. Furthermore, the molecules contained in the cellulose were found to have the abil-
ity to interact with molecules in the dyes, especially the methylene blue (MB) dyes. The 

Figure 8. (a) Degradation ratio of MB with Ag2S commercial as a catalyst; (b) The concentration
of MB after photocatalytic activity using CF/comAg2S samples; (c) Degradation ratio of MB with
synthesized Ag2S as a catalyst; (d) The concentration of MB after photocatalytic activity employing
CF/syntAg2S samples.

In addition, the surface of the cellulose film acted as a host during the process of dye
adsorption, which in turn enabled the donor and acceptor molecules to interact with one
another. This process could delay the recombination of charge carriers under direct sunlight.
Charge recombination must be avoided during this process since it can bring down the
efficiency of the photocatalyst [96–98]. In terms of the degradation ratio, it can be seen that
there were differences in the photodegradation characterization of the two types of samples
that were synthesized. The samples with commercial Ag2S doping will have an increasing
ability with increasing Ag2S loading, where the higher content that can be accepted by
cellulose film is 0.1 g. Meanwhile, the other types of samples (CF/syntAg2S) showed the
opposite nature. This may occur due to overload on the sample (Figure 3d–f) with loading
that might exceed the limit, resulting in poor interfacial charge carrier migration and an
increase in the recombination rate of photoexcited electron–hole pairs due to an increase in
the concentration of Ag sources [73,74]. Thus, it was found that the CF/comAg2S samples
had the efficiency to degrade 100% of the MB content compared to the CF/syntAg2S (98.6%)
in 2 h.

4. Conclusions

It has been successfully demonstrated that silver sulfide (Ag2S) particles, which were
incorporated into regenerated cellulose, outperformed its properties in the powder state.
This was because the distribution of Ag2S particles on the cellulose matrix could increase
its photocatalytic activity as the contact surface between the catalyst and dyes became
larger. Furthermore, the molecules contained in the cellulose were found to have the
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ability to interact with molecules in the dyes, especially the methylene blue (MB) dyes.
The samples with the commercial Ag2S showed an increase in photocatalytic activity up
to 100% degradation after 120 min of sunlight exposure with the maximum of 0.1 g Ag2S
loading onto the cellulose film, while other types of samples (CF/syntAg2S) showed 98.6%.
This situation might be due to the overload of synthesized Ag2S particles on the sample
that exceeded the photocatalyst limit on the film. As a result, poor interfacial charge carrier
migration and an increase in the recombination rate of photoexcited electron–hole pairs
occurred. Thus, it can be concluded that the photocatalytic efficiency of the photocatalyst
film originating from the commercial Ag2S particles was the highest, with 100% of the
degradation rates in 2 h. For the non-exposure sunlight samples, the degradation rates
were only 33–35%, showing the importance of the NIR semiconductor Ag2S catalyst used.
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Abstract: This paper elucidates the influence of dimple-microtextured copper substrate on the
performance of Sn-0.7Cu solder alloy. A dimple with a diameter of 50 µm was produced by varying
the dimple depth using different laser scanning repetitions, while the dimple spacing was fixed for
each sample at 100 µm. The dimple-microtextured copper substrate was joined with Sn-0.7Cu solder
alloy using the reflow soldering process. The solder joints’ wettability, microstructure, and growth
of its intermetallic compound (IMC) layer were analysed to determine the influence of the dimple-
microtextured copper substrate on the performance of the Sn-0.7Cu solder alloy. It was observed that
increasing laser scan repetitions increased the dimples’ depth, resulting in higher surface roughness.
In terms of soldering performance, it was seen that the solder joints’ average contact angle decreased
with increasing dimple depth, while the average IMC thickness increased as the dimple depth
increased. The copper element was more evenly distributed for the dimple-micro-textured copper
substrate than its non-textured counterpart.

Keywords: laser surface texturing; dimple microtexture; lead-free solder; wettability; intermetallic
compound

1. Introduction

Biomimetics, also known as biomimicry, is the imitation of nature’s movements,
materials, and processes. Nature observance and the knowledge gained can be utilised to
form new ideas. Engineers have utilised biomimicry to develop and improve new products
by imitating the characteristics of plants and animals, and biomimicry products are now
everywhere, including everyday items.

An example of a nature-inspired product is Velcro, which owed its genesis to the
behaviour of cockleburs sticking to animals and clothes. Cockleburs possess tiny hooks
that allow them to adhere tightly to the loops of fur or fabric. Other well-known prod-
ucts are window glass, self-cleaning exterior paint, and umbrella fabric. These products
were mimicked from the lotus flower plant, which is made up of tiny bumps covered by
waxy crystals to produce a self-cleaning mechanism [1]. Most natural organisms possess
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characteristic micro/nano-texture designed to ensure their survival and adaptation. These
microtextures have been researched extensively in various applications and, when possible,
exploited to enhance materials’ performance, specifically tribology, friction, and wear [2–4].

Textures are usually tailored per their intended effects. Some typical surface textures
include grids, riblets, grooves, and dimples. An example is a golf ball with dimples on
its surface. The dimples are designed to enhance its aerodynamic performance [5] by
producing a thin, turbulent boundary layer of air that clings to the surface. This permits
the air to flow around the ball’s surface, culminating at the rear side of the ball, which
minimises the air resistance that opposes the golf ball’s flight direction.

A study in brazing application has found that the convex platform and groove-textured
surfaces fabricated on the Ti3SiC2 ceramic surface effectively decreased the wetting angle of
the brazing filler metal from 59.6◦ to 25.7◦ [6]. According to the research, the brazing filler
metal fills the microstructural groove via a capillary action mechanism. Another reported
observation was that the Ti3SiC2 edge’s diffusion layer width was more significant when it
had grooves on its surface. This was because grooves facilitate the migration of Ag and Cu
atoms into the Ti3SiC2 ceramic and directly improve the diffusion mechanism during the
brazing process.

Li et al. [7] manufactured micro-grooves on Ti6Al4V substrates and reported that the
wettability was enhanced only when the groove spacing exceeded 0.25 mm. Textured
surfaces are commonly used to improve the adhesion between solid substrate surfaces.

Zhiyang Liu et al. [8] fabricated micro/nano-ripples, micro-grooves, and micro-pits
on stainless steel using an ultrafast laser to study the wetting and spreading behaviours of
aluminium-silicon (Al-Si). They reported that the fabricated micro/nano-ripples success-
fully decreased the contact angle from 10.8◦ to 8.7◦, enhancing the Al-Si’s wettability. They
also reported that the thickness of the reaction layer increased due to the presence of the
microtexture, which increased the overall surface area. This process significantly improved
the interfacial diffusion reaction, thickening the interfacial IMCs layer.

The literature confirms that the presence of microtextures enhances materials’ perfor-
mance in various applications. However, although there have been many studies involving
the development of microtextures on material surfaces, minimal information is available
on the advantages of microtextured surfaces in soldering.

A microtextured surface can affect solder alloy’s spreading area and wettability. The
surface texture increases the diffusion area for the copper atom, which increases its mi-
gration to the solder alloy. Due to the diffusion and migration processes, an increased
concentration of surface reaction will occur during the soldering process, which affects the
microstructure and intermetallic compound (IMC) layer formation. The microstructure and
IMC formation in a solder joint depends on the type of solder alloy and surface finish of
the substrate [9].

The literature posits that the Sn-Cu family of alloys is preferred over other proposed
Pb-free solder alloys, and Sn-0.7Cu is the best option due to its low cost and excellent
performance [10,11]. The performance of the solder is important in electronic packaging, in
which the solder acts as the main interconnect between a printed circuit board (PCB) and
electronic components. They also provide electrical, thermal, and mechanical continuity
in electronic assemblies. Simply put, the integrated circuit (IC) chip needs to be packaged
in a way that it can work with bigger surroundings and function as a single system in an
electronic device.

However, other researchers reported several performance problems using the Sn-
0.7Cu solder alloy. For example, Gourlay et al. [12] stated that as Sn-0.7Cu solidifies, its
flow ability and wettability decrease [13,14], while Mohd Salleh et al. [15] reported that
Sn-0.7Cu suffers from poor microstructure refinement, which affected the solder joint’s
mechanical properties.

Many researchers attempted to address these issues by incorporating alloying elements
into the solder or altering its surface finish [16–18]. For example, Jaffery et al. [19] studied
the effect of adding Iron (Fe) and Bismuth (Bi) in Sn-0.7Cu solder alloy via the resulting
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solder’s oxidation and wetting characteristics. They reported that the wetting properties
of Sn-0.7Cu improved due to the addition of Bi and Fe into the Sn-0.7Cu solder alloy.
Teoh et al. [20] reported that the mechanical strength of Sn-0.7Cu improved by adding Bi
into the solder alloy. Hanim et al. [21] reported that the electroless nickel immersion silver
(ENIAg) surface finish significantly enhanced the shear strength of the solder joint, as it
provided a more stable metallurgical bond of the solder joint. Despite the abovementioned
studies and others involving the improvement of the performance of Sn-0.7Cu, studies on
the modification of the substrate used in the soldering process remain limited.

Therefore, this study looks into the fabrication of a microtexture on a substrate’s surface
to improve the performance of Pb-free solder in soldering applications. Surface texturing
was used to create a suitable microtexture capable of generating excellent interfacial reaction
between solder alloy and copper substrate.

2. Materials and Methods
2.1. Raw Materials

A flat, square-shaped, pure copper pad with a purity of 99.9% measuring
15 mm × 15 mm × 1 mm was used as a substrate, while the Sn-0.7Cu ingot was used
as a solder material.

2.2. Fabrication of Dimple Micro-Texture on Copper Substrate

The copper pad sample was ground using various grit sizes of silicon carbide (SiC)
paper, then polished using 1 µm alumina polishing paste to remove uneven surfaces,
scratches, and impurities. Next, a closed-pore dimple was developed on the polished cop-
per surface using LST. An Ytterbium Fibre Laser Marking Machine (Herolaser; Shenzhen,
China) produced a dimple micro-texture with a diameter, d, of 50 µm and a dimple spacing,
S, of 100 µm. Finally, 3 samples were fabricated by varying the dimple depth, D, using
different scan repetitions set at 1 to 3. The LST process parameters are summarised in
Table 1, while the dimple microtexture on the copper substrate is shown in Figure 1.

Table 1. Laser surface texturing parameters.

Parameter Value

Name Ytterbium Fiber Laser Marking Machine
Model ML-MF-A01

Wavelength (nm) 1064
Scanning speed (mm/s) 4000

Laser power (W) 70
Frequency (kHz) 20
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2.3. Fabrication of Sn-0.7Cu Solder Joint

To prepare the solder ball, the Sn-0.7Cu solder ingots were melted at 350 ◦C in a solder
pot. The ingot was cold-rolled to produce thin solder sheets, then cut into small pieces,
each weighing ~0.4 g. The solder sheet was placed on a Pyrex sheet with a small amount of
rosin mildly activated (RMA) flux and reflowed in a reflow oven at 250 ◦C and N2 gas flow.
Then, the solder balls were cleaned and rinsed thoroughly using acetone and placed on the
copper substrate’s surface with a small flux. Next, the reflow soldering process was used
to fabricate the solder joint, using an F4N Pb-free reflow oven via a lead (Pb)-free reflow
profile, per Figure 2. The solder joint was then mounted, using a mixture of epoxy resin
and hardener, and cross-sectioned before the metallographic step.

Materials 2023, 16, x FOR PEER REVIEW 4 of 15 
 

 

2.3. Fabrication of Sn-0.7Cu Solder Joint 
To prepare the solder ball, the Sn-0.7Cu solder ingots were melted at 350 °C in a sol-

der pot. The ingot was cold-rolled to produce thin solder sheets, then cut into small pieces, 
each weighing ~0.4 g. The solder sheet was placed on a Pyrex sheet with a small amount 
of rosin mildly activated (RMA) flux and reflowed in a reflow oven at 250 °C and N2 gas 
flow. Then, the solder balls were cleaned and rinsed thoroughly using acetone and placed 
on the copper substrate’s surface with a small flux. Next, the reflow soldering process was 
used to fabricate the solder joint, using an F4N Pb-free reflow oven via a lead (Pb)-free 
reflow profile, per Figure 2. The solder joint was then mounted, using a mixture of epoxy 
resin and hardener, and cross-sectioned before the metallographic step. 

 
Figure 2. Reflow profile during the reflow soldering process. 

2.4. Testing and Characterisation 
2.4.1. Microstructure Characterisation of the Textured Copper Substrate 

The dimple-microtextured copper substrate was polished using 1 µm polishing paste 
for 1 min at 50 rpm to remove any resolidified material on the copper substrate. The sur-
face morphology and roughness of the dimple-microtextured surface copper substrate 
were then imaged using a 3D measuring laser microscope (Model Olympus OLS5000, 
Shinjuku, Japan). 

2.4.2. Wettability of Sn-0.7Cu Solder Joint 
The wettability of the solder joint was evaluated using contact angle measurement 

between the molten solder and copper substrate. First, the cross-sectional area of the sol-
der joint was imaged using an optical microscope (OM), and then the contact angle was 
measured using Image-J. 

2.4.3. Microstructure Characterisation of Sn-0.7Cu Solder Joint 
The solder joint’s microstructure analysis included the bulk solder’s microstructure 

and the thickness of the intermetallic compound (IMC) layer. The microstructural imaging 
of the solder substrate was carried out using OM to image the microstructure at the bulk 
solder. Additionally, the area along the IMC layer was measured, and its thickness was 
averaged per Equation (1). 

IMC = Area (A)/Length (L), (1) 

2.4.4. Distribution of Copper Element in Solder Joint 

Figure 2. Reflow profile during the reflow soldering process.

2.4. Testing and Characterisation
2.4.1. Microstructure Characterisation of the Textured Copper Substrate

The dimple-microtextured copper substrate was polished using 1 µm polishing paste
for 1 min at 50 rpm to remove any resolidified material on the copper substrate. The
surface morphology and roughness of the dimple-microtextured surface copper substrate
were then imaged using a 3D measuring laser microscope (Model Olympus OLS5000,
Shinjuku, Japan).

2.4.2. Wettability of Sn-0.7Cu Solder Joint

The wettability of the solder joint was evaluated using contact angle measurement
between the molten solder and copper substrate. First, the cross-sectional area of the
solder joint was imaged using an optical microscope (OM), and then the contact angle was
measured using Image-J.

2.4.3. Microstructure Characterisation of Sn-0.7Cu Solder Joint

The solder joint’s microstructure analysis included the bulk solder’s microstructure
and the thickness of the intermetallic compound (IMC) layer. The microstructural imaging
of the solder substrate was carried out using OM to image the microstructure at the bulk
solder. Additionally, the area along the IMC layer was measured, and its thickness was
averaged per Equation (1).

IMC = Area (A)/Length (L), (1)

2.4.4. Distribution of Copper Element in Solder Joint

Synchrotron Micro-X-ray Fluorescence spectroscopy and Imaging (SR-µ-XRF) was
used to determine the distribution of the copper element in the solder joint. The thickness
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of the mounted sample was 5 mm, while its diameter was 25 mm. The samples were
thoroughly cleaned using acetone in an ultrasonic cleaner to remove any impurities. The
Synchrotron µ-XRF was performed at the BL6b beamline at Synchrotron Light Research
Institute (SLRI), Thailand. At the beamline, a continuous synchrotron was produced from
the bending magnet with an energy range of up to 12 keV and a beam size of 30 µm.
The exposure time was 20 s for each spot with a step size of 0.05 mm in a helium (He)
atmosphere. The data obtained were analysed using PyMca software (version 5.5.3).

2.4.5. Lap Shear Strength of Sn-0.7Cu Solder Joint

A single-lap shear test was carried out using an Instron Universal Tensile Testing Ma-
chine, based on the ASTM D1002 with Cu substrate specifications of
101.6 mm × 25.4 mm × 1.5 mm. First, ~1 g of Sn-0.7Cu solder sheets were sandwiched
between the two copper substrates, as illustrated in Figure 3. Next, the samples were sub-
jected to a reflow soldering process using a tabletop Pb-free reflow oven model F4N. The
samples were shear tested at a shear speed of 2 mm/min with a strain rate of 5 × 10−4 s−1,
then analysed using Scanning Electron Microscope (SEM) for fracture analyses.

Materials 2023, 16, x FOR PEER REVIEW 5 of 15 
 

 

Synchrotron Micro-X-ray Fluorescence spectroscopy and Imaging (SR-µ-XRF) was 
used to determine the distribution of the copper element in the solder joint. The thickness 
of the mounted sample was 5 mm, while its diameter was 25 mm. The samples were thor-
oughly cleaned using acetone in an ultrasonic cleaner to remove any impurities. The Syn-
chrotron µ-XRF was performed at the BL6b beamline at Synchrotron Light Research In-
stitute (SLRI), Thailand. At the beamline, a continuous synchrotron was produced from 
the bending magnet with an energy range of up to 12 keV and a beam size of 30 µm. The 
exposure time was 20 s for each spot with a step size of 0.05 mm in a helium (He) atmos-
phere. The data obtained were analysed using PyMca software (version 5.5.3). 

2.4.5. Lap Shear Strength of Sn-0.7Cu Solder Joint 
A single-lap shear test was carried out using an Instron Universal Tensile Testing 

Machine, based on the ASTM D1002 with Cu substrate specifications of 101.6 mm × 25.4 
mm × 1.5 mm. First, ~1 g of Sn-0.7Cu solder sheets were sandwiched between the two 
copper substrates, as illustrated in Figure 3. Next, the samples were subjected to a reflow 
soldering process using a tabletop Pb-free reflow oven model F4N. The samples were 
shear tested at a shear speed of 2 mm/min with a strain rate of 5 × 10−4 s−1, then analysed 
using Scanning Electron Microscope (SEM) for fracture analyses. 

 
Figure 3. Schematic diagram of Sn-0.7Cu solder joint sample for lap-shear test. 

3. Results and Discussions 
3.1. Surface Profile of the Copper Substrate 

Figure 4 shows the 2D and 3D images of the dimple-microtextured copper substrates. 
It can be seen that a well-defined dimple shape was developed and arranged evenly on 
the copper surface, most likely due to the high precision control of the LST process [22]. 
The LST process involves heat transfer, where the material absorbs heat from laser radia-
tion. Once the material absorbs the heat, the thermalisation process occurs, increasing the 
surface temperature, which promotes the melting of the copper substrates, and the melted 
part is subsequently ejected onto the surface. This process alters the materials’ surface 
morphology and topography [23]. 

Figure 3. Schematic diagram of Sn-0.7Cu solder joint sample for lap-shear test.

3. Results and Discussions
3.1. Surface Profile of the Copper Substrate

Figure 4 shows the 2D and 3D images of the dimple-microtextured copper substrates.
It can be seen that a well-defined dimple shape was developed and arranged evenly on the
copper surface, most likely due to the high precision control of the LST process [22]. The
LST process involves heat transfer, where the material absorbs heat from laser radiation.
Once the material absorbs the heat, the thermalisation process occurs, increasing the surface
temperature, which promotes the melting of the copper substrates, and the melted part is
subsequently ejected onto the surface. This process alters the materials’ surface morphology
and topography [23].
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Figure 4. Images of the copper substrate with different depths of dimple, (a) 10 µm, (b) 30 µm, and
(c) 50 µm.

The number of laser scan repetitions influenced the dimple depth, and it can be seen
that the higher number of scan repetitions increases the dimple’s depth. For example, the
average depth of a dimple for 1 scan repetition was 10± 5 µm, while for 2 scan repetitions, it
was 30 ± 5 µm. The deepest dimple depth was for 3 scan repetitions, which was 50 ± 5 µm.
During the LST process, a higher number of laser scan repetitions compelled the laser beam
to stay in contact longer than a smaller number of laser scan repetitions. As the laser beam
was in contact with the material longer, the material was able to absorb more laser energy,
which meant more material melted and ejected to the surface, deepening the dimple depth.
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When a higher number of laser scan repetitions with low pulse energy were used, the
ablation threshold decreased, resulting in an increase in material removal by one laser
pulse [24]. As this process occurs, the increased dimple depth directly increases the surface
area, thus increasing the surface roughness of the copper substrate. The surface profiles
of the dimple-microtextured copper substrate with different dimple depths are shown in
Figure 5.
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3.2. Solderability of Sn-0.7Cu on Copper-Textured Surfaces

The performance of the dimple-microtextured copper substrate in soldering appli-
cations was investigated. The average contact angle of the solder joint and the copper
substrates’ surface roughness is shown in Figure 6. It can be seen that the highest contact
angle is for the sample with a dimple depth of 10 µm, which is 36.5◦, while the lowest
contact angle is for the sample with a dimple depth of 50 µm, which is 35.1◦. It can also be
seen that an increase in dimple depth decreased the average contact angle of the Sn-0.7Cu
solder, which enhances the wettability of the Sn-0.7Cu solder. During wetting, the molten
solder flowed into the valleys via capillary action [25], and Way et al. [26] stated that
when the soldering process occurs, the molten solder will start melting and be attracted
to the copper substrate, and capillary action pulls the solder into the dimples. However,
this phenomenon disturbs the wetting process, as the molten solder must overcome the
dimples’ energy barriers before thoroughly wetting the copper’s surface [27]. Therefore, as
the dimple depth increases, a high volume of molten solder is needed to fill in the dimple,
leading to a low volume of molten solder remaining on the surface, which decreases the
contact angle.

The surface roughness of the microtextured copper substrate affects the solder joint’s
average contact angle. It can be seen in Figure 6 that the highest surface roughness is
for samples with a dimple depth of 50 µm, which is 8.07 µm, while the lowest surface
roughness is for the samples with a dimple depth of 10 µm, which is 1.06 µm. Therefore, it
can be surmised that a higher number of laser scan repetitions results in deeper dimples
produced on the copper substrate. This can be attributed to the formation of dimples
modifying the surface profile of the copper substrate and providing additional surface
area, which increases surface roughness [28,29]. This observation is consistent with Pratap
and Patra [30] and Zhang et al. [31], who reported that an increase in microtexture depth
increases surface roughness.
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copper substrates.

It was observed that the surface roughness is inversely proportional to the contact
angle of the solder joint, per Yulong et al. [32], who reported that the contact angle of
Sn-35Bi-1Ag solder decreased when the surface roughness of the copper substrates in-
creased, indicating that the solder wettability improved. The result is also consistent with
Wu et al. [33], who reported that the substrate’s increased surface roughness significantly
enhances the wetting properties.

3.3. Microstructure Analysis of Sn-0.7Cu Solder

The analytical results of the bulk microstructure of Sn-0.7Cu solder are shown in
Figure 7. During the reflow soldering process, the copper element from the substrate tends
to diffuse in the solder alloy and react with tin (Sn) due to copper diffusion. From the
reactions taking place during the process, it was observed that two phases formed on
the bulk area. Typically, the microstructure of Sn-0.7Cu solder alloy that forms on the
substrate consists of a primary β-Sn phase or dendrites surrounded by eutectic, which is
a combination of β-Sn and intermetallic Cu6Sn5 [34]. The microstructure of the solder is
composed of two visible regions: eutectic and β-Sn phases. The light region represents the
β-Sn phase, while the dark region represents the eutectic phase. As seen in the figure, the
primary IMC increased with the dimple depth. Furthermore, it was found that the β-Sn
area becomes refined and finely dispersed in the bulk microstructure. This phenomenon
occurs due to the high amount of copper that dissolves in the solder alloy and reduces the
β-Sn area [35]. Shen et al. [36] stated that during the solidification, the Cu atom reacts with
Sn, forming intermetallic Cu6Sn5 particles and refining the grain size of the Bi-rich phase,
simultaneously acting as heterogeneous nucleation sites. This finding is also similar to
Hung et al. [37], who reported that the β-Sn was refined and the primary IMC increased as
the copper content increased.

Figure 8 shows the micrograph of the interfacial IMC layer of the Sn-0.7Cu solder
on different dimple depths of the microtextured copper substrate. It can be seen that a
continuous IMC layer made up of Cu6Sn5 is present at the interface between the Sn-0.7Cu
solder and copper substrates. It is also evident that the continuous layer of IMC gradually
thickened as the dimple depth increased. This IMC layer will form when the solder alloy
reacts with the substrate during the reflow soldering process. When the reflow soldering
process begins, the element from the substrate will dissolve into the molten solder. The
molten solder is then concentrated with the metals, creating a layer of IMC between the
interface of the solder alloy and the substrate. The morphology of the IMC layer consists of
pointed and shallow scallops, with more of the latter compared to the former in the IMC
layer with increasing dimple depth. The formation of pointed scallops in the IMC layer is
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undesirable, as it will induce a brittle fracture at the solder joint interface compared to the
shallow scallop structure [38].
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The IMC thickness was averaged to determine the difference in the growth of IMC
layers among dimple-microtextured copper substrates, and the results are shown in Figure 9.
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It can be seen that the highest average IMC is for the sample with a dimple depth of 50 µm,
which is 8.8 µm, while the lowest average is for the sample with a dimple depth of 10 µm,
which is 4.3 µm. It is also evident that the average thickness of the interfacial IMC layer
substantially increases as the dimple depth increases. The increment in the thickness of the
IMC layer for the increased dimple depth can be attributed to the influence of the surface
area of the copper substrate. During wetting, chemical reactions and diffusion processes
occur where the molten solder dissolves the substrate metal in a process called reactive
wetting [39]. As the Sn-0.7Cu solder alloy reflows on the dimple-microtextured copper
substrate, more copper diffused into the solder alloy due to the dimple microtextures on the
surface providing an additional surface area that promotes diffusion and chemical reaction
at the interface of the solder joint [7]. As per Dong et al. [40], due to the presence of peaks
and valleys on the surface, a larger surface area was obtained between the interface of the
solder joint. This stage results in the faster diffusion of the copper atoms into the solder
alloy. Hence, a thick IMC layer was formed at the interface of the solder substrate. This
result is supported by the distribution of copper elements in the solder joint, per Figure 10,
and is discussed in the following section.
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3.4. Distribution of Copper Element in Solder Joint

The Synchrotron Micro-X-ray Fluorescence (SR-µ-XRF) mapping was carried out to
determine the distribution of copper elements in the Sn-0.7Cu solder joint. Figure 10 shows
the results of SR-µ-XRF mapping. The red and blue markings on the map indicate the
highest and lowest concentrations of the copper element, respectively. It can be seen that
more copper elements were distributed to the solder area for the dimple-microtextured
copper substrate compared to the non-textured copper substrate. The copper element,
represented in red, is more evenly distributed throughout the solder balls area for the
dimpled copper substrate. The highest copper concentration level in the solder ball area
is shown in Figure 10b. These results prove that the dimple developed on the surface
provides more surface area, increasing copper dissolution from substrates. According to
Chen et al. [6], the grooves’ surface microstructure successfully enhances the diffusion
mechanism where the grooves promote silver and copper atoms diffusing into titanium
silico-carbide (Ti3SiC2) ceramics [41,42].
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Figure 10. Synchrotron micro-XRF results from Cu mapping distribution of (a) non-textured copper
substrate, (b) dimple-microtextured copper substrate with a dimple depth of 30 µm.

3.5. Lap Shear Strength of Sn-0.7Cu Solder Joint

The strength and the fracture behaviour of the Sn-0.7Cu Pb-free solder on dimple-
microtextured copper substrate were determined. The shear strength of Sn-0.7Cu solder on
the copper-textured surface is shown in Figure 11. It can be seen that the highest strength is
for the sample with a dimple depth of 50 µm, which is 21.93 MPa, while the sample with a
dimple depth of 10 µm reported the lowest strength, which is 20.93 MPa. The strength of
the solder joint increases with increasing dimple depth due to the dimples on the copper
substrates, which affords a greater mechanical interlocking that improves the joint bonding
strength [43,44]. As a result, the higher dimple depth needed extra energy to pull the
microtextures out during the debonding of the joint [45].
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Figure 11. Shear strength of Sn-0.7Cu solder joint.

Figure 12 shows the fractured surface morphology obtained from SEM images for the
Sn-0.7Cu Pb-free solder on a microtextured copper substrate. Based on the images, it can
be surmised that the Sn-0.7Cu solder alloy has a ductile fracture mode, per the circle shape
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seen in the figure. The dimples are also evident in the Sn-0.7Cu solder, confirming the
material’s ductile mode [46]. It can also be confirmed that there is no significant difference
in the fracture behaviour of the solder joint.
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4. Conclusions

A dimple microtexture was successfully developed on a copper substrate to enhance
the surface characteristics. It was observed that increased laser scanning repetitions re-
sulted in increased dimple depth. The deepest dimple, 50 µm, was obtained using 3 scan
repetitions. In the case of the soldering application, it was confirmed that the increased
dimple depth decreased the contact angle of the solder joint from 36.5◦ to 35.1◦. It was also
confirmed that the surface roughness of the copper substrates increased with increasing
dimple depth. The microstructure at the bulk solder showed that more intermetallic com-
pound Cu6Sn5 was present in the bulk solder area per increasing dimple depth. In the case
of the interfacial IMC, it was revealed that the deepest dimple, which was 50 µm, has the
thickest IMC layer at 8.8 µm. Through copper element mapping, the dimple microtexture
on the copper substrate increased the diffusion area for the copper atom to migrate into the
solder alloy. The highest strength of the Sn-0.7Cu solder alloy was reported for the sample
with a dimple depth of 50 µm, which was obtained at 21.93 MPa.
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Abstract: Foamed concrete is considered a green building material, which is porous in nature. As a
result, it poses benefits such as being light in self-weight, and also has excellent thermal insulation
properties, environmental safeguards, good fire resistance performance, and low cost. Nevertheless,
foamed concrete has several disadvantages such as low strength, a large amount of entrained air,
poor toughness, and being a brittle material, all of which has restricted its usage in engineering and
building construction. Hence, this study intends to assess the potential utilization of polypropylene
fibrillated fiber (PFF) in foamed concrete to enhance its engineering properties. A total of 10 mixes of
600 and 1200 kg/m3 densities were produced by the insertion of four varying percentages of PFF (1%,
2%, 3%, and 4%). The properties assessed were splitting tensile, compressive and flexural strengths,
workability, porosity, water absorption, and density. Furthermore, the correlations between the
properties considered were also evaluated. The outcomes reveal that the foamed concrete mix with
4% PFF attained the highest porosity, with approximately 13.9% and 15.9% for 600 and 1200 kg/m3

densities in comparison to the control specimen. Besides, the mechanical properties (splitting tensile,
compressive and flexural strengths) increased steadily with the increase in the PFF percentages up to
the optimum level of 3%. Beyond 3%, the strengths reduced significantly due to poor PFF dispersal
in the matrix, leading to a balling effect which causes a degraded impact of scattering the stress from
the foamed concrete vicinity to another area of the PFF surface. This exploratory investigation will
result in a greater comprehension of the possible applications of PFF in LFC. It is crucial to promote
the sustainable development and implementation of LFC materials and infrastructures.

Keywords: foamed concrete; polypropylene fibrillated fiber; compression; flexural; tensile; porosity;
water absorption

1. Introduction

The construction industry around the world has become the industry that utilizes the
most energy, recording approximately fifty percent of the total amount of energy used, as
urbanization has progressed, and more people have moved into cities. In the context of
global climate change, the construction industry is mulling over an alternative for normal-
strength concrete as a means of mitigating the extreme self-weight of the material as well as
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the substantial carbon discharge connected with the production of cement [1]. As a result,
the implementation of environmentally friendly and energy-saving building materials as
an alternative to conventional building materials has become the industry standard [2]. The
porous nature of foamed concrete, which is a green building material, confers upon it several
advantages, including its low cost, excellent thermal insulation properties, environmental
protections, and excellent fire resistance performance [3]. Compared to normal-strength
concrete, foamed concrete has a higher strength-to-weight ratio and a bulk density that
ranges from 500 to 1850 kg/m3 [4]. This distinction results in a decrease in the total dead
load of the structural components, as well as a decrease in the costs of manufacturing and
labor during the transportation and construction processes [5].

Foamed concrete is broadly applied in the construction industry as a filling material,
as a non-loadbearing wall constituent, and as insulation material for exterior panels [6]. To
deliver this porous cellular form of foamed concrete, small air bubbles of differing sizes are
first inserted into the newly blended materials [7]. This is typically accomplished through
the use of a foaming method that is either chemical or mechanical [8]. In its most basic
form, the material component that goes into the production of foamed concrete is identical
to that of normal-strength concrete, which consists of Portland cement, aggregate, and
water [9]. This is despite the fact that the fabrication of foamed concrete only requires the
use of fine sand. In addition, lightweight filler or reinforcement such as rice husk ash or
polypropylene fiber can be combined with the foamed concrete base mix to expand its
range of characteristics [10].

In spite of this, it is commonly believed that foamed concrete has poor physical,
mechanical, and durability properties, which is principally due to its high porosity and void
connectivity, both of which allow harmful substances to enter foamed concrete media [11].
In addition, foamed concrete has some disadvantages, including low strength, a high
volume of entrapped air, poor toughness, and brittle material, which have limited its use in
engineering and building construction [12]. These restrictions have decreased the use of
foamed concrete [13]. As a result, it was determined that foamed concrete should not be
used for principal load-bearing structural elements. Less than five percent of global use
statistics were attributable to the construction industry’s utilization of foamed concrete.
This study investigated the use of PFF to improve the engineering qualities of foamed
concrete in order to counteract its negative tendencies. Steel fiber-reinforced concrete is
extensively utilized in a wide range of civil engineering projects [14] due to its low cost,
high performance, and ease of production.

Despite this, a few studies have demonstrated that the uneven inclusion of steel
fiber in concrete can have a negative effect on the workability of the fresh mix, leading to
porous concrete and a reduction in the strength parameter [15,16]. By incorporating fibrous
components into the mix, the characteristics of the concrete can be improved. The tensile
and shear capacities of concrete can be enhanced by adding polypropylene fiber, according
to past studies [17,18]. It is feasible for polypropylene to raise the strength of a material
without increasing its dry bulk density [19]. According to some evidence, the application
of propylene fiber membrane marginally increases the engineering qualities of concrete,
specifically its tensile strength [20]. Compared to thick fibers, a membrane constructed of
propylene fiber plays a key function in reducing plastic shrinkage [21].

Polypropylene fibrillated fiber (PFF), one of the synthetic fibers, has the potential
to be utilized as an additive in foamed concrete to improve its qualities. All the PFF
membrane’s exceptional mechanical qualities, alkali resistance, and thermal properties
contribute to its superior performance. In addition, the PFF membrane is acknowledged as
a fiber that may be incorporated into a cement-based composite material which has a high
resistance to cracking. The incorporation of PFF into concrete permits the formation of a
three-dimensional dispersion network, which effectively suppresses the development of
microcracks in cement-based materials.

On the basis of the preceding review, it can be concluded that the influence of PFF
inclusion in foamed concrete on the enhancement of engineering qualities has not been
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explored and discussed in detail. Consequently, the fundamental objective of this study
is to determine the engineering characteristics of foamed concrete, reinforced with a PFF
membrane. By altering the weight percentages of PFF in the production process, densities
of 600 kg/m3 and 1200 kg/m3 were achieved.

2. Materials and Methods
2.1. Mix Constituents

The primary materials used in this study were fine river sand that had been sieved
through a 600-micron sieve with a specific gravity of 2.59 g/cm3 and particle sizes ranging
from 0.15 to 2.36 mm, as well as Portland cement that complied with the specifications
of the British Standards Institution (1996). The entire required fine river sand quantity
underwent a sieve examination to fit the coarse aggregate standard specification, as per
what was stated in ASTM-C33. Figure 1 shows the result of the sand grading curve. Besides,
using a protein-based surfactant, stable foam with a density of 70 kg/m3 was produced. It
was attenuated in the mortar slurry at a ratio of 1:34 and then aerated using a TM-1 foam
generator. Then, four different weight fractions of polypropylene fibrillated fiber (Figure 2)
in a range from 1% to 4% were added to the foamed concrete mixtures. Table 1 displays the
physical and mechanical characteristics of polypropylene fibrillated fiber (PFF).
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Table 1. Physical and mechanical attributes of PFF.

Properties Value

Elastic modulus (GPa) 7.25
Tensile strength (MPa) 915
Elongation at failure (%) 19.3
Thermal conductivity (W/mK) 0.255
Specific heat capacity (J/kgK) 1335
Melting temperature (◦C) 160
Specific weight (g/cm3) 0.89
Thickness (mm) 0.25
Length (mm) 19

2.2. Mix Proportions

In this investigation, densities of 600 and 1200 kg/m3 were cast. The cement-to-sand
ratio was held at 1:1.5, and the water-to-cement proportion was maintained at 0.45 for
all mixtures. Five distinct PFF weight fractions of 1%, 2%, 3% and 4% were selected for
addition to foamed concrete mixtures. Table 2 displays the proportions of the created
foamed concrete mixture.

Table 2. Mixture proportions of foamed concrete.

Density
(kg/m3)

PFF
(%)

Cement
(kg/m3)

Sand
(kg/m3)

Water
(kg/m3)

Foam
(kg/m3)

PFF
(kg/m3)

600 0 230.2 345.4 103.6 43.2 0.0
600 1 230.2 345.4 103.6 43.2 7.2
600 2 230.2 345.4 103.6 43.2 14.4
600 3 230.2 345.4 103.6 43.2 21.7
600 4 230.2 345.4 103.6 43.2 28.9

1200 0 446.9 670.4 201.1 24.4 0.0
1200 1 446.9 670.4 201.1 24.4 13.4
1200 2 446.9 670.4 201.1 24.4 26.9
1200 3 446.9 670.4 201.1 24.4 40.3
1200 4 446.9 670.4 201.1 24.4 53.7

3. Results
3.1. Flow Table Test

This experiment was carried out to find out how adding PFF affected the foamed
concrete flow and workability. Using an extended cylinder, spreadability was used to
determine the workability (diameter of 76.2 mm× height of 152.4 mm). This apparatus was
used following Brewer’s open-ended cylinder spread procedure [22,23]. Once the foamed
concrete stopped flowing, the average spread diameter of the mixed foamed concrete was
calculated. The measurement of foamed concrete’s spreadability is shown in Figure 3.

3.2. Porosity Test

The number of pores in foamed concrete is commonly stated as a percentage of volume.
The porosity of foamed concrete affects many different aspects of its mechanical, thermal,
and durability properties. Additionally, it allows several dangerous substances into the
foamed concrete. Salt will corrode the reinforcing bar in reinforced foamed concrete, and
rust will grow and cause the foamed concrete to crack. Determining the porosity of foamed
concrete with a polyformaldehyde monofilament membrane is therefore critical. As shown
in Figure 4, the vacuum-saturated method was used to conduct the porosity test [24]. The
cylinder specimens used in casting had diameters of 45 mm and heights of 50 mm. On
day 28, this test was executed by placing the foamed concrete samples inside a vacuum
desiccator.
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3.3. Water Absorption Test

The ability of foamed concrete to absorb water is directly related to its ability to repel
water, something which is essential in many weakening mechanisms and prevents many
harmful factors from entering the environment. The movement of oxygen, chlorine, and
carbon dioxide, which start the corrosion of the reinforcing steel in foamed concrete, is
made possible by the water absorption capacity of foamed concrete. The water absorption
test was performed in this study in conformity with the BS 1881-122 specification [25].
Concrete cylinder specimens, 100 mm in height × 75 mm in diameter, were created.

3.4. Compression Test

The purpose of the axial compression test was to determine the potential strength of
the foamed concrete mixtures from which the samples were taken. It evaluates the capacity
of a foamed concrete specimen to withstand a load before failing. It permits the verification
of whether the correct mix proportions of various foamed concretes and various ingredients
were used to achieve the requisite strength. In this investigation, the axial compression
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test was conducted at a constant rate of 0.03 mm/s in accordance with the BS 12390-3
standard [26]. Cubic specimens with a dimension of 100 × 100 × 100 mm were prepared.
The compression test was carried out on days 7, 28, and 56. The result was derived from
the mean of three samples of foamed concrete. Figure 5 depicts the axial compression test
configuration.
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3.5. Flexural Test

Flexural testing was performed to confirm the rigidity of foamed concrete and de-
termine the force required to bend a prism. In a flexural test, ultimate stress represents
the last stress level before failure. A three-point flexural test, as indicated in Figure 6, was
undertaken in conformity with the BS EN 12390-5 standard [27] to assess the influence of
PFF inclusion on the flexural strength of foamed concrete. Each flexural strength test is
performed with 3 prisms that are each 100 mm × 100 mm × 500 mm in size and made from
foamed concrete. Standard cure times of 7, 28, and 56 days were used for the flexural tests.
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3.6. Splitting Tensile Test

Foamed concrete’s splitting tensile strength is one of the essential and crucial qualities
that significantly affects the depth and breadth of cracks in the material. Because of its
brittleness and poor tensile strength, a foamed concrete specimen is not often anticipated to
bear direct tension. In this research, the splitting tensile strength test was carried out in line
with BS EN 12390-6 specifications [28]. The test was performed on a cylinder of foamed
concrete, 100 mm in diameter by 200 mm in height, on days 7, 28, and 56. The splitting
tensile strength test setup is displayed in Figure 7.
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4. Discussion
4.1. Spreadability

Figure 8 displays the results of the spreadability for both densities examined in this
study (the dataset can be found in Appendix A, Table A2). Figure 8 shows that the self-
flowing ability of all the foamed concrete mixes was excellent, with a spreadability greater
than 187 mm. Spreadabilities of 255 mm and 230 mm were recorded for the 600 and
1200 kg/m3 densities of the control specimens, respectively. Spreadability was reduced
by adding PFF to foamed concrete, and this effect was proportional to the amount of
PFF added. Foamed concrete mixes with 4% PFF had the lowest spreadability when
compared to the other foamed concrete mixes. Spreadabilities were measured to be 206 mm
for 600 kg/m3 and 187 mm for 1200 kg/m3. Because PFF tends to absorb water, there
is a consistent decrease in spreadability when it is are present; the external segment of
PFF presents significant porosity, which benefits the bond to the matrices, and thus the
spreadability of the foamed concrete decreases. In addition, the cementitious matrices
aggregate on the PFF’s large specific surface area, increasing the foamed concrete’s viscosity
and causing a decrease in spreadability at greater PFF weight fractions. As the air bubbles
are forced out of the cementitious matrix, the slump diameter of the foamed concrete will
decrease as a result of the free flow of the intermittent stage above the capacity of the stable
spreading form. Mortar must additionally cover the smooth PFF membrane in addition to
the fine filler (sand). The spreadability of foamed concrete was reduced as the percentage of
PFF was raised from 1% to 4%, indicating that greater quantities filling mortar was required
to cover the additional zone of PFF. Furthermore, PFF increases the inner abrasion between
foamed concrete components, which in turn causes more cement matrix to diminish the
inner resistance, hence reducing the workability of foamed concrete. A similar finding, that
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increasing the fiber’s weight fraction in concrete reduced its workability, was previously
described by Mohseni et al. [29].
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4.2. Density

Differences in the dry density of foamed concrete as a function of PFF weight % are
shown in Figure 9 (the dataset can be found in Appendix A, Table A2). According to the
findings, the dry density of foamed concrete decreases from that of the control foamed
concrete across all three densities when the weight percentage of PFF increases from 1%
to 4%. It was discovered that the foamed concrete dry density was highest when PFF was
included at a rate of 0% (control specimen), and lowest when PFF was included at a rate of
4%. The decrease in dry density of LFC, combined with larger weight fractions of PF, was
caused by difficulties in the compaction process. These resulted in absorbent LFC, resulting
in a lower dry density of LFC as linked to the control specimen. Final dry densities were
acceptable, falling within the range of 50 kg/m3 for all foamed concrete mixes that included
PFF in different percentages. For instance, for mixes PF0%, PF1%, PF2%, PF3% and PF4%,
the discrepancies between final dry densities and planned dry densities of 600 kg/m3

density were ±2 kg/m3, ±5 kg/m3, ±10 kg/m3, ±19 kg/m3 and ±24 kg/m3, respectively.
The foamed concrete properties are entirely reliant on the dry density [30].

4.3. Porosity

The porosity of foamed concrete with increasing PFF percentages is represented
graphically in Figure 10 (the dataset can be found in Appendix A, Table A2). Generally,
the inclusion of PFF in foamed concrete results in a gradual increase in the material’s
porosity, which reaches the highest value with a 4% addition of PFF. When contrasted with
the control foamed concrete sample, the foamed concrete mix with 4% PFF obtained the
optimal values of porosity, with around 13.9% and 15.9% decreases in porosity for 600 and
1200 kg/m3 densities, respectively. It is possible that this is because of the high packing
capacity that PFF has in the cementitious matrix of foamed concrete. A porosity value
of 64.9% was observed for the foamed concrete mix, with a density of 600 kg/m3 and a
percentage of PFF of 4%, whereas a porosity value of 75.4% was recorded for the control
sample. Microcracks formed on the surface of the foamed concrete while it was still in
its fresh state condition. At the same time, the surface moisture was rapidly evaporating,
which resulted in significant dry shrinkage. When PFF is added to foamed concrete mixes,
the segregation can be reduced, and this also helps to reduce the amount of water that is lost
through evaporation. In addition to this, the use of PFF has been shown to effectively stop
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the spread of cracks in foamed concrete that start on the surface and move inward [31]. The
morphology of the control foamed concrete specimen, which has a density of 1200 kg/m3,
is shown in Figure 11a. It was clear that there were a great number of huge pores that were
attached to one another, which resulted in a high porosity value. With the presence of 4%
PFF, the compactness of the foamed concrete is improved, and the number of pores that
are both large and interconnected is reduced significantly. As the PF was incorporated
into the cementitious matrix, as seen in Figure 11b, the internal structure became denser
and a homogenous microstructure was achieved, all while decreasing the foamed concrete
porosity value.
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4.4. Water Absorption

The findings of foamed concrete’s water absorption with various PFF percentages
are shown in Figure 12 (the dataset can be found in Appendix A, Table A2). It was clear
that as PFF percentages increased from 1% to 4%, the foamed concrete’s ability to absorb
water increased as well. For both densities examined in this study, the inclusion of 4%
of PFF resulted in the highest water absorption. It should be noted that less cracking
occurs in foamed concrete when PFF is added to the mix, and the cracks that do form
are smaller and finer than they are in foamed concrete without PFF. This suggests that
the presence of PFF can significantly increase foamed concrete’s capacity to absorb water
and significantly reduce the risk of microcrack merging [32]. Ramezanianpour et al. [33]
explored the impact of polypropylene fiber percentages ranging from 0.5% to 4.0% on
concrete water permeability. They discovered that adding polypropylene fiber decreased
the extent of concrete water penetration. The effect of multi-size polypropylene fibers on the
impermeability of concrete was analyzed by Guo et al. [34]. They discovered that, whereas
coarse fibers had more obvious macropore inhibition effects on concrete, small fibers had
noticeable inhibition on micropores. Additionally, the impenetrability of foamed concrete
made with coarse and fine polypropylene fiber is higher than that of foamed concrete
made with single-diameter polypropylene fiber. Behfarnia and Behravan [35] evaluated
the concrete’s ability to absorb water between 0.4% and 0.8% steel fiber and polypropylene
fiber. They discovered that the presence of polypropylene fiber diminished the concrete’s
capacity to absorb water by up to 45%, indicating that concrete’s impermeability was
greatly increased.

4.5. Water Absorption—Porosity Relationship

The correlation between foamed concrete water absorption capacity and its level of
porosity is seen in Figure 13. When the percentage of PFF changes, a linear relationship
develops between the foamed concrete water absorption and porosity. This relationship
states that the foamed concrete porosity will expand in tandem with the foamed concrete
water absorption as the water absorption of the foamed concrete increases. The outward
area of the foamed concrete is where the dispersal of free water first begins, eventually
making its way into the foamed concrete matrix’s deepest segment. In addition, the amount
of water that is absorbed internally by foamed concrete may have a marginal impact on
the porosity of the material. The fact that there is a definite linear association between
the water-absorbing capacity of foamed concrete and its porosity can be seen from the
fact that its R-squared values are 0.9805 and 0.9366 for 1200 and 600 kg/m3 densities,
correspondingly.
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Figure 13. Relationship between water absorption and porosity.

4.6. Compressive Strength

The compressive strength results of 600 and 1200 kg/m3 densities, corresponding
with the insertion of various percentages of PFF, are shown in Figures 14 and 15 (the
dataset can be found in Appendix A, Table A1). Generally, adding PFF to foamed concrete
limited in the growth of the material’s compressive strength. For both densities, the optimal
percentage of PFF was 3%. PFF was added to foamed concrete, which resulted in a decrease
in the amount of entrapped air voids, capillary pores, and entrained air voids. All three
of these factors contribute to a rise in the foamed concrete compressive strength. The
compressive strengths of the foamed concrete on days 7, 28, and 56 with the inclusion
of PFF were greater than the control specimen strength, regardless of the density of the
foamed concrete. In comparison to the control specimen, which only achieved compressive
strengths of 1.37 MPa (600 kg/m3) and 4.34 MPa (1200 kg/m3), the optimal compressive
strengths achieved on day 56 were 2.26 MPa and 7.83 MPa, with the inclusion of a 3%
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and 4% weight fraction of PFF for the 600 and 1200 kg/m3 densities, respectively. When
an optimal percentage of PFF is evenly scattered in foamed concrete cement paste, the
hydrated products of cement amass around the PFF. This is due to their superior surface
energy, as their surface behaves as a nucleation site. As the foamed concrete contracts,
the PFF membrane absorbs tensile energy through the boundary between the PFF and
the foamed concrete cementitious matrix. It then transfers this energy to the neighboring
matrix, thereby reducing the amount of concentrated tensile stress and increasing the
foamed concrete’s resistance to cracking [36]. Poor PFF dispersal in the foamed concrete
cementitious matrix results in a balling effect when the percentage of PFF in the foamed
concrete exceeds 3%. This creates a deteriorated impact by scattering the tensile stress from
the vicinity of the foamed concrete to another place on the PFF surface. This explanation
lends credence to the idea that a decline in compressive strength occurred when the weight
fractions of PFF increased to a level greater than 3%.
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4.7. Flexural Strength

The results of the flexural strength tests at densities of 600 and 1200 kg/m3 are shown
in Figures 16 and 17, respectively (the dataset can be found in Appendix A, Table A1).
These densities correspond with different weight fractions of PFF. It is clear from looking
at Figures 16 and 17 that the inclusion of PFF in foamed concrete led to a rise in flexural
strength. For both densities considered in this study, the best weight fraction of PFF was 3%.
The flexural strengths of the foamed concrete with the presence of PFF on days 7, 28, and
56 were greater than the flexural strength of the control specimen, regardless of the density
of the foamed concrete. In contrast to the control specimen, which only achieved flexural
strengths of 0.38 MPa (600 kg/m3) and 1.04 MPa (1200 kg/m3), the ideal flexural strengths
that were attained at day 56 were 0.63 MPa and 1.66 MPa, with the addition of a 3% of
PFF for the 600 kg/m3 and 1200 kg/m3. PFF is a hydrophilic substance, and as a result,
it possesses great adhesion when combined with cement paste. After the PFF percentage
was increased to 4%, the flexural strength of foamed concrete drastically dropped for both
densities that were taken into consideration for this investigation. Because it is difficult to
disperse the PFF evenly and because it might cause agglomeration, the flexural strength will
be lowered if the percentage of PFF is too high. This is because PFF can cause agglomeration.
During the process of the crack spreading out, the PFF will gradually become separated
from the matrix until the bond strength is completely exceeded. This will continue until
the fracture has completely spread out. Although the matrix is damaged, it is still capable
of maintaining its fundamental form. The presence of PFF in foamed concrete plays a
significant role in both the strengthening of the foamed concrete cementitious matrix, and
the modification of the material’s physical characteristics from a brittle state to a ductile
one. Both of these effects are the result of the material’s transition from a brittle to a ductile
state. Because an appropriate percentage of PFF can bond with the hydration products
and unhydrated constituents in the foamed concrete matrix to build a three-dimensional
grid structure, incorporating an appropriate weight fraction of PFF can efficiently increase
the flexural strength of foamed concrete. This is because the three-dimensional network
structure can create a subsidiary effect and boost the foamed concrete flexural strength [37].
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4.8. Splitting Tensile Strength

Figures 18 and 19 illustrate the influence that different percentages of PFF have on the
splitting tensile strength with densities of 600 and 1200 kg/m3 (the dataset can be found in
Appendix A, Table A1). It is clear from the whole trend that with the rise in PF percentages,
the splitting tensile strength of both foamed concrete densities at different ages all exhibit
an upward trend. This is the case because the PFF percentages are increasing as the trend
continues. In most cases, the splitting tensile strength progressively increases with the
growth in the percentages of PFF up to 3%. In comparison to the control specimen, which
achieved compressive strengths of 0.24 MPa (600 kg/m3) and 0.64 MPa (1200 kg/m3), the
optimal splitting tensile strengths attained at day 56 were 0.39 MPa and 0.93 MPa, with the
inclusion of a 3% PFF for the 600 and 1200 kg/m3 densities. Because of the enhanced foamed
concrete robustness, helped along by the presence of PFF, the enhancement of splitting
tensile strengths was accomplished for both materials that were taken into consideration
throughout this investigation. PFF will gradually form a fiber grid skeleton inside the
foamed concrete as it goes through the process of hardening. This can improve the brittle
state of the foamed concrete matrix by governing the growth and propagation of cracks
when it is subjected to external tensile stress, preventing the cracks from leading to an
explosive failure. It became apparent that the PFF could be uniformly disseminated when
the PFF percentage was 3%, which resulted in a growth in the bonding strength between the
cement matrix and the PFF. The PFF is dispersed throughout the foamed concrete matrix in
a manner that is nearly homogeneous and does not show any significant signs of buildup.
In the presence of a tensile load, foamed concrete demonstrates elastic linear tension prior
to the onset of plastic deformation, which occurs after the appearance of the first crack
in the material. The addition of PFF membrane to foamed concrete, on the other hand,
causes the membrane to take on the role of fastening when the foamed concrete cracks.
This ensures that the matrix elastic modulus does not immediately drop to zero when the
direct boundary strain is reached [38–40]. When cracks appear in the PFF membrane, the
membrane will bear all the tension and then gradually transmit it to the matrix [8,41–45].
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Figure 19. Splitting tensile strength of foamed concrete of 1200 kg/m3 density with varying PFF
percentages.

4.9. Compressive—Flexural Strengths Relationship

The density of 600 kg/m3 of foamed concrete was used in the execution of a correlation
between the compressive and flexural strengths of the material. For the purpose of this
investigation, all curing periods were taken into account. The connection between the
flexural and compressive strengths of foamed concrete with various percentages of PFF is
demonstrated in Figure 20. It seems that they found out that there is a direct expanding,
relationship that can be differentiated in the compressive strength and flexural strength
of foamed concrete. From Figure 20, it can be seen that an R-squared value of 0.9588 was
obtained, which indicates a highly linear relationship between the two strength parameters.
This implies that variations in the predictors are interrelated to deviations in the response
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variable and that the achieved prediction models explain a significant portion of the re-
sponse’s inherent variability. Because of this relationship, it is clear that the flexural strength
of foamed concrete increases as the compressive strength of the concrete increases. This
regression model makes it possible to approximate the flexural strength of foamed concrete,
based on its axial compressive strength, for the range of values that was investigated in
this exploration.
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4.10. Compressive—Splitting Tensile Strengths Relationship

The relationship between the splitting tensile and compressive strengths of 600 kg/m3

density foamed concrete with different PFF percentages is shown in Figure 21. The com-
pressive strength was mapped against the foamed concrete’s splitting tensile strength.
According to Figure 21, data dissemination supports the existence of a strong correlation
between the splitting tensile and compressive strengths of foamed concrete. In a similar
trend, the splitting tensile strengths rose with increasing compressive strength for all curing
periods. With an R-squared value of 0.9646, a strong linear connection is evident. The split-
ting tensile strength was approximately 15% of its strength under compression conditions
for the total specimens evaluated in this investigation.
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5. Conclusions

This laboratory investigation aims to evaluate the possible use of polypropylene
fibrillated fiber (PFF) to enhance the foamed concrete engineering properties. With the

199



Materials 2022, 15, 8984

inclusion of four different PFF percentages (1%, 2%, 3%, and 4%), ten mixes of 600 and
1200 kg/m3 densities were made. Compressive, splitting tensile and flexural strengths
were assessed. Additionally, the workability, porosity, water absorption, and density of
products were evaluated as well. Additionally, the correlations between the considered
properties were analyzed. When PFF is added to foamed concrete, spatial networks are
formed and cement paste is incinerated to cover the PFF, resulting in reduced spreadability
versus foamed concrete without fibers. However, all foamed concrete mixes exhibited
spreadabilities greater than 187 mm, indicating a significant capacity for self-flow. In
contrast to the control specimen, the dry density of the foamed concrete decreases as the
PFF weight fractions rise from 1% to 4%. The control specimen had the highest dry density
of foamed concrete, whereas the 4% PFF inclusion product had the lowest density. Due
to the intricacy of the compaction process, which produces porous foamed concrete, the
dry density decreased at larger weight fractions of PFF. With the presence of PFF, the
foamed concrete porosity grows gradually up to 4%. Foamed concrete mixes containing
4% PFF achieved the optimal porosity with a reduction of around 13.9% and 15.9% for 600
and 1200 kg/m3 densities correspondingly. This is most likely because foamed concrete’s
cement matrix has strong PFF packing capabilities. As the PFF percentages rose from 1%
to 4%, foamed concrete water absorption was increased. With the addition of 4% PFF, the
highest water absorption capacity was achieved. When PFF is added to foamed concrete,
the fissures are less noticeable and finer than they are in foamed concrete that does not
contain PFF. The foamed concrete flexural, compressive, and splitting tensile strengths were
increased by the addition of PFF. The ideal percentage of PFF for both densities was 3%.
The foamed concrete’s compressive, flexural, and breaking tensile strengths considerably
decreased above the 3% PFF. It is difficult to spread the PFF uniformly, and agglomeration
is caused if the PFF weight fractions are too large.
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Appendix A

Table A1. Compressive, flexural, and splitting tensile strengths experimental dataset.

Specimen
600 kg/m3 1200 kg/m3

7 Day 28 Day 56 Day 7 Day 28 Day 56 Day

C
om

pr
es

si
ve

St
re

ng
th

(M
Pa

)

Control 0.98 1.22 1.37 3.11 3.88 4.35
1% 1.21 1.51 1.69 4.16 5.20 5.83
2% 1.40 1.76 1.97 4.47 5.59 6.26
3% 1.61 2.02 2.26 5.34 6.68 7.48
4% 1.47 1.87 2.10 4.57 5.67 6.35
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Table A1. Cont.

Specimen
600 kg/m3 1200 kg/m3

7 Day 28 Day 56 Day 7 Day 28 Day 56 Day

Fl
ex

ur
al

St
re

ng
th

(M
Pa

)

Control 0.27 0.34 0.38 0.74 0.93 1.04
1% 0.34 0.43 0.48 0.93 1.16 1.30
2% 0.38 0.48 0.54 1.04 1.31 1.46
3% 0.45 0.56 0.63 1.19 1.48 1.66
4% 0.40 0.49 0.55 1.02 1.28 1.44

Sp
lit

ti
ng

Te
ns

ile
(M

Pa
)

Control 0.17 0.21 0.24 0.46 0.57 0.64
1% 0.21 0.26 0.30 0.57 0.71 0.80
2% 0.24 0.30 0.33 0.62 0.78 0.87
3% 0.28 0.35 0.39 0.66 0.83 0.93
4% 0.25 0.31 0.34 0.61 0.76 0.85

Table A2. Slump, density, porosity, and water absorption experimental dataset.

Specimen 600 kg/m3 1200 kg/m3

W
or

ka
bi

lit
y

(m
m

)

Control 255 230
1% 235 210
2% 225 202
3% 214 194
4% 206 185

D
en

si
ty

(k
g/

m
3 )

Control 600 1200
1% 594 1195
2% 589 1190
3% 580 1185
4% 574 1181

Po
ro

si
ty

(%
)

Control 75.4 54.5
1% 69.1 51.1
2% 68.3 50.4
3% 67.5 49.3
4% 64.9 45.8

W
at

er
A

bs
or

pt
io

n
(%

)

Control 46.4 25.9
1% 48.4 26.5
2% 49.2 27.3
3% 50.0 28.1
4% 50.7 29.2
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Abstract: Asphalt pavements at high altitudes are susceptible to aging and disease under prolonged
action of UV light. To improve their anti-ultraviolet aging performance, UV-531/SBS-modified
asphalts with UV-531 dopings of 0.4%, 0.7%, and 1.0% were prepared by the high-speed shear
method, and the effect of UV-531 on the conventional performance of SBS-modified asphalt before
aging was studied by needle penetration, softening point and 5 ◦C ductility tests. The high- and
low-temperature rheological properties of UV-531/SBS-modified asphalt before and after aging were
also analyzed by high temperature dynamic shear rheology test and low-temperature glass transition
temperature test. Finally, the effect of UV-531 on the anti-aging performance of SBS-modified asphalt
was evaluated by three methods, including rutting factor ratio, viscosity aging index, and infrared
spectroscopy. The results show that with the increase of UV-531 doping, the needle penetration
and 5 ◦C ductility show an increasing trend, but the effect on the softening point is small. The high
temperature stability of SBS-modified asphalt is not much affected by the addition of UV-531, and the
low-temperature stability is improved, and when 0.7% UV absorber is added, SBS-modified asphalt
shows better low-temperature performance. The results of all three evaluation methods show that the
addition of UV-531 significantly improved the anti-UV aging performance of SBS-modified asphalt,
with the amount of 0.7% providing the asphalt with the best anti-UV aging performance. The results
of the study can provide an important reference for improving the anti-ultraviolet aging performance
of SBS-modified asphalt.

Keywords: road engineering; UV aging; UV absorber; high and low-temperature performance;
infrared spectrum

1. Introduction

When using asphalt mixes, the process of ultraviolet radiation induced by asphalt UV
aging cannot be neglected, since asphalt mixes are prone to aging under heat or natural
conditions [1,2]. Since old asphalt is more susceptible to spalling, potholes, and other
pavement diseases, it is imperative to find solutions to improve its performance. Because
of their exceptional performance at both high and low temperatures and their resilience
to fatigue, styrene butadiene styrene (SBS)-modified asphalt binders are employed in a
significant portion of asphalt pavement construction projects across the world [3].

Although research on the current asphalt thermal aging mechanism is fairly ad-
vanced [4], because road workers do not pay attention to asphalt ultraviolet aging, research
progress is slow. This is because the thermal aging of asphalt and ultraviolet aging in-
centives are entirely different. Because the UV aging study of asphalt plays an important
guiding role in building roads in western China, several road researchers have recently
begun to pay attention to the effects of UV aging on asphalt mixes and asphalt [5]. Several
researchers have found that many factors affect the properties of asphalt during aging [6–9].
Yuanyuan Li et al. pointed out that UV aging has a significant effect on the service life
of asphalt pavements due to the fact that the increased penetration of UV light during
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UV aging increases the UV aging depth [10]. Zhang Hailin found that when studying the
changes in elemental composition and rheological properties of asphalt before and after
thermal and UV aging using elemental analysis and DSR tests, UV aging resulted in greater
changes in indices and more aging [11]. Lixing Ma et al. found that the water stability
performance of asphalt mixes decayed as the UV aging time increased [12]. Mona Nobakht
et al. demonstrated that intense UV exposure reduces the shear strength of asphalt, and
that the low-temperature cracking and fatigue properties of asphalt decrease with aging
time [13]. Several people have begun to work on the mechanism of UV aging of asphalt
and improvement methods, since the risks of UV aging have been made clear through the
tests of some road researchers. Zheng et al. used permeability, viscosity, and ductility to
develop a nonlinear equation for the decay of asphalt properties after UV aging [14]. Min.
Xiao simulated the dynamic behavior of asphalt microstructure during UV aging using
Materials Studio software, a process different from the internal thermal aging mechanism
of asphalt [15]. Feng Zhengang et al. found that the addition of UV absorber UV-531 can
improve the high and low temperature performance of asphalt in addition to effectively im-
proving the anti-UV aging ability of asphalt [16]. Lingling Hong found that adding UV-531
to SBS-modified asphalt with block ratios of 40/60 and 30/70 could effectively improve
its high- and low-temperature properties [17]. UV-531 provides superior performance,
is the most widely used ultraviolet absorber, can powerfully absorb the wavelength of
300–345 nm ultraviolet light, and is one of the most used UV absorbers by road researchers
to improve the UV aging performance of asphalt materials. Therefore, finding the right
dosage is essential to improve the performance and economy of asphalt pavements by
improving the UV aging resistance of asphalt.

According to relevant studies, the UV-531 content that can improve the UV aging
resistance of asphalt is in the range of 0.2% to 1.2% [15]. Hence, the paper chose three
UV-531 doping levels—0.4%, 0.7%, and 1.0%. UV-531 was added to SBS-modified asphalt
by melt blending. Needle penetration, softening point, and 5 ◦C ductility tests were chosen
to assess the effect of UV-531 on the conventional properties of SBS-modified asphalt. UV
aging of treated asphalt was performed using DSR and DMA tests to evaluate the effect of
UV-531 on the high- and low-temperature performance of SBS-modified asphalt. Finally,
the optimum dose was derived after evaluating the UV-531/SBS-modified asphalt for UV
aging resistance using rutting factor ratio, viscosity index, and infrared spectroscopy.

2. Materials and Methods
2.1. Testing Raw Materials

UV absorber: UV-531 (2-Hydroxy-4-n-Octyloxy benzophenone) is a light yellow pow-
der that absorbs ultraviolet rays from sunlight as a light stabilizer. The property indicators
are shown in Table 1.

Table 1. Performance index of UV-531.

Indicators Technical Requirements Indicators Technical Requirements

Density/g/cm3 1.068 Boiling/◦C 457.9

Melting point/◦C 47~49 Flash point/◦C 155.1

The basic properties of SBS-modified asphalt are shown in Table 2.
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Table 2. Fundamental characteristics of SBS-modified asphalt.

Test Items
SBS-Modified Asphalt

Real Test Technical Requirements

Ductility (5 ◦C, 5 cm/min)/cm Not less than 28.0 20

Softening point (Global Law)/◦C Not less than 74.2 60

Needle penetration (25 ◦C, 100 g, 5 s)/0.1 mm 53.0 40~60

Resilient Recovery (25 ◦C)/% Not less than 94.0 75

Flash Point/◦C Not less than 300 230

Needle penetration index PI Not less than 0.26 0

Kinematic viscosity (135 ◦C)/Pa·s No greater than 2.55 3.0

Solubility (trichloroethylene)/% Not less than 99.7 99

After RTFOT test

Quality change/% No
greater than −0.008 ±1.0

Ductility (5 ◦C)/cm Not
less than 19.7 15

Needle penetration ratio
(25 ◦C)/% Not less than 83.2 65

2.2. UV-531/SBS-Modified Asphalt Preparation

The high-speed shear method was used to prepare UV-531- and SBS-modified asphalts
to integrate them fully. The specific preparation procedure is as follows.

(1) Put the SBS-modified asphalt into 160 ◦C ovens for 30 min and then take it out.
(2) 0%, 0.4%, 0.7%, and 1.0% of UV-531 (external admixture) were added to SBS-modified

asphalt and sheared using a high-speed shear rate of 3000 r/min and a shear tempera-
ture controlled at 165 ◦C to 170 ◦C.

(3) UV-531- and SBS-modified asphalt was mixed and sheared at high speed for 40 min
to prepare UV-531/SBS-modified asphalt, blended into the amount of 0% of UV-531
produced that is SBS-modified asphalt (not involving UV absorber).

Figure 1 depicts the UV-531/SBS-modified asphalt preparation procedure. In order to more
clearly identify between the four distinct UV-531/SBS-modified asphalt dosages, the produced
modified asphalts were given numbers. The numbering outcomes are displayed in Table 3.
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Table 3. Modified Asphalt Number.

Modified Asphalt Number

SBS-Modified Asphalt SBS

0.4%UV-531 + SBS-Modified Asphalt A

0.7%UV-531 + SBS-Modified Asphalt B

1.0%UV-531 + SBS-Modified Asphalt C

2.3. Asphalt UV Aging Test Process

The UV aging tests on the prepared modified asphalts were performed in a UV infrared
chamber, as shown in Figure 2. According to the existing study [18], asphalt specimens
should have a thickness of 1 mm during UV aging; thus, in order to effectively simulate the
asphalt film thickness of the in-situ asphalt mixture during the test, the sample container
area and the asphalt film thickness (1 mm) were used to calculate the mass of the asphalt
UV aging specimens.
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The diameter of the glass disc used to hold the asphalt during the test was 14 cm and
the thickness of the asphalt film was 1 mm, so 15.4 g of asphalt was weighed into the glass
disc. The discs were warmed in the oven at 170 ◦C until the asphalt was uniformly laid
on the surface of the glass discs. Finally, the asphalt aging specimens were placed in the
UV aging environmental chamber for 7 d. The UV-aged asphalt specimens are shown in
Figure 3, and the process of the asphalt UV aging test is shown in Figure 4.
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2.4. Tests and Methods
2.4.1. Needle Penetration

The needling values of four SBS-modified asphalts were tested at 25 ◦C, 100 g, and 5 s
using a fully automatic needling instrument. Testing method: dry needle penetration sam-
ple dishes are prepared, the asphalt is placed in the vessels cooled to ambient temperature,
and then the asphalt vessels are placed in a constant temperature water bath at 25 ◦C for
1.5 h. Remove the test sample after the water bath, then evaluate the needle penetration
of the test sample using the needle penetration tester to determine the needle penetration
of the measured data to take the average of three calculations. The resulting value is the
needle penetration of modified asphalt.

2.4.2. Softening Point

In this paper, the effect of UV-531 on the high temperature performance of SBS-
modified asphalt was evaluated by testing the softening point values of four SBS-modified
asphalts using a fully automatic softening point tester. The test procedure is as follows: take
a certain amount of modified asphalt and place it in a standard mold, cool the mold together
with the internal asphalt to room temperature, and then scrape the test sample using a hot
scraper. Place the test sample in a constant temperature bath of 5 ± 0.5 ◦C for 30 min. Use
the softening point tester to test the samples until the test sample wrapped inside the steel
ball just falls on the receiving plate when stopped, then record the temperature of the test
sample. The temperature data is the softening point of the modified asphalt.

2.4.3. 5 ◦C Ductility

The authors chose a temperature of 5 ◦C for the ductility test. The test was performed
by slowly pouring the modified asphalt into the mold from one end to the other, allowing
the mold and the asphalt inside to cool to room temperature before scraping the test sample
with a hot scraper. The test sample was placed in a water bath at a temperature of 5 ± 0.5 ◦C
for 1.5 h. Using a ductility tester, the sample was tested until the asphalt was pulled off
and the scale was read, which provided the ductility of the modified asphalt.

2.4.4. High-Temperature Dynamic Shear Rheology Test

Temperature scanning tests were performed on four asphalt specimens using a dy-
namic shear rheometer (DSR) with a temperature range of 30–100 ◦C and a frequency of
10 ± 0.1 rad/s. The DSR test method is accomplished by measuring the viscous and elastic
properties of a thin asphalt binder specimen sandwiched between an oscillating plate and
a fixed plate [19].

The high temperature PG index is determined by the DSR of the unaged asphalt, as re-
flected in the rutting factor curve, at the temperature corresponding to G*/sinδ ≤ 1.00 kpa [20].

2.4.5. Low-Temperature Glass Transition Temperature Test

The modulus of a viscoelastic material can be tested using the Dynamic Mechanical
Analysis (DMA) test as a function of time, temperature, or frequency. Only a tiny sample
is needed to ascertain the material’s dynamic mechanical properties over a large range of
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temperatures or frequencies. Figures 5 and 6 display the clamp and dynamic mechanical
analyzer.
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The ideal modulus–temperature curve of modified asphalt typically has four regions:
the glassy region, the glassy–rubbery transition region, the rubbery plateau region, and
the flow region. The service temperature of asphalt mixtures undergoes the entire process
from the glassy to the viscous flow state, and the mechanical condition of the asphalt
mixture is essentially a macroscopic depiction of molecular mobility. The glass transition
temperature can describe the asphalt mixture’s low-temperature performance. When the
glass transition temperature is lower than the minimum service temperature and the asphalt
can perform as intended, this is the perfect state for the asphalt mixture. This gives the
asphalt mixture good deformability throughout the service temperature and can relax the
temperature stresses caused by the lowering of the temperature, reducing the generation of
low-temperature cracks.

2.4.6. Rutting Factor Ratio

The rutting factor ratio is the ratio of the asphalt rutting factor after aging and before
aging. The formula for calculating the rutting factor ratio is shown in Equation (1).

TR =
(G∗2 / sin δ2)

(G∗1 / sin δ1)
(1)

where: TR is the rutting factor ratio; δ1 and δ2 are the phase angles before and after aging,
respectively; G∗1 is the complex modulus before aging, and G∗2 is the complex modulus
after aging.

2.4.7. Viscosity Aging Index

Asphalt aging, viscosity increases, and the viscosity curve move up a distance, and this
distance can be called the viscosity aging index. A lower viscosity aging index indicates
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superior anti-aging performance, and the viscosity aging index calculation formula is
shown in Formula (2).

C = lglg(ηa × 103)− lglg(η0 × 103) (2)

where: C is the viscosity aging index, ηa is the viscosity of the asphalt after aging, and η0 is
the viscosity of the original asphalt.

2.4.8. Infrared Spectroscopy

Infrared spectroscopy is based on the information of atomic vibrations and rotations
inside molecules to analyze and determine substance composition and molecular struc-
ture [21]. Infrared spectrograms can be applied to the determination of the molecular
structure of compounds, identification of unknowns, and analysis of mixture composi-
tion [22]. In other words, changes in the compositional makeup of asphalt prior to and
subsequent to aging can be studied by infrared spectroscopy.

3. Results
3.1. Effect of UV-531 on the Conventional Performance of SBS-Modified Asphalt

The effect of UV-531 on the conventional performance of SBS-modified asphalt was
investigated by adding UV-531 at 0.4%, 0.7%, and 1.0% to SBS-modified asphalt and testing
the needle penetration, softening point, and 5 ◦C ductility.

3.1.1. Needle Penetration Results

Needle penetration measures asphalt viscosity and is strongly related to asphaltene
content; the higher the asphaltene content and the lower the aromatic fraction content, the
lower the needle penetration index [23]. Figure 7 depicts the test results.
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As can be seen from Figure 7, with the increase of UV-531 admixture, the needle
penetration first increased and then decreased, at 0.7% admixture, increased by 24%, over-
all UV-531/SBS-modified asphalt needle penetration than SBS-modified asphalt slightly
increased. Mainly due to the molten state, between the heterogeneous polymer molecules
break up and convective agitation, coupled with the strong shear effect of mixing equip-
ment, the formation of a part of the graft or block copolymer, so that the original asphalt
intermolecular force is reduced, mobility increased, the needle penetration increased.
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3.1.2. Softening Point Results

The softening point of asphalt characterizes its high-temperature performance; the
higher the softening point, the better the asphalt’s high-temperature performance. The test
results are shown in Figure 8.
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Figure 8 indicates that the softening point tended upward when the concentration of
UV-531 rose. Although there is a small increase of 4.9% at 1.0% compared to SBS-modified
bitumen, this indicates that UV-531 has little effect on the high-temperature properties of
SBS-modified bitumen.

3.1.3. 5 ◦C Ductility Results

Ductility characterizes the low temperature cracking resistance of asphalt. The higher
the ductility value, the greater the elastic component and the lower the viscous component,
the better the low-temperature crack tolerance of the asphalt. In this study, 5 ◦C ductility
was used to investigate the impact of UV-531 on the low-temperature properties of SBS-
modified asphalt, and the test is shown in Figure 9.
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Figure 9 illustrates how various UV-531 concentrations significantly impacted the
ductility of the SBS-modified asphalt. From 0.4% to 1.0% of UV-531, the ductility of SBS-
modified asphalt gradually increased, with an increase of 58.3% at 1.0%, showing that UV-
531 improved the ability of SBS-modified asphalt to withstand low-temperature distortion.

3.2. Effect of UV-531 on the High and Low-Temperature Performance of SBS-Modified Asphalt
before and after UV Aging
3.2.1. High-Temperature Dynamic Shear Rheology Test Results

To evaluate the effect of UV-531 on the high-temperature properties of asphalt, we mea-
sured the curves of composite shear modulus and phase angle variation with temperature.
The test outcomes are shown in Figures 10–13.
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Figure 13. The phase angle of modified asphalt after UV aging.

Figure 10 shows that the composite modulus curves before UV-aging vary widely until
50 ◦C, and the composite modulus decreases slightly with increasing UV-531 incorporation
and is essentially close after 50 ◦C. As shown in Figure 11, the composite shear modulus
for the four asphalts increased to different degrees after UV aging in comparison with the
pre-aging period. After UV aging, pitch molecules absorbed radiation energy, bond energy
was broken, free radicals were generated, combined with oxygen, and compound modulus
inwardly increased.

The phase angle δ reflects the proportion of the viscous component in the composite
modulus [24,25]. A larger δ indicates a higher viscous proportion, and vice versa, a higher
elastic proportion. From Figure 12, it can be seen that the addition of UV-531 before aging
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has a small effect on the stage angle of the low temperature section, and after 50 ◦C, the
stage angle tends to drop with the amount of admixture, indicating that UV-531 can increase
elasticity of SBS-modified asphalt. Observing Figure 13, it is evident that the warmer the
post-aging temperature is, the lower the phase gradient of UV-531/SBS-modified asphalt is
with the rising amount of admixture, compared with the increase of elastic component of
SBS-modified asphalt, indicating that the anti-aging properties of SBS-modified asphalt
can be enhanced by UV-531. Comparing Figures 12 and 13, it is observed that the overall
phase-angle increases upon aging, but the phase-angle change of UV-531/SBS-modified
asphalt is smaller than that of SBS-modified asphalt, which means that the viscosity ratio
of the four asphalts after aging increases and the incorporation of UV-531 suppresses the
increase of the viscous component to some extent.

The results of the high temperature PG test are shown in Figure 14, as can be seen,
the PG grade decreases after adding UV-531. The analysis is due to the fact that UV-531
particles added to SBS asphalt are dispersed between asphalt molecules, which hinders the
relative movement of asphalt molecular chains and increases the intermolecular reactions.
The temperature range of PG ranges between 70–82 ◦C and the phase angle of the four
asphalts is about 60◦. The A, B, C three asphalt phase angles are less than the SBS-modified
asphalt, the complex modulus is basically the same, and the smaller the phase angle, the
smaller the rutting factor. It is consistent with the complex modulus curve and phase
angle curve.
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Figure 14. Rutting coefficient of each sample at different temperatures.

3.2.2. Low-Temperature Glass Transition Temperature Test Results

The peak value of the loss modulus determines how hot the asphalt material is at the
glass transition temperature of the loss modulus–temperature curve. Mamuye, Y. et al.
indicate that the glass transition temperature test method is simple, has a clear physical
meaning, correlates well with the measured properties of asphalt mixes, and can be used
as an evaluation criterion for the good or bad low-temperature properties of asphalt [26].
DiWang et al. investigated the effects of the glass transition temperature Tg and the use of
the modulus shift factor in measuring the rheological properties of an asphalt binder at low
temperatures, and the glass transition temperature has been widely used [27]. As a result,
we can determine how modified asphalt performs at low-temperatures by comparing the
modified asphalt’s glass transition temperature prior to and subsequent to UV aging.

From Figure 15, the glass transition temperature of SBS asphalt was reduced by each
admixture before aging, and it was reduced by 54.74% at 1.0% admixture, indicating that
the incorporation of UV-531 increased aromatic structure of asphalt, and the aromatic
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content increased with the admixture, improving the overall low temperature resistance
by SBS asphalt. The overall temperature after aging decreases, and reaches its lowest at
0.7%, when the glass transition temperature is −12.29 ◦C, indicating that the increase of
UV-531 doping has resisted the increase of glass transition temperature to a certain extent.
At this time, UV-531 is likely to capture the free radicals so that the free radicals cannot
combine with oxygen and inhibit the oxidation reaction, thus slowing down the aging.
Comparing the glass transition temperature before and after aging, it was discovered that
the glass transition temperature of asphalt has increased with aging, indicating that UV-
531 and SBS asphalt underwent addition and oxidation reactions during aging, resulting
in long-chain compounds and oxides, aromatic and resin turning into asphaltene, and
worsening low-temperature performance. After aging at 0.7% doping, the curve’s inflection
point demonstrates that a more significant dose is not better. In general, the increase of
UV-531 has an inhibitory effect on both the chain breaking and oxidation reactions that
occur during asphalt aging.
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Figure 15. Glass Transition Temperature of Modified Asphalt.

4. Evaluation of UV-531 on the Anti-UV Aging Performance of SBS-Modified Asphalt
4.1. Evaluation of the Aging Behavior of Modified Asphalt Based on Rutting Factor Ratio

The size of the rutting factor ratio reflects the extent of asphalt hardening due to
aging; the more significant its value, the worse the asphalt’s resistance to short-term aging
performance. The paper chose rutting coefficients of 70–88 ◦C to investigate the aging
properties of the four asphalts. Table 4 displays the calculated results. The rutting factor
change curve is shown in Figure 16.

Table 4. The G*/sinδ ratio before and after aging of SBS/A/B and C.

Temperature
(◦C)

SBS A B C

G*
1/sinδ1 G*

2/sinδ1 TR G*
1/sinδ1 G*

2/sinδ1 TR G*
1/sinδ1 G*

2/sinδ1 TR G*
1/sinδ1 G*

2/sinδ1 TR

70 1977 3714 1.87 1462 2249 1.53 1413 2536 1.79 1490 1980 1.32

76 1201 2048 1.71 910 1399 1.54 869 1245 1.43 893 1207 1.35

82 771 1204 1.56 598 905 1.51 573 751 1.31 604 783 1.29

88 515 753 1.46 412 607 1.47 395 488 1.23 428 525 1.22
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From Figure 16, the same trends were observed for all four asphalts, which decreased
with increasing temperature, but to different degrees. At the same temperature, the rutting
factor ratio decreases with increasing doping, indicating that UV-531 incorporation improves
the aging resistance. Among the three curves of A, B, and C, the TR decreases with the increase
of doping amount, but after a doping amount of 0.7%, there is almost no change in TR, which
indicates that the higher doping amount is not better. Comprehensive analysis shows that the
addition of UV-531 can inhibit asphalt aging, and the optimal dose is 0.7%.

4.2. Evaluation of Asphalt Aging by Viscosity Aging Index

The aging resistance index of asphalt in this experiment uses the 60 ◦C viscosity ratio
of pre-aging and post-aging asphalt. The aging indices of SBS-modified asphalt and A, B,
and C asphalts are listed in Table 5.

Table 5. The aging index of SBS, A, B and C modified asphalt at 60 ◦C.

Asphalt Type Original ηa Aging ηa C

SBS-modified asphalt 773.918 1275.485 0.01571

A 608.138 910.510 0.01297

B 596.864 767.58 0.00814

C 610.044 822.675 0.00964

From Table 5, there is evidence that prior to aging, the viscosities of A, B, and C are less
than those of SBS-modified asphalt, and the reason for this analysis is that UV-531 has little
effect upon the branched chain fat composition of road asphalt, but it increases the aromatic
composition of asphalt [28], so the viscosity decreases. The overall viscosity of the aged
asphalt rises due to the simultaneous oxidative hardening of the matrices and the aging
decomposition of the SBS polymer [29], the decrease of the aromatic content, the increase
of the carbon-based index, the increase of ashaltene [30], and the increase of molecular
volume of asphalt, which causes the asphalt to harden and the visibility to increase. Aging
index can be found that UV-531/SBS-modified asphalt is less than SBS-modified asphalt,
meaning that UV-531 improves asphalt aging resistance. The aging index at 0.7% admixture
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is the smallest, indicating that UV-531 admixture has the best content. In general, UV-531
was favorable to improve the aging resistance of asphalt.

4.3. Analysis of the Degree of Aging Using Infrared Spectroscopy

Fusong Wang et al. indicated that some double bonds in SBS copolymers degrade
during aging and oxidize to oxygenated groups, such as hydroxyl, carbonyl group, and
ether bonds [31], carbonyl absorption peak size can reflect the aging degree, the larger
the peak, the deeper the aging. This experiment tested SBS-modified asphalt with UV-531
dosed at 1.0% (i.e., C), Figures 17 and 18 show the test results.
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As seen in Figures 17 and 18, the characteristic peaks of the infrared spectra changed
more obviously in the first region (4000–2800), the second region (2800–1900), and the third
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region (1900–1300), while the characteristic peaks in the fourth region (1300–500) did not
change; only the absorption intensity appeared to be different.

Table 6 shows the wave numbers corresponding to some characteristic peaks at wave
numbers 1595.046, 2364.603, and 3705.059 for the -C=O group, -C≡C group, and -OH group,
respectively. After UV aging, an apparent -OH (conjoined) absorption peak was observed
in the first region near position 3750, indicating the occurrence of chemical reactions
that resulted in the production of alcohols, phenols, or organic acids, which should be
a component of long-chain compounds in the aging process of chain-breaking reactions,
primarily oxidation reactions. At position 2364.603 in the second area, the disappearance
of the -C≡C group was discovered, showing that the -C≡C group carbon element was
involved in the chemical reaction that produced R’≡R symmetric molecules without an
infrared spectral band; the number of carbonyl groups in the aromatic rings of the two
asphalts have changed significantly as a result of UV aging, as shown by the third region
in 1595.046 position -C=O absorption peak, which becomes more prominent. A larger
carbonyl absorption peak denotes more severe UV aging, thus, the SBS-modified asphalt
and C asphalt exhibit UV aging ranging from severe to mild.

Table 6. Characteristic peak distribution table.

Wave Number/cm−1 1595.046 2364.603 3705.059

Feature Peak -C=O -C≡C -OH group of alcohols and phenols

5. Conclusions

In this paper, the needle penetration, softening point, and 5 ◦C ductility of UV-531/SBS
asphalt for the purpose of assessing the effect of UV-531 on the conventional properties of
SBS-modified asphalt were measured. DSR and DMA tests were performed to estimate
their effects on the high and low temperature properties of SBS-modified bitumen. Three
methods were chosen to investigate the aging behavior of modified asphalt UV-531/SBS,
such as rutting factor ratio, viscosity aging index, and infrared spectroscopy. In a com-
prehensive view, the addition of UV-531 can enhance the UV aging resistance of asphalt
effectively with an optimal dose of 0.7%. The main conclusions are listed below.

(1) The ductility at 5 ◦C and needle penetration of SBS-modified asphalt were improved
with the increase of UV-531 addition, while the softening point was less affected. This
means that the addition of UV-531 improved the low temperature properties and
viscosity of SBS-modified asphalt, while the high temperature properties were less
affected.

(2) The DSR test revealed that UV-531 enhanced the high temperature rheological proper-
ties of SBS-modified asphalt to some degree. It was shown in the DMA test that the
increase of UV-531 could reduce the glass transition temperature by a maximum of
54.74%, which led to a significant improvement in the low temperature anti-cracking
properties of asphalt after ultraviolet light aging.

(3) Three evaluation methods were selected to evaluate the aging. In the evaluation
method based on the rutting coefficient ratio, the rutting coefficient ratio reduced
as the amount of UV-531 doping increased, demonstrating that UV-531 inhibits UV
aging. In the evaluation, a method based on viscosity aging index was used. As the
viscosity before aging decreased with increasing dosing, the viscosity aging index
also decreased, reaching a minimum at a dosing of 0.7%, indicating that UV-531 can
increase the aromatic structure of asphalt. According to the analysis of the degree
of aging by infrared spectra, the characteristic peaks of infrared spectra vary more
obviously in the first, second and third regions, and the analysis results were that the
UV aging degree of UV-531/SBS asphalt with 0.7% admixture was significantly lower
than that of SBS-modified asphalt.
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Abstract: The use of waste from industrial activities is of particular importance for environmental
protection. Fly ash has a high potential in the production of construction materials. In the present
study, the use of fly ash in the production of geopolymer paste and the effect of Fe2O3, MgO and
molarity of NaOH solution on the mechanical strength of geopolymer paste are presented. Samples
resulting from the heat treatment of the geopolymer paste were subjected to mechanical tests and
SEM, EDS and XRD analyses. Samples were obtained using 6 molar and 8 molar NaOH solution
with and without the addition of Fe2O3 and MgO. Samples obtained using a 6 molar NaOH solution
where Fe2O3 and MgO were added had higher mechanical strengths compared to the other samples.

Keywords: geopolymer; compressive strength; Fe2O3; MgO

1. Introduction

One of mankind’s most important problems is climate change, which is occurring as
a result of the significant increase in annual temperatures [1]. Anthropogenic industrial
activities release large amounts of greenhouse gases such as carbon dioxide (CO2) into the
atmosphere, which adversely affect the climate [2]. The construction industry is one of the
main sources of greenhouse gas emissions, accounting for half of global emissions [3].

After water, concrete is the most widely used material in the world, with annual
production exceeding 20 billion tonnes [4–7]. Portland cement is the most widely used
powder to bind different constituents of concrete. According to a report, about 4.2 bil-
lion tonnes of Portland cement were manufactured in 2016 just to meet the high market
demand [8]. Energy consumption for Portland cement manufacturing is estimated at
3% of global energy consumption [9]. In addition, one tonne of Portland cement production
causes one tonne of CO2 emissions, and the cement industry contributes with 7–8% of
global CO2 emissions [10,11]. Due to high emissions and energy consumption, the Portland
cement industry is considered one of the main causes of climate change and contributes
about 65% to global warming [12]. Approximately 1.5 tonnes of virgin raw materials are
used to manufacture one tonne of Portland cement, leading to the depletion of natural
resources [13,14]. Climate experts suggest that mankind should reduce emissions to zero
by 2050 to limit global warming to 1.5 ◦C [1]. Therefore, scientists are focusing on limiting
Portland cement production by finding environmentally friendly and energy efficient con-
crete binders. A first step is to substitute a quantity of Portland cement with fly ash and
obtain concrete with self-healing properties [15,16].
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One of the most important alternative binders to Portland cement are geopolymers also
called inorganic polymers, consisting of alternating tetrahedral chains of SiO4 and AlO4,
connected by a common oxygen atom and balanced by cations [17,18]. Some precursor
materials used to produce geopolymers contain large amounts of iron. Although the
presence of iron could play an important role in the structure and properties of geopolymers,
Al substitutions with Fe have not yet been fully studied, even though they might occur in
clays [19–21]. For example, fly ash, with an iron content of about 10%, stands out among
these commonly used iron-rich precursor materials and up to 40% for some low-calcium
ferric slag materials [22]. The compressive strength of samples obtained with these types of
materials ranged from 20 to 80 MPa.

Studies on geopolymers are largely based on traditional precursor materials such
as metakaolinite (2% Fe2O3 content), fly ash (10% Fe2O3 content) and blast furnace slag
(0.5% Fe2O3 content). However, recent studies have shown that precursors with higher iron
content than typically found in fly ash can be activated in alkaline mediums [20,21] with
engineering applications. The presence of iron trioxide in the heat-treated geopolymer paste
results in the formation of a ferro-silicate geopolymer [-Fe-O-Si-O-Al-O]. The amount of
substituted Fe atoms can vary between 5% and 50% of the total amount of Fe2O3 contained
in the geopolymer binder [23].

Additionally, several studies [23–27] indicate that binders and concrete obtained from
alkali-activated slag show high mechanical strength and good performance to chemical
attack, freeze–thaw cycles and high temperatures.

However, previous research [28–31] has shown that alkali-activated slag mortar and
concrete is subject to substantial shrinkage by drying. This is one of the main disadvantages
of the definitive use of alkali-activated slag as an alternative to traditional Portland cement
binders. There are a number of factors that determine the drying shrinkage of alkali-
activated slag, including the type and content of alkali activators [30,32–34], aggregate and
slag properties [28,35], and the curing environment [36–39].

In general, sodium silicate-activated slag has higher shrinkage than sodium hydroxide-
activated slag, and the drying shrinkage of alkali-activated slag increases with increasing
activator dosage as well as with slag fineness [34,40]. In addition, the shrinkage of alkali-
activated slag is very sensitive to the curing medium.

The use of magnesium oxide, MgO, as a shrinkage-reducing mineral additive dates
back to the mid-1970s. Volume compensation during the drying process was due to the
chemical reaction between MgO and water forming brucite (Mg(OH)2), which results in
a 118% increase in volume [41]. The effect of MgO in alkaline-activated slag systems has
been investigated recently, either in terms of its naturally variable content in different slag
compositions [42] or as an additive [43]. Ben Haha et al. [42] investigated the effect of the
natural MgO content in different slags on the performance of alkali-activated slag and
showed that although the main hydration product is still C-S-H gel, MgO reacts with slag
to form hydrotalcite (Mg6Al2(OH)16CO3•4H2O), the content of which increases as the MgO
content of the slag increases. They also concluded that because these hydrotalcite-like
phases are bulkier than C-S-H, they lead to higher strength, therefore the higher the MgO
content, the higher the strength. In the work of Fei Jin et al. [44], the effect of adding MgO
as a commercial reagent on the drying shrinkage and strength of alkali-activated slag was
studied. It was found that MgO with high reactivity accelerated the early hydration of
alkali-activated slag, while MgO with medium reactivity had little effect. Drying shrinkage
was significantly reduced by highly reactive MgO, but cracking resulted after drying the
samples. On the other hand, MgO with medium reactivity caused a reduction in shrinkage
only after one month, but cement strength was improved.

In general, as the concentration of NaOH solution increases, the compressive strengths
of samples obtained by alkali-activation of fly ash increase, but there are situations where
the strength decreases. This variation in the effect of NaOH concentration on compressive
strength is probably due to the different nature and type of molecules that form the fly ash
particles. These differences between the types of molecules affect the degree of leaching
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of SiO2, Al2O3, CaO and Fe2O3 in the alkaline activator, where SiO2 leaching is slower
than the other components [45]. According to Fernández-Jiménez and Palomo [46], NaOH
concentration is responsible for the decomposition of the bonds of the main oxides. Thus,
fly ash with higher SiO2 content requires a higher NaOH concentration to release SiO2 and
the other oxides from fly ash particles to initiate geopolymerization.

The presence of coarser particles in the fly ash reduces the surface area that is exposed
to the alkaline activator [47]. This means that a low chemical reaction and partial dissolution
may occur on the surface of the coarse particles. As a result, these unreacted particles will
be a weak point in the geopolymer matrix, which consequently reduces the compressive
strength of the geopolymer specimens.

In terms of the mechanism of geopolymerization reactions, it is currently estimated
worldwide that this process is a result of the dissolution of Si2O3 and Al2O3 oxides into
atoms under the influence of the Na+ and hydroxyl (OH−) ion supplying alkali activator.
These dissolved atomic species of Si and Al, in the presence of water, form a gel in which the
atoms move freely, allowing the formation of monomers, followed by poly- and oligomer-
ization, finally leading to the formation of three-dimensional chain networks. In contrast
to the hydration-hydrolysis mechanism specific to Portland cement, geo-polymerization
expels water in the polymerization/hardening/maturation process. This process is called
“dehydroxylation”, water having only the function of facilitating the mobilities of the
constituent groups in the gel matrix to form the specific bonds, the whole process can be
represented in a generalized equation of the form (Equation (1)) [48,49]:

[R]−O− Si− Si− (OH) [R]− Si−O− [r] + H2O (1)

where:
[R] = atoms connected to -O-Si-OH, (Al or Fe)
[r] = new chain sequences that connect to [R]-Si-O- to form a larger chain
“+H2O” indicates the expulsion of water for the bonds to form. The geopolymer acquires
its strength by creating long networks of three-dimensional chains, leading to the initial
use of a large amount of capillary H2O, followed by its expulsion once a suitable bond
can form.

Worldwide, in the general study on the production of geopolymer binders, there are
still a number of controversies or insufficiently clarified elements, as their mechanical
strengths and other physical-mechanical performances are strongly influenced by the oxide
composition of the main raw materials and additives, the type and molarity of the alkali
activators, the existence or not of heat treatment. From the point of view of the oxide
composition and other characteristics of the raw materials, depending on their origin,
there is a great heterogeneity, which is the main difficulty in the production of geopolymer
binders, the customization of the mixtures by the mass ratio of raw materials and the
molarity of the alkaline activator, from case to case, being essential.

The aim of this paper is to analyse the possibility of producing geopolymer binders
and the influence of Fe2O3 and MgO additions and the molarity of the NaOH solution on
its mechanical strengths, under the conditions of using a local fly ash, specific for Romanian
thermal power plants.

2. Materials and Methods
2.1. Materials

The raw materials used in this study for producing alkali-activated geopolymer pastes
were selected locally and consisted of fly ash (F.A.), iron trioxide (Fe2O3), magnesium oxide
(MgO), sodium hydroxide solution (6M, respectively, 8M) and sodium silicate solution
Na2SiO3 34%.

Fly ash used in the production of the geopolymer binder was obtained from the
Rovinari Thermal Power Plant, Romania. Iron trioxide, magnesium oxide, sodium silicate
and NaOH in the form of micropearls with 99.7% purity were purchased commercially.
The chemical composition of the fly ash is shown in Table 1.
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Table 1. Fly ash chemical composition.

Oxides SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 L.O.I

F.A % 46.9 23.8 10.1 10.7 2.7 0.5 0.6 1.7 0.9 2.1

2.2. Synthesis of Geopolymer

Two geopolymer pastes were prepared from fly ash, and an alkaline activating solu-
tion by combining NaOH solution (6M and 8M, respectively) with Na2SiO3 solution and
two geopolymer pastes to which iron trioxide and magnesium oxide were added in ad-
dition to ash. The ratio of sodium silicate solution to Na2SiO3/NaOH sodium hydroxide
solution was set to 2. The procedure used in the production of the alkali-activated fly ash
based geopolymer binders with added iron trioxide and magnesium oxide is shown in
Figure 1. The mixing of fly ash with iron trioxide and magnesium oxide was done for
3 min for complete homogenization using a paddle mixer. Subsequently, after mixing
the fly ash with the iron trioxide and magnesium oxide, the alkali activator solution was
poured in gradually over 70 s, initially at low speed. Pouring the alkaline activator too
abruptly can lead to instant curing effect. The mixing of alkaline activators with fly ash,
iron trioxide and magnesium oxide was done for 10 min. After mixing the obtained mixture
was poured into rectangular moulds with inner dimensions of 40 × 40 × 160 mm. The
geopolymer mixture was kept in the oven for 24h at an activation temperature of 70 ◦C.
After removal from the oven the obtained samples were kept in the climate chamber at
a temperature of 23 ◦C and relative humidity of 50% and their flexural and compressive
strengths were measured at 7, 14 and 28 days.
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Four geopolymer paste mixtures were prepared and investigated, two with NaOH
solution (6M) and two with NaOH solution (8M). The mass ratio of sodium silicate solution
to sodium hydroxide solution was set to 2, and the solution mass to dry mass ratio was 0.9.
The proportions of substances used for the preparation of the four recipes are shown in
Table 2. In order to understand the influence of Fe2O3, MgO and the molarity of the NaOH
solution, 1% Fe2O3 and 1% MgO was added to the amount of ash used. This addition of
Fe2O3 and MgO was done for both a NaOH solution molarity of 6M and a molarity of 8M.
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Table 2. Mass ratio of materials used in the production of the mixtures.

Sample
(NaOH
conc.)

mFA(g) mFe2O3 (g) mMgO(g) msol(g) mNa2SiO3
mNaOH

msol
mdry

6M (6M) 267 240.30 2 0.9
6MX1 (6M) 267 2.67 2.67 245.10 2 0.9

8M (8M) 267 - - 240.30 2 0.9
8MX1 (8M) 267 2.67 2.67 245.10 2 0.9

The literature indicates the possibility of using NaOH solution for the preparation of
alkaline activator, with various molarities, to obtain geopolymeric materials. For economic
and environmental impact reasons, but also to create a basis for preliminary analysis for
further research, using NaOH solutions with higher molarity, in this study the 6M and 8M
variants were chosen.

Preliminary investigations carried out only with the addition of 1%, 5% and
10% iron trioxide (Fe2O3) in relation with mass ratio of fly ash and 6M NaOH solution
molar concentration used for the production of the alkaline activator, showed that, in terms
of mechanical strengths, as the amount of Fe2O3 increased, they decreased by up to 3.3%.
Therefore, for further research, 1%, in relation to the amount of ash, was considered as the
optimum addition of Fe2O3.

Similarly, for the sodium hydroxide solution with 6M molar concentration, the compres-
sive strength of the samples produced using 1% Fe2O3 + 1% MgO, 1% Fe2O3 + 5% MgO and
1% Fe2O3 + 10% MgO were analysed. The experimental results showed a reduction of this
parameter by up to 16% (compressive strength of the mixtures with 1% Fe2O3 + 10% MgO
compared to that of the mixtures with 1% Fe2O3 + 1% MgO). Therefore, for further research,
1%, in relation to the amount of ash, was considered as the optimal addition of Fe2O3 and
1%, in relation to the amount of ash, as the optimal addition of MgO.

Based on preliminary results obtained for the situation using 6M NaOH solution,
the hypothesis of preservation of the trend of evolution of the compressive strength in
the variant using 8M NaOH solution was verified. The negative influence of excess ad-
dition of oxides was also observed, so the mixtures presented in Table 2 were estab-
lished in order to analyse the influence of the molarity of the NaOH solution on the
geopolymer mechanical performances.

Crystal structure analysis of the layers was performed by X-ray diffraction (XRD)

using a high-resolution Brucker D8 diffractometer with copper anode (CuKα1 = 1.54056
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X-ray diffraction (XRD) was used to estimate structural and microstructural properties.

Morphological and microstructural characterization was performed using scanning
electron microscopy (SEM) and energy dispersive spectroscopy (EDS)). A JEOL JSM
5600 LV (JEOL, Ltd., Tokyo, Japan) high-resolution scanning electron microscope (SEM)
equipped also with an electron back-scattered diffraction detector (EBSD) was used in the
present work.

The evolution of a three-dimensional shrinkage phenomenon was observed during
the 7 days of specimen conditioning, prior to testing in terms of mechanical characteristics,
and the shrinkage was evaluated as a volume reduction in relation to the initial volume
(40 × 40 × 160 mm). Uniaxial bending and compressive strength were measured using the
Advantest 9 testing machine (Advantest Corporation, Tokyo, Japan).

Flexural strength was determined using the three-point bending test (3PB) in accor-
dance with EN 196-1. A digital flexural strength tester suitable for loads up to 10 kN (±10%)
with a loading rate of (50 ± 10) N/s was used. The testing machine is provided with a
bending device consisting of two steel support rollers with a diameter of (10 ± 0.5) mm,
arranged at a distance of (100 ± 0.5) mm from each other and a third load roller,
placed centrally.

The compressive strength of the specimens was determined in accordance with EN
196-1, using the compression test of the prismatic specimen halves resulting from the
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three-point bend test (3PB). The compressive loading rate used was 50 N/s (0.12 MPa/s).
Samples were tested at 7, 14 and 28 days of age.

Experimental testing was carried out under laboratory conditions, ensuring compli-
ance with repeatability and reproducibility requirements.

3. Results and Discussions

The experimental results show both the influence of the addition of Fe2O3 and MgO
oxides and the molarity of the NaOH solution used for the preparation of the alkaline
activator on the physical-mechanical performance of the geopolymer material. From the be-
ginning, a volume shrinkage of the tested specimens between 1.5% and 5.0% was recorded.
This can be attributed to the water content in the mixture, which is directly influenced by
the molarity of the NaOH solution, water that is removed in the heat treatment process.

3.1. Flexural Strength

Analysing Figure 2 shows an increase in flexural strength of all samples from 7 days to
14 days of age. It is also found that the samples containing Fe2O3 and added MgO have a
higher strength than the control samples. For example, for a 6M molarity of NaOH solution,
the sample (6MX1) containing 1% Fe2O3 and 1% MgO added to the ash used, has a flexural
strength of more than 69% compared to the sample (6M) containing no additional elements,
at 7 days, over 110% at 14 days and over 80% at 28 days. Similarly, but less obvious, for a
molarity of 8M NaOH solution, we have an increase in the bending strength of the 8MX1
sample of 1%, 7% and 12% at 7, 14 and 28 days, respectively. The flexural strength of sample
6MX1 has the highest value compared to the other samples. Although the molarity of the
NaOH solution for sample 8MX1 is higher than that of sample 6MX1 the bending strength
of sample 6MX1 is higher by more than 15% at 28 days.
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3.2. Compressive Strength

The evolution of the compressive strength of the samples obtained at different test
intervals is shown in Figure 3.
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It can be seen that the compressive strength for all samples increases with the age of
testing. It is also observed that for a molarity of 6M of NaOH solution, the sample (6MX1)
containing 1% Fe2O3 and 1% MgO added to the ash used has a compressive strength more
than 11% and 15%, respectively, 19% higher than the sample (6M) not containing these
additional elements, at the age of 7, 14 and 28 days.

The evolution of the compressive strength of the samples obtained using a NaOH
solution of molarity 8 is almost identical whether 1% Fe2O3 and 1% MgO was added or not
(increase of less than 1% for ages 14 days and 28 days after casting). The most significant
increase in compressive strength due to the addition of iron and magnesium oxides in the
case of 8M NaOH solution molarity is recorded early, at the age of 7 days after casting (4%).

The compressive strength of sample 6MX1 at the test age of 28 days has the highest
value being more than 37% higher than samples 8M and 8MX1. The increase in compressive
strength can also be attributed to the microcrack filling effect of Fe2O3 and MgO acting
as inactive granular fillers by the presence of unreacted phases (hematite, forsterite and
periclase) in the geopolymer specimens [50].

The increase in mechanical strength, with the increase in molarity of the NaOH solu-
tion used in the preparation of the alkaline activator, could be attributed, in addition to the
maturation in time and the completion of the geopolymer reactions, to the contribution of
Na+ ions and OH- groups provided by the alkaline activator. Thus, in accordance with the
literature, with references on the main steps of the geopolymerization mechanism, it is ap-
preciated that both Na+ ions and hydroxyl groups play an important role in the dissolution
and hydrolysis processes, breaking the bonds existing in the Si and Al source raw materials,
contributing to produce Si-O-Al bonds, bonds known as geopolymer precursors [51]. More
specifically, Na+ ions contribute to the balancing of negative charges produced by Si-O-Al
formation, while OH ions play an essential role in the hydrolysis process of the geopolymer,
producing the geopolymerization reaction and the formation of the aluminosilicate network
with stable, stronger bonds, which ultimately lead to better mechanical strength of the
material. This assessment is also in agreement with Khale and Chaudhary who appreciate
that to obtain good mechanical strengths of the geopolymer binder it is necessary to identify
an optimal molarity of NaOH, which, by providing Na+ ions, contributes to balance and
optimize the geopolymerization reactions, reactions strongly dependent on the oxidative
nature of the raw materials [52]. On the other hand, an excess of Na+ ions or hydroxyl
groups, resulting from a too high molarity of the NaOH solution used in the preparation
of the alkaline activator, will result in an early precipitation of the aluminosilicate gel,
respectively, a reduction of the geopolymer specific bonds and, consequently, a reduction
of the mechanical strengths [53–55]. In the present case, the experimentally recorded values
indicate that with the addition of iron and magnesium oxides, this positive influence of
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the NaOH solution size on the mechanical strength is not necessarily maintained. The best
situation is identified as sample 6MX1, the influence of the addition of oxides being weaker
than the influence of the molarity of the NaOH solution, the microstructural analysis
presented below providing elements to support this hypothesis.

Quantitatively analysing the results obtained in terms of the mechanical strengths, it
can be said that they are in agreement with some specifications in the literature and even
exceed other reported results, Figure 4. This observation can be explained on the one hand
based on the contribution of source elements for the geopolymerization reaction, i.e., the
oxide composition of fly ash, and on the other hand on the basis of the differences in the
grain size of the raw material, an element which by its influence on the specific reactive
surface that influences the kinetics of the geopolymerization reactions.
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This is due to the fact that geopolymer materials are very sensitive to the physical and
chemical characteristics of the raw material, which is the reason why there are situations
when mixtures, which although prepared with the same NaOH solution molarity, but using
fly ash with different chemical/oxide composition or grain size (specific characteristics of
the raw material source) or situations where the solution is prepared from NaOH flakes or
pearls, the physico-mechanical performances are very different (Figure 4).

As can be seen from Figure 5, from the point of view of the evolution of the mechanical
strengths, with the increase of the age of the specimens, there is also an increase of these
parameters. It can also be seen that, in the case of the flexural tensile strength, this improve-
ment is more evident in the 7–28 days period, while the compressive strength increases to
a lesser extent in this period, a sign that, according to the literature, in the first days after
preparation geopolymer binders tend to reach even 90% of the final compressive strength.
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Figure 5. Percentage increase in flexural strength and compressive strength over 7–28 days
after casting.

3.3. Scanning Electron Microscopy and Energy Dispersive Spectroscopy Analysis

Figures 6–9 represent the SEM micrographs for the studied samples after 28 days of
curing. These show the presence of pores (1), partially reacted raw materials (3), microcracks
(2) and compact areas where the raw materials have fully reacted (4). The difference
between the microstructure of samples 6M and 6MX1 is the portion of the geopolymer
matrix and the amount of unreacted fly ash (Figures 6 and 7). It can be seen that sample
6MX1 has a more compact geopolymer structure than 6M. The larger pore size of sample
6M and the larger amount of partially reacted fly ash were part of the reasons why its
mechanical strength was lower than that of sample 6MX1.
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Figure 9. SEM micrographs of: (a,b) Sample 8MX1, ×250, respectively, ×1000 magnification
(1—pores, 2—microcracks, 3—partially reacted fly ash and 4—dense zone of reacted fly ash).

The SEM micrographs for samples 8M and 8MX1 shown in Figures 8 and 9 reveal
that the pore number and microcracks size are higher compared to samples 6M and
MX1. The higher number and size of pores may also be due to the higher molarity of the
NaOH solution leading to an energetic reaction between the alkaline activator and the
ash. Microcracks may be due to shrinkage during curing [56,57], exothermic dissolution
of activators [58] and heat treatment. Although the molarity of 8M and 8MX1 is higher
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than that of 6M and 6MX1 samples, the presence of high pore numbers and high amount of
unreacted ash has the effect of lowering the mechanical strengths of these samples.

Figures 10 and 11 show the EDS images with the distribution of elements in the
selected areas for the studied samples, and Table 3 gives the percentages of elements
present in the samples.
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Figure 10. EDS analysis for sample 6M: (a) SEM image of selected area and (b) EDS stratified image
of selected area; for sample 6MX1: (c) SEM image of selected area and (d) EDS stratified image of
selected area.

Table 3. EDS data for selected zones corresponding to samples 6M, 6MX1, 8M and 8MX1.

6M
Element O Si Al Na Fe Ca K Mg Ti
Weight% 44.9 27.4 10.1 7.9 4.1 2.4 1.5 1.2 0.5

σ 0.2 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.1

6MX1
Element O Si Al Na Fe Ca K Mg Ti
Weight% 40.1 27.1 9.6 8.1 5.7 4.6 2.3 1.8 0.7

σ 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.1 0.1

8M
Element O Si Al Na Fe Ca K Mg Ti
Weight% 42.0 28.5 9.4 9.2 4.8 2.0 2.1 1.2 0.7

σ 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.0 0.1

8MX1
Element O Si Al Na Fe Ca K Mg Ti
Weight% 41.7 25.2 8.9 8.1 6.5 3.8 2.7 2.8 0.4

σ 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.1 0.1
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Figure 11. EDS analysis for sample 8M: (a) SEM image of selected area and (b) EDS layered image
of selected area; for sample 8MX1: (c) SEM image of selected area and (d) EDS layered image of
selected area.

The literature states that in EDS analysis for Si/Al ratio between 2.39 and 2.84 and for
Na/Al between 0.34 and 0.53, respectively, the major reaction product is formed by alkaline
hydroaluminosilicates of the zeolitic type in which Ca incorporation is also assumed.
Additionally, for sufficiently high Si/Al ratio of 2.49 and a fairly high Na/Al ratio of 2.27, a
carbonate variety of sodium and calcium hydroalumino-silicates is obtained [59]. Based on
these clarifications and in accordance with the experimental results obtained and presented
in Table 3, it can be stated that in the case of the studied samples (6M, 6MX1, 8M and 8MX1)
the majority reaction product consists of zeolitic type hydroalumino-silicates and with
slight tendencies to form carbonate variety of sodium and calcium hydroalumino-silicates.

Analysing Figures 10d and 11d, areas where Fe2O3 is unreacted are noticed, which
functions as a crack filler, while this could be a possible explanation for both the im-
provement in compressive strength and the macroscopic reddish colour identified in the
tested specimens.

Analysing the ratio of the identified concentration of Fe and Al, respectively, Na,
according to the values presented in Table 3, it is observed that the Fe/Al ratio varies in the
range 0.4–0.7, and the Fe/Na ratio varies in the range 0.5–0.8, always the ratio characteristic
of the mixture recipe with the addition of Fe2O3 and MgO being higher, both for both
molarity of the NaOH solution used in the preparation of the alkaline activator. This trend
is also considered to be a possible explanation for the higher mechanical strengths in the
samples recorded for samples prepared with the addition of oxides.
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3.4. X-Ray Diffraction (XRD) Analysis

Analysing the X-ray spectra for samples 6M and 6MX1 in Figure 12, the presence of
quartz, feldspar, calcite and mullite is observed, and for samples 8M and 8MX1 in Figure 13,
the presence of quartz and feldspar in the geopolymer is observed.
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Figure 13. XRD analysis of geopolymer binders for (a) sample 8M and (b) sample 8MX1, where Q
represents quartz, F—feldspar.

Analysing Figures 12a and 13a, it can be seen that the peaks with maximum intensities
were for quartz, with the peak for the highest intensity 2θ maximum at 32◦ for sample 6M,
respectively, at 50◦ for sample 8M, under the conditions of maintaining also an obvious
peak at the 32◦ angle in the case of this sample characterized by a higher molarity of
the NaOH solution used in the preparation of the alkaline activator. This displacement
of the maximum 2θ angle is considered to be an indicator for preferential directions of
crystallization, depending on the molarity of the NaOH solution used to prepare the
alkaline activator. Comparing Figures 12b and 13b, it is observed that the same major peak
is identified for quartz at the maximum 2θ at 32◦ angle, but with a much higher intensity
for the case of sample 8MX1, suggesting again the influence of the molarity of the NaOH
solution used in the preparation of the alkaline activator on the crystallization mechanism.
Comparing the samples preprepared with 6M NaOH solution, with and without the
addition of Fe2O3 and MgO, no major differences in terms of the crystallization angles are
identified (Figure 12). On the other hand, with increasing molarity of the NaOH solution to
8M, between the characteristic spectra of the samples prepared without, respectively, with
addition of Fe2O3 and MgO, it is observed the maintenance of the characteristic quartz
angle, 2θ, at 32◦, but of a much higher intensity for the sample prepared with addition
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of oxides, concomitant with the maintenance of the characteristic feldspar peaks. In the
literature it is stated that for a higher amount of iron trioxide and magnesium oxide added
to fly ash the presence of hematite (Fe2O3), periclase (MgO) and forsterite (MgFeSiO4)
mineral phases is observed in the X-ray spectrum [60], which in the present cases has not
been confirmed.

From the study, it can be stated that iron trioxide, magnesium oxide and the molarity
of the sodium hydroxide solution used in the preparation of fly ash-based geopolymer
paste influence the physico-mechanical properties of the obtained heat-treated samples.

The bending tensile strength and compressive strength of the 6MX1 sample (containing
iron trioxide, magnesium oxide and for which a molarity of 6M sodium hydroxide solution
was used) had higher values compared to the other samples. This observation can be
interpreted as a signal that for the specific case of fly ash with the oxide composition shown
in Table 1, the most favourable case for obtaining the geopolymer binder would be the use
of an alkaline activator prepared with 6M NaOH solution.

This increase in mechanical strengths can be explained by the action of iron trioxide
which causes the formation of ferro-sialate groups and by the action of magnesium ox-
ide which reduces the shrinkage of the sample. Additionally, the lower molarity of the
hydroxide solution results in a less energetic reaction and fewer pores in the sample.

SEM micrographs reveal areas with fewer pores and fewer cracks for samples ob-
tained with lower molarity of sodium hydroxide solution and smaller pore size, provided,
however, that sufficient Na+ and OH− ions are available to allow good dissolution and
extraction of Al and Si atoms from the raw material.

XRD analysis shows the presence of quartz, calcite, feldspar and mullite in samples
obtained with a molarity of 6 of sodium hydroxide solution, and quartz and feldspar in
samples obtained with a molarity of 8M. The formation of these elements is also influenced
by the type of ash used and its chemical composition, and the addition of Fe2O3 and MgO
leads to a preferential crystallization directive especially for quartz.

Identifying quartz (hardness 7, trigonal crystallization system), mullite (hardness
6/7.5, orthorhombic crystallization system), feldspar (hardness 6/6.5, tri- or monoclinic
crystallization system) and calcite (hardness 3, trigonal or triclinic crystallization system),
the following is estimated:

- The hardness of the crystallites as well as the specific crystallization system directly
influences the compressive strength of the material;

- In the crystallite contact zone, for the crystallite combinations identified in the geopoly-
mer material prepared with 6M NaOH solution, the cohesive energy would be higher
than the cohesive energy specific to the intercrystallite contact zone of the geopolymer
prepared with 8M NaOH solution.

The layered EDS images and the provided data reveal that in the case of the studied
samples (6M, 6MX1, 8M and 8MX1) the majority reaction product is formed by zeolitic-type
hydroaluminosilicates and with slight tendencies to form carbonate varieties of sodium
and calcium hydroaluminosilicates. Iron trioxide and magnesium oxide are also observed
to have a microcrack filling effect, i.e., they act as inactive granular fillers.

The mechanical strengths of the samples obtained, comparable to Portland cement,
justify the use of these geopolymer pastes in the production of geopolymer concretes and in
the production of precast concrete. Results obtained in the current study are in accordance
with results previously obtained in the literature, while completing the knowledge about
the production of alkaline-activated geopolymer materials [61–75].

4. Conclusions

The aim of this experimental study was to investigate the influence of the addition of
Fe2O3 and MgO, respectively, and the influence of the molarity of the NaOH solution used
in the preparation of the alkaline activator, on the mechanical strengths of the geopolymer
binder prepared using locally sourced fly ash. Based on the obtained results, the following
conclusions can be drawn:
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1. The compressive and flexural strength of the 6MX1 specimen is higher than the other
specimens (6M, 8M and 8MX1).

2. SEM micrographs reveal areas with fewer pores and fewer cracks for samples obtained
with lower molarity of sodium hydroxide solution and smaller pore size.

3. XRD analysis shows the presence of quartz, calcite, feldspar and mullite in samples
obtained with a molarity of 6M of sodium hydroxide solution, and quartz and feldspar
in samples obtained with a molarity of 8M.

4. The EDS data show that the major reaction product is formed of zeolitic-type hy-
droaluminosilicates with slight tendencies to form carbonate varieties of sodium and
calcium hydroaluminosilicates.

5. The addition of Fe2O3 and MgO to a geopolymer improves its physico-
mechanical properties.

This paper contributes to the research developed so far worldwide on alkali-activated
geopolymer materials with the following:

- The chemical, oxidic and mineralogical composition of the raw material used (flz
ash) is specific only to the main source from which was provided and, according to
the literature, has a major influence on the physico-mechanical characteristics of the
geopolymer matrix;

- The NaOH solution used to prepare the alkaline liquid was prepared with local
raw materials;

- Although some specifications in the literature analyse the influence of Fe and Mg
oxides on the performance of geopolymer materials, in this case, these oxides do
not represent the input of the basic raw material (fly ash), but are introduced as a
controlled addition;

- The mix-design ratio and production technology are obtained following the analysis
of literature but customized to the availability of resources and equipment. It is known
that reproducibility is strongly influenced by the particularities of the materials and
production techniques.

All these specific elements represented both challenges and risks, but also elements of
novelty in the development of the experimental programme.

In the future, it is important to determine the optimum molar concentration of the
NaOH solution used for the preparation of the alkaline activator and the optimal tempera-
ture range for obtaining samples with higher mechanical strengths.
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Abstract: This study aimed to analyze the influence of the thermal treatment of shear thickening
fluids, STFs, on their viscosity. For this purpose, shear thickening fluids based on polypropylene
glycols PPG400 and PPG1000 and Aerosil®200 were developed. The shear thickening behavior of
obtained fluids was confirmed by using a parallel-plate rheometer. Next, thermogravimetric (TG)
analyses were used to characterized thermal stability and weight loss of the STFs at a constant
temperature. Finally, the thermal treatment of the STFs obtained was provided using the apparatus
developed for this purpose. The received STFs exhibited a very high maximum viscosity up to 15 kPa.
The rheology of the STFs measured after thermal treatment indicated that the proposed method
allowed the development of STFs with a very high maximum viscosity. The maximum viscosity of
the STFs increased twofold when thermal treatment of the STFs at elevated temperature for 210 min
was performed. TG confirmed the convergence of the weight loss in the apparatus. Our results show
that controlling the thermal treatment of STFs allows STFs to be obtained with high viscosity and a
dilatation jump of the STFs by degradation of the liquid matrix.

Keywords: shear thickening fluids; viscosity; thermal treatment; composite

1. Introduction

Shear thickening fluids, STFs, are intelligent materials that are characterized by the
increase in their viscosity with either an increased shear rate or applied stress [1], known as
a dilatation jump. This phenomenon can be observed as a transition from a liquid into a
solid. Due to their properties, STFs can find several engineering and industrial applications.
The most common application of STFs is their usage in armor protection. STFs are used to
impregnate aramid fabrics to improve the protection of soft body armor [1–4]. Starch-based
STFs show shear thickening properties suitable for soft body armor [5]. Furthermore, the
use of STFs in combination with aluminum panels has also been shown in the literature [6].
STFs can be applied in shock-absorber systems for the automotive industry [7,8] or as
protection for screen devices [9]. Furthermore, STFs have been applied to promote vibra-
tion damping in cutting tools [10] and as a fast, low-cost method for smoothing various
surfaces [11,12].

In these materials, the solid powder nanoparticles are dispersed in a liquid matrix
or a carrier fluid, forming a ceramic-polymer highly concentrated colloidal suspension.
STFs are mainly composed of various inorganic powders, such as SiO2 [13], TiO2 [14],
or CaCO3 [14] and liquid polymers such as glycerin [15], poly(ethylene glycol) [1,16,17],
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or poly(propylene glycol) [18–20]. Instead of SiO2, carbon nanofillers can be used [20].
Furthermore, with the addition of carbonyl iron powder to STFs, a fluid with magnetorheo-
logical properties can be developed [7]. Instead of inorganic particles, various polymers
can be used. Synthetic polymers such as polystyrene-ethyl acrylate particles as solids can
be used for STF development [6,21,22].

STFs are mainly prepared by stepwise addition of solids in nanoparticle size to the
liquid matrix. This process requires appropriate mixing, which is limited by the increas-
ing viscosity of the fluid being created [23]. Thus, the procedure involves the use of
powerful mixers, and the fluid takes several hours to prepare [24]. Liu et al. prepared
SiO2-poly(ethylene glycols) STFs by dispersing the silica in the liquid poly(ethylene glycol)
200 using a ball mill at room temperature [7]. Unfortunately, this process takes a long time,
and the mixing was performed for 24 h. Some authors report the development of STFs by
stepwise addition of carrier fluid to powder silica [18]. Furthermore, Mahesh et al. report
using mixing and sonification to develop STFs by adding solids to a liquid matrix [21,25].
Furthermore, an emulsion polymerization can be used for the development of STFs [6,21].
Some authors proposed a synthesis of STFs by mixing the polymer matrix and silica in the
excess of a solvent, such as ethanol [26]. This procedure needs an evaporation process of
the solvent. The development of liquid STFs with a high dilatation method is impossible
due to the increase in viscosity and a problem with the proper mixing and dispersing of
the solid content in the liquid polymer matrix. However, the shear thickening effect is not
fully understood [27]. There are a few studies that discuss the problem of modeling of the
shear thickening effect of STFs [28–32].

In this work, we show a path to obtain high-viscosity STFs. The STFs were obtained
by the traditional method of stepwise addition of fumed silica into the liquid PPG. Next,
the shear thickening behavior was confirmed by rheology measurement. The degradation
of the STF was measured with the TG technique at a constant temperature (100 ◦C, 110 ◦C,
120 ◦C, 130 ◦C, and 140 ◦C). The TG test was needed to assess the degradation behavior
of STF and it was done for the selected STF with the highest dilatation effect. Finally, the
thermal treatment of the STFs was performed, and their viscosity was confirmed. The
unexpected effect of thermal treatment was an increase in the STFs’ viscosity. We suggest
that thermal treatment in a mild condition can be a method for the development of high-
viscosity STFs. The novelty of this work is focused on showing an easy way to obtain STFs
with a high dilatant jump by degradation of the liquid matrix.

2. Materials and Methods
2.1. Materials

Poly(propylene glycol)s PPG400 and PPG1000 (CAS 25322-69-4, Sigma-Aldrich, St.
Louis, MO, USA) were used as a liquid phase and Aerosil®200 (CAS 112 945-52-5, Evonik
Industries, Hanau-Wolfgang, Germany) hydrophilic-fumed silica as a solid phase for STF
preparation, respectively. Table 1 shows the properties of the materials used for STF
preparation.

Table 1. Properties of materials used for STF development 1.

Abbreviation Parameter Value

PPG400
Mn (g mol−1) ~400

Density (g mL) 1.01

PPG1000
Mn (g mol−1) ~1000

Density (g cm−3) 1.005
Dynamic viscosity (mPa·s) 78.34

Aerosil®200 Specific surface BET (m2·g−1) 200 ± 25
1 According to the Safety Data Sheet provided by the suppliers.
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2.2. STFs Preparation

Table 2 shows the STFs’ formulation. The STFs were developed by the method shown
in our previous work [27]. The liquid PPG was placed in a 250 mL reactor equipped with
a mechanical stirrer (R50D, Ingenieurbüro CAT, Ballrechten-Gottingen, Germany) and a
stainless-steel propeller-mixing geometry. Next, the silica was added stepwise in minimal
amounts to the mixture. To achieve high-viscosity STFs, the stirring speed (from 200 rpm)
was gradually decreased to a very low mixing speed (down to 1 rpm) as the silica was
added. Stirring at nearly 1 rpm for 14 days was required to obtain a very viscous liquid
(STF1000-24).

Table 2. Composition of STFs.

Abbreviation Ceramic Powder Content in % Carrier Fluid

STF400-18 18
PPG400STF400-24 24

STF1000-18 18
PPG1000STF1000-24 24

2.3. Rheology Measurement

A rotational MCR 102 rheometer (Anton Paar Company, Graz, Austria) equipped with
a plate-to-plate (top plate ϕ 20 mm; bottom plate ϕ 100 mm; spacing gap 0.7 mm geometry)
that applied shear stress (up to 250 s−1) was used to determine the shear thickening
response of fluids. The rheological measurements were performed prior to and after the
thermal treatment of the STFs. The measurement was repeated twice with a new sample.

2.4. Thermogravimetric Analysis

Thermogravimetric analysis (TG) was carried out using TA Instruments SDT Q600
(New Castle, DE, USA) apparatus. The weight loss was measured at constant temperatures
of 100 ◦C, 110 ◦C, 120 ◦C, 130 ◦C, and 140 ◦C as a function of time. For TG measurement
purposes, a sample of approx. 10 mg was used.

2.5. Thermal Treatment Procedure

In order to develop high-viscosity STFs, a special apparatus was designed. The
computer-aided design (CAD) scheme of the apparatus is displayed in Figure 1. The
weight loss procedure is schematically shown in Figure 2.

An insulated chamber with a movable carousel was heated by five heaters (Finger
Patron Heater, Selfa GE SA, Szczecin, Poland), with dimensions 10 × 60 mm, at 300 W
each. The power of the heaters was regulated by a Eurotherm 7100A thyristor controller
(Worthing, UK) triggered by a PLC under the control of the TwinCAT 3.1.4024.29 system
(Beckhoff Automation GmbH & Co. KG, Verl, Germany). The amount of heat supplied to
the chamber was regulated by a PID controller. After the temperature inside the chamber
was stabilized, six vessels with the STFs for testing were introduced. After the top insulated
cover was closed, the control algorithm responsible for the controlled degradation process
was triggered. During the degradation process, the sample carousel was rotated clockwise
through an angle of 60◦ every 120 s (see Figure 2a). This ensured that the temperature of
all the degraded samples was homogeneous. The AM3012-0C41 servo motor (Beckhoff
Automation GmbH & Co. KG, Verl, Germany) with an absolute encoder and a mechanical
gear PLE40-M01-10 with a gear ratio of 1:10, powered by the Beckhoff AX5203 module,
was responsible for the correct positioning of the carousel (Beckhoff Automation GmbH &
Co. KG, Verl, Germany). The weight loss was measured by a P/N 83020552 strain gauge
beam from an Ohaus MB25 moisture analyzer (Parsippany, NJ, USA) with an accuracy
of 0.005 g/0.05%. The strain gauge beam with the pan was placed on a linear sliding
table (Figure 2b). The YR-GZS90K-100 (Lishui City Yongrun Precision Machinery Co., Ltd.,
Lishui, China) was equipped with a 57HD4016-01 stepper motor (Dongguan Golden Motor
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Co., Ltd., Dongguan, China) powered by a Beckhoff EL7041-1000 module (Figure 2c). Due
to the micro-vibrations during the taring and weighing process, the stepper motor was
turned off.
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Measurement data (vessel weight) were periodically saved by the PLC system to the
SQLite database. The sample of approx. 1 g was placed in the vessels (50 mm diameter),
and the sample was taken for rheology measurement after a specified period of time. The
samples’ weight loss was controlled to ensure that the decomposition of the STF samples
was similar to that during TGA measurement.

3. Results and Discussion
3.1. STFs Properties

The STFs were developed with poly(propylene glycol)s having a molecular weight
of 400 g/mol (PPG400) and 1000 g/mol (PPG1000) and fumed silica Aerosil®200 with a
particle size of ~12 nm [33] and a specific surface area of ~200 m2·g−1. Using PPGs as a
carrier fluid instead of PEGs (polyethylene glycols) resulted in higher viscosities at lower
shear rates [34]. Furthermore, the melting points of PEGs were much higher than PPGs,
and the STFs based on PEGs were temperature-sensitive at low temperatures [35].

Figure 3 presents the viscosity-shear rate dependence of the developed STFs with
various concentrations of fumed silica dispersed in poly(propylene)glycol. It can be seen
that the developed STFs exhibit typical shear-thickening behavior. It is crucial to obtain
STFs with very low viscosity at low shear rates and a very high dilatation jump (or viscosity
jump). In other words, the developed STFs should be a liquid, not a paste, and exhibit a
high maximum viscosity upon stress. As expected, the increasing silica content resulted
in a more significant dilatant effect. Simultaneously, the oligomer’s higher molecular
weight provided higher viscosity values. The STF1000-24 and STF1000-18 exhibited a
dilatant effect with a maximum viscosity of 1539 Pa·s and 830 Pa·s. Furthermore, the STFs
based on PPG400 exhibited approx. three times lower values of maximum viscosity: 501
and 269 Pa·s for the STF400-24 and STF400-18, respectively. Comparing the results of the
viscosity of the STFs already reported in the literature, it can be seen that the viscosities
and the solid content achieved by us were much higher. Fisher et al. developed STFs based
on Aerosil®200 and PPG1000 with a solid content of up to 15% w/w [18]. Wierzbicki et al.
reported STFs with dilatant effects around 200 Pa·s using PPG400 and fumed silica with a
specific surface 200 m2·g−1 [36]. Arora et al. and Bajya et al. reported the development of
STFs with a maximum viscosity reaching 170 Pa s [37,38]. Furthermore, using hydrophobic
silica with the same particle size and specific surface area and PPG400 and PPG1000, even
when introducing more content of solids, resulted in much lower viscosities (up to 62 Pa·s).
Nevertheless, in our previous work, using the same methodology of STF development, we
reported fluids with a maximum viscosity exceeding 3000 Pa·s [27].

3.2. Thermal Treatment

In this work, the thermal decomposition of the developed STF1000-24 was performed
with TG (thermogravimetric analysis). This method was used to control weight loss changes
and to confirm the influence of the temperature on the nature of the degradation. However,
it was not possible to compare the TG degradation course and thermal treatment directly,
because the sample mass was 100 times larger. Additionally, TG makes it possible to deter-
mine a thermal decomposition with a very small sample (approx. 10 mg) and rheological
measurement requires much bigger samples (approx. 0.7 g). Hence, we developed an
apparatus that allows the thermal degradation of materials in similar conditions to those
in TG.

The TG degradation was performed at five various constant temperatures (100 ◦C, 110 ◦C,
120 ◦C, 130 ◦C, and 140 ◦C) for the STF1000-24 as shown in Figure S1 in Supplementary
Materials. Figure 4 shows the TG curves of STF1000-24 at 140 ◦C. According to the data
(see Table 3, Figures S1 and 4), three steps of thermal degradation could be identified for
the STF1000-24 sample, independently of the degradation temperature. The weight loss
was accompanied by an exothermic effect. These steps were characterized by various
weight loss and heat effects. The first step (I) was related to a slight heat effect connected
with a weight loss rate of 0.02% and 0.18% per min at 100 ◦C and 140 ◦C, respectively. It
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might have been attributed to the evaporation of low molecular mass glycols. As shown in
Figure 4, no changes in STFs were observed in step I. The second one (II) was characterized
by a faster weight loss rate: 0.05% and 0.37% per min at 100 ◦C and 140 ◦C, respectively,
and it was accompanied by a bigger heat effect. We suspect that this step was related
to the vaporization and burning of volatile compounds arising during the degradation
of the poly(propylene glycol) molecules. Finally, in the third step (III), the weight loss
speed was the highest, leading to the decomposition of the STFs. Step III was related
to visible changes in the appearance of the material. The non-dispersed silica appeared
on the surface of the fluid. The maximum heat effect of the decomposition was approx.
8 times higher at 140 ◦C than at 100 ◦C. Hence, the reaction was exothermic and due
to the high maximum heat effect at higher temperatures, during thermal treatment or
mixing at elevated temperatures, the mixture could have overheated, the heat could have
accumulated, and accelerating decomposition was observed. Furthermore, carrying out
the process at an elevated temperature might have led to an uncontrolled explosion of heat.
Therefore, the process should be performed at lower temperatures on a large scale.
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The samples of STFs were thermally treated at temperatures of 100 ◦C, 120 ◦C, and
140 ◦C with the apparatus shown in Figure 1. The control lines of weight loss are shown in
Figure 5. The rotating carousel made it possible to ensure the homogeneous temperature of
all the degraded samples. After a specified period of time, the samples of STFs were taken
for viscosity measurement. According to the control lines of thermal treatment, the approx.
25% weight loss was observed after 210 min of thermal treatment.

Figure 6 shows the viscosity of the obtained STF1000-24 after thermal treatment for
210 min at 140 ◦C. The exposure of the fluids to elevated temperature caused the gradual
degradation of the liquid matrix in the STFs, which could be observed as an increase in
viscosity. The liquid matrix content decreased by approx. 25%, so the degradation was
in the second step of degradation (see Figure 4). A higher reduction in the liquid matrix
might have caused irreversible changes in the STFs and total fluid degradation. Hence, the
approx. 200 min of thermal treatment at 140 ◦C seemed to be optimal, allowed to be with
the degradation in step II, and prevented the total degradation of the STF and loss of the
shear thickening properties of the STF. As shown in Figure 6, the viscosity of STF400-18
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and STF1000-18 after thermal treatment increased twofold (blue and gray dashed lines),
reaching maximum viscosity of 542 Pa·s and 1632 Pa·s, respectively. It can be seen that the
maximum viscosity after thermal treatment had increased.
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Table 3. Weight loss rate (% per min) and maximum heat effect in step III (W·g–1) after TG curves at
various temperatures.

Step
Temperature/◦C

100 110 120 130 140

I 0.02 0.03 0.05 0.10 0.18
II 0.05 0.09 0.12 0.23 0.37
III 0.05 0.22 0.28 0.56 1.31

Max. heat effect 0.15 0.23 0.35 0.68 1.31

Last but not least, we also thermally treated the STF1000-24 at 140 ◦C. The process was
carried out at a constant temperature until the desired mass was achieved: 15%, 20%, and
finally 25% weight loss. The viscosities of the STF1000-24 samples after the specific thermal
treatment course are presented in Figure S2. The thermal treatment of STF1000-24 with the
degradation of 15% resulted in a maximum viscosity of 6 kPa·s. Further degradation of
STF1000-24 revealed a fluid with maximum viscosity at 8.5 kPa·s (degradation of 20% of
the matrix) and 14 kPa·s (25% matrix degradation), respectively.

245



Materials 2022, 15, 5818Materials 2022, 15, x FOR PEER REVIEW 9 of 12 
 

 

 

Figure 5. Control lines of weight loss during thermal treatment of STFs at various temperatures: 
100 °C (yellow line); 130 °C (orange line); 140 °C (blue line) for the STF1000-24. 

Figure 6 shows the viscosity of the obtained STF1000-24 after thermal treatment for 
210 min at 140 °C. The exposure of the fluids to elevated temperature caused the gradual 
degradation of the liquid matrix in the STFs, which could be observed as an increase in 
viscosity. The liquid matrix content decreased by approx. 25%, so the degradation was in 
the second step of degradation (see Figure 4). A higher reduction in the liquid matrix 
might have caused irreversible changes in the STFs and total fluid degradation. Hence, 
the approx. 200 min of thermal treatment at 140 °C seemed to be optimal, allowed to be 
with the degradation in step II, and prevented the total degradation of the STF and loss of 
the shear thickening properties of the STF. As shown in Figure 6, the viscosity of STF400-
18 and STF1000-18 after thermal treatment increased twofold (blue and gray dashed lines), 
reaching maximum viscosity of 542 Pa·s and 1632 Pa·s, respectively. It can be seen that the 
maximum viscosity after thermal treatment had increased. 

0

20

40

60

80

100

0 100 200 300 400 500 600 700 800 900

W
ei

gh
t (

%
)

Time (min)

25% weight loss

approx. 210 min

Figure 5. Control lines of weight loss during thermal treatment of STFs at various temperatures: 100
◦C (yellow line); 130 ◦C (orange line); 140 ◦C (blue line) for the STF1000-24.

Materials 2022, 15, x FOR PEER REVIEW 10 of 12 
 

 

 
Figure 6. Viscosity vs. shear rate for STFs prior and after thermal treatment: yellow line—STF1000-
24; gray dashed line—STF1000-18 after thermal treatment; red line—STF400-24; blue dashed line—
STF400-18 after thermal treatment. 

Last but not least, we also thermally treated the STF1000-24 at 140 °C. The process 
was carried out at a constant temperature until the desired mass was achieved: 15%, 20%, 
and finally 25% weight loss. The viscosities of the STF1000-24 samples after the specific 
thermal treatment course are presented in Figure S2. The thermal treatment of STF1000-
24 with the degradation of 15% resulted in a maximum viscosity of 6 kPa·s. Further 
degradation of STF1000-24 revealed a fluid with maximum viscosity at 8.5 kPa·s 
(degradation of 20% of the matrix) and 14 kPa·s (25% matrix degradation), respectively. 

4. Conclusions 
In this work, we developed four types of STFs based on poly(propylene glycol)s and 

fumed silica with high solid content (18% and 24% w/w). The developed STFs exhibited 
high-viscosity properties with a maximum viscosity level at 1539 Pa·s for STFs based on 
PPG1000 and fumed silica with 24% solid content. The STFs were thermally treated, which 
allowed a twofold increase in the viscosity properties of the obtained STFs. 

We showed that controlled thermal treatment in mild conditions of low viscosity 
STFs can be used as a tool to obtain STFs characterized by high viscosity and high solid 
content. Our results reveal the possibility of using thermal treatment at elevated 
temperature to increase the viscosity of STFs as a novel method of high-viscosity STF 
preparation. This is a breakthrough paper in the topic of STFs because it shows the 
importance of controlling the temperature during the development of the fluids. 
Overheating the STFs during development can lead to complete degradation, but 
controlled heating can significantly increase the viscosity without mixing problems. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1. TG curves for STF100-24 at constant temperatures: 100 °C (blue 
line), 110 °C (orange line), 120 °C (grey line), 130 °C (yellow line) and 140 °C (green line); Figure S2. 
Viscosity vs. shear rate for STF1000-24 after thermal treatment: yellow line—STF1000-24 prior 
thermal treatment; gray line—approx. 15% weigh loss of STF1000-24; blue line—approx. 20% weigh 
loss of STF1000-24; orange line—approx. 25% weigh loss of STF1000-24. 

0

600

1200

1800

0 10 20 30 40 50 60 70 80 90 100

V
is

co
si

ty
 (P

a·
s)

Shear rate (s–1)

542 Pa·s

1632 Pa·s

Figure 6. Viscosity vs. shear rate for STFs prior and after thermal treatment: yellow line—STF1000-24;
gray dashed line—STF1000-18 after thermal treatment; red line—STF400-24; blue dashed line—
STF400-18 after thermal treatment.

4. Conclusions

In this work, we developed four types of STFs based on poly(propylene glycol)s and
fumed silica with high solid content (18% and 24% w/w). The developed STFs exhibited
high-viscosity properties with a maximum viscosity level at 1539 Pa·s for STFs based on
PPG1000 and fumed silica with 24% solid content. The STFs were thermally treated, which
allowed a twofold increase in the viscosity properties of the obtained STFs.
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We showed that controlled thermal treatment in mild conditions of low viscosity STFs
can be used as a tool to obtain STFs characterized by high viscosity and high solid content.
Our results reveal the possibility of using thermal treatment at elevated temperature to
increase the viscosity of STFs as a novel method of high-viscosity STF preparation. This is
a breakthrough paper in the topic of STFs because it shows the importance of controlling
the temperature during the development of the fluids. Overheating the STFs during
development can lead to complete degradation, but controlled heating can significantly
increase the viscosity without mixing problems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15175818/s1, Figure S1. TG curves for STF100-24 at constant
temperatures: 100 ◦C (blue line), 110 ◦C (orange line), 120 ◦C (grey line), 130 ◦C (yellow line) and
140 ◦C (green line); Figure S2. Viscosity vs. shear rate for STF1000-24 after thermal treatment: yellow
line—STF1000-24 prior thermal treatment; gray line—approx. 15% weigh loss of STF1000-24; blue
line—approx. 20% weigh loss of STF1000-24; orange line—approx. 25% weigh loss of STF1000-24.
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Abstract: Over the past 15 years, interest in additive manufacturing (AM) on lattice structures has
significantly increased in producing 3D/4D objects. The purpose of this study is to gain a thorough
grasp of the research pattern and the condition of the field’s research today as well as identify
obstacles towards future research. To accomplish the purpose, this work undertakes a scientometric
analysis of the international research conducted on additive manufacturing for lattice structure
materials published from 2002 to 2022. A total of 1290 journal articles from the Web of Science
(WoS) database and 1766 journal articles from the Scopus database were found using a search system.
This paper applied scientometric science, which is based on bibliometric analysis. The data were
subjected to a scientometric study, which looked at the number of publications, authorship, regions
by countries, keyword co-occurrence, literature coupling, and scientometric mapping. VOSviewer
was used to establish research patterns, visualize maps, and identify transcendental issues. Thus, the
quantitative determination of the primary research framework, papers, and themes of this research
field was possible. In order to shed light on current developments in additive manufacturing for
lattice structures, an extensive systematic study is provided. The scientometric analysis revealed a
strong bias towards researching AM on lattice structures but little concentration on technologies that
emerge from it. It also outlined its unmet research needs, which can benefit both the industry and
academia. This review makes a prediction for the future, with contributions by educating researchers,
manufacturers, and other experts on the current state of AM for lattice structures.

Keywords: additive manufacturing; lattice structure; 3D printing; research pattern; research trend;
scientometric; bibliometric; COVID19; scientific literature review; review; VOSviewer

1. Introduction

Over the past 15 years, interest in polymer additive manufacturing with several engi-
neered materials has dramatically increased [1,2]. With numerous materials, this technique
can be applied to quickly design and directly create three-dimensional (3D) objects without
adding complexity to the production process. Recent studies into material developments
include the microstructures, interfacial behaviour, pore density, layup patterns, layer thick-
ness, and material development [3–7]. With the increasing need for better materials, there
are increased techniques and technologies in material processing, materials developments,
more customised materials, and newer engineered lattice-structured materials called addi-
tive manufactured materials [8–14]. Additive manufacturing (AM) has been practised for
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over 15 years in numerous manufacturing industries with the aid of 3D printing, referred
to as additive manufacturing technology [15–18]. The medical, automotive, aerospace, and
materials industries have all benefited from the innovation that additive manufacturing
(AM) has brought forth [19–22]. It uses lithographic techniques to join materials, layer-by-
layer, on top of an existing structure to create parts from 3D model data [23–25]. A variety
of technologies, including rapid prototyping (RP), selective laser melting (SLM), and elec-
tron beam melting (EBM) technologies, are used in additive manufacturing (AM) [26–29].
The earlier technology, rapid prototyping, is a concept that refers to the rise of additive
manufacturing (AM) and the development of the polymer material used for prototype [30].
One aspect of development of the models is the use of CAD (computer-aided design) to
develop the AM designs, like on lattice structure prototyping. Contrary to conventional
production methods like casting and machining, additive manufacturing enables designers
to quickly prototype and reduce operational costs and material waste in the process [31–33].
For the process, two commonly used methods for building metal components from powder
feedstock are the Directed Energy Deposition (DED) and Powder Bed Fusion (PBF) [34].
Another aspect of AM is the use of machine learning (ML), which has been proven in the
optimization of the material properties, strength, material mix, and array of the lattice-
structured additive manufactured materials [35–37].

Earlier research using scientometric reviews on additive manufacturing reflect that
there is an increase in research on other aspects of AM being investigated [38–40]. The
current market demand places an ever-increasing emphasis on the efficient use of 3D
printing for the production of complicated shapes [41–43]. However, the use of lattice
structures in additive manufacturing has seen increasing demand due to their unique
applications [44–51]. Lattice structures could be classified as porous and non-porous mate-
rials, depending on their applications [52–60]. These lattice structures for additive manu-
facturing have increasing applications from 3D printing to 4D printing, such as biological
and medical applications [61–68]. Practical applications in the biomedical area that utilises
lattice structures as additive manufactured materials include the manufacture of prosthetic
legs and 3D-printed dental teeth. Conventional materials utilised for different advanced
materials, such as ceramics, composites, or metals, can be found in additive manufactured
(AM) materials [69–71]. However, AM has a method that spreads quickly in the manufac-
turing sectors, making AM products usable most of the time [72,73]. A 3D object scanner is
used in additive manufacturing (AM), which enables the production of items with accurate
geometrical details. In contrast to traditional manufacturing, which frequently necessitates
milling or other processes to eliminate superfluous material, these are constructed layer by
layer, much like a 3D printing process. There are also more experimental investigations on
AM that are used with numerical investigations to further understand engineered lattice
structures in AM [74–76]. Additionally, employing stereolithography (SL) for 3D systems,
additive manufacturing (AM) technology solidified the thin UV (ultraviolet) layers with
light-sensitive liquid polymer through laser operations. Additionally, additive manufactur-
ing (AM) started to advance in the early 1980s when equipment was upgraded from a lower
level of operation to a higher level using new conventional equipment as opposed to the
previous equipment employed at the time, then in late 1980s to early 1990s, rapid prototyp-
ing increased [75,76]. These developments resulted from the use of more sophisticated jigs,
medical implants, engineering applications, and tooling on the typical production floor, as
earlier illustrated by Graham Tromans (UK) and Terry Wohler (USA) [75,76]. The timeline
for the developments on AM showing the past, present, and potential future, including
rapid casting (1994), rapid tooling (1995), AM for automotive (2001), aerospace polymers
(2004), medical polymers and jigs (2005), medical metal implants (2009), aerospace polymers
(2011), nano-manufacturing (2013–2016), architecture (2013–2017), biomedical implants
(2013–2018), 3D printing of face shields, masks, ventilators during COVID19 pandemic
(2019–2022), lattice structures and 4D Printing for medical organs (2013–2022), in situ
bio-manufacturing (2013–2022), and full body organ printing (2013–2032), is represented in
Figure 1.
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upon this technology, as seen in the trends in both 3D printing and 4D printing [80–86]. 

Figure 1. The timeline for the developments on additive manufacturing (AM), showing the past,
present, and potential future (Adapted from original image with permission. Courtesy: Graham
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Youngstown, OH, USA).

These AM processes include material extrusion, material jetting, binder jetting, powder
bed fusion, directed energy deposition, photopolymerization, and sheet lamination [76,77].
These processes are all used in additive manufacturing (AM) technologies. They are
procedures and techniques for using parts produced through additive manufacturing in
production facilities and public spaces. Some state-of-the-art reviews also present ad-
vantages of additive manufacturing with related bibliometric analysis, but they did not
consider lattice structures [77–79]. Generally, the advantages of additive manufacturing
(AM) technology include the use of complex geometries, lighter structures, and the mate-
rial’s ability to allow customization. In addition, it allows manufacturing processes that
involve an increase in the geometric complexity of the design or an increment of material
volume that leads to a rise in the manufacturing cost or time, thus the need to improve
upon this technology, as seen in the trends in both 3D printing and 4D printing [80–86].
Additionally, it is crucial to comprehend the current status of the literature in relation to
additive manufacturing procedures and the mechanical properties of 3D printed materials.
This technique has been used to produce 3D/4D objects without adding complexity to the
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production process. This understanding will help to establish a research horizon and create
future works on this subject.

Hence the need to conduct this scientometric analysis on additive manufacturing for
engineered lattice structures. The majority of the article is structured as follows: Section 1
introduces the subject area of AM. The research methodology is detailed in Section 2. The
result and implications of the scientometric analysis are then addressed in Section 3. The
implications of the systematic review with discussions on the research trends are detailed
in Section 4. Lastly, the summary on the systematic review with recommendations for
future research are presented in Section 5.

2. Materials and Methods

In this section, the materials used for the data analysis and the research methodology
for the study are presented.

2.1. Data Retrieval

Data collection from the available literature was crucial to this study, notably for the
scientometric analysis’s result. The data collection for this study followed the already
established procedure for bibliometric reviews. Different studies on AM have covered a
range of technologies applied [31–34,76–79], hence it is necessary to have a strategy for
the selection of the papers. Two criteria were used in the literature collection strategy:
(1) contemporary and relevance: all publications from 2002 to 2022 were searched, and
the papers were manually screened by carefully reading the keywords and abstracts; and
(2) quality assurance: only peer-reviewed papers from journals were included because
journal papers typically go through careful reviews to remove errors and mistakes. For
the literature review, the database choice was crucial. Due to its large coverage of the
subject area in journal publications, the research repositories and academic databases were
considered as knowledge domains. Thus, with the diverse range of academic databases
cthat are presently available, there was need to decide on the choice of the database(s) to
utilise. This decision was achieved by having an initial comparative study between the
Scopus database and Web of Science (WoS), as both were considered to obtain the data,
and they gave good results. The search was conducted using wildcards. The variations of
one keyword were captured using the wildcard character *. The keywords chosen were
(“additive manufacturing *” OR “lattice *” AND (“structure *”) based on the goal of this
research. Searching for terms inside a publication’s title, abstract, or keywords turned up
all of the available literature on multi-material additive manufacturing of polymers in the
Scopus database. The 2002–2022 search window was chosen to reflect the current growth of
polymer additive manufacturing using several materials. To restrict the number of papers
published in peer-reviewed English journals, a screening procedure was used.

2.2. Research Methodology

In this study, a scientometric analysis is carried out using research database and
visualization-mapping tools to investigate research trends and patterns on the subject
area. By inflection, scientometrics is used to reveal the research impact of publications,
researchers, journals, and research institutions in a particular field of study. By definition,
scientometrics also includes the quantitative study of science, science policy, and science
communication, which gives an in-depth understanding of the research through the sci-
entific citation and offers a deeper understanding of scientific citations [87–89]. To gain
a thorough understanding of the evolution of this research field from 2002 to 2022, this
study will conduct a scientometric evaluation and analysis of the papers pertaining to the
multi-material additive manufacturing of engineered lattice structures. The scientometric
review is also qualitatively validated by comparing the present data with other bibliometric
studies on AM [38–40,90–93]. An extensive systematic review is then offered to offer deeper
insights into the technology and applications of multi-material additive manufacturing
of polymers based on the findings of the scientometrics analysis. In a nutshell, this study
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used a mixed review methodology, which combines scientometric analysis and systematic
review, to examine the state of research on additive manufacturing for lattice-structure
materials. By combining subjective research with a robust quantitative description and
evaluation using science network mapping techniques, this study’s contribution can be
seen as extending past review works in this field. The flowchart of the methodology is
presented in Figure 2.
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2.3. Article Selection

The method taken into account for choosing the academic papers is also a crucial com-
ponent of the meta-science analysis carried out in this literature review. Finding research
trends, threads, and advancements on additive manufacturing is one of the primary goals
of this review. As represented in Figure 2, a public database named Scopus has been taken
into consideration for this review in order to accomplish this objective. Scopus was accessed
through Lancaster University, UK. After certain adjustments and exclusions to make sure
the data used fits within the targeted study on additive manufacturing, a total number of
papers were taken into account in the meta-analysis. Descriptors in the English language
were taken from the Scopus database. Additionally, as the non-English papers were all
disqualified, only English-language articles were taken into consideration. Clarification
regarding the keywords that were used in this study are mentioned in the keyword search
on Figures 2–4, which show the databases used in this study.
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Although some comparisons between data from the Scopus database (see Figure 3) and
Web of Science database (see Figure 4) were done to determine the trend in development in
other forms of the subject area, which remained the main keyword that the research was
focused on, it should be noted that the representations in Figures 3 and 4 were used to
show different keyword searches used, as each database has a different search structure.

254



Materials 2022, 15, 5323

Additionally, these database search images reflect that the search terms used in both show
different lines but mean the same thing.

2.4. Research Indicators

The research indicators are key in identifying the significance of any research area. The
influence of authorship, co-authorship, regions by countries, affiliations (or institutions),
publication sources, and keywords are some of the aspects that are taken into account in the
formulation of the scientometric investigation or similar bibliometric reviews [88–90,94–102].
Some mapping was conducted on the publication data retrieved using VoS Viewer [103–112],
using standard methods of bibliometric mapping [113–122]. However, the publications
were also screened by sampling some data, as the results were too much to check each paper.
The trajectory of the analysed subject was tracked by measuring the impact factor and
the h-index of the publications selected for the study. The impact factors of the published
sources were found by scanning the Clarivate Analytics database [123], Web of Science
(WoS) database [124], Scopus database [125], and the SCIMAGO database [126], also avail-
able in 2021 Journal Citation Reports [127]. Some studies investigated different databases
ranging from PubMed to Scopus and Web of Science databases to conduct bibliometric
analysis using different indicators [87–89,127–130]. However, as seen in Figures 3 and 4,
the search output obtained from Scopus were 1766 results, whereas the result from Web
of Science (WoS) were 1290 results on the same keyword for this scientometric analysis.
Hence, most of the data considered were from the Scopus database, whereas data from WoS
was used to validate the studies. It also showed that Scopus had higher data collection on
the subject area for the time range under consideration in this study. It should be noted that
this does not reflect that one database has more collection of publication record than the
other. Additionally, it should be noted that H-index is a particular indicator established by
JE Hirsch in 2005, which measures each researcher’s number of publications and number of
citations [128,129,131]. In that study, it was inferred that when a writer has N publications,
and those publications have been mentioned at least N times by other writers, then that
writer’s h-index is equal to N.

2.5. Scientometric Analysis

The knowledge domain structure of the multi-material additive manufacturing of
polymers can be clarified by the discovered research clusters; however, the in-depth re-
search problems and research demands cannot be revealed by scientometric analysis. In
order to enhance the scientometric analysis in this work, a systematic review was carried
out. The systematic review was first split into two parts by the authors: technology and
applications. A consensus-based debate on the results of the scientometric review study led
to the classification structure of research subjects in these two areas. It was reported that
Nalimov and Mulchenko coined the word “Scientometrics” for the first time in 1969 as an
evaluation of science [88,89,94,95]. From the second half of the 19th century to the present,
scientometrics has been a growing field of study. In the past century, scientometrics research
has progressed from the unconscious to consciousness, from qualitative to quantitative
research, and from outward description to a thorough examination of the fundamental
characteristics of scientific production. Recent research has shown the effectiveness of
scientometrics in a variety of fields, including additive manufacturing [38–40], data analy-
sis [94,95], built environment [96,97,128,129], research impact [131], sustainability [132,133],
energy [134], project management [135], construction [136,137], water supply [138,139],
medical applications [99–101,140,141], visualisation of data [103–108,114–118], and author
collaborations [142–144]. Modern scientometric analysis enables researchers to access sci-
entific contributions, map knowledge structures, to access scientific advancement, and
identify emerging patterns within a certain study subject from these literature studies. It
is quite difficult to describe the total field of multi-material additive manufacturing of
polymers using simply systematic analysis due to the large range of research subjects that
fall under this umbrella [145,146]. The research field can be understood in depth through
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systematic analysis, but this method has limitations in terms of subjective interpretation
and is open to bias [134–136]. In order to analyse the findings of earlier studies in the field
of multi-material additive manufacturing of polymers, a scientometrics analysis method
was proposed in this work.

2.6. VOS Viewer

The VOSviewer is an open-source programme and was used in this study’s network
modelling and visualisation [103–108]. Nees Jan van Eck and Ludo Waltman currently
own the VOSviewer. For this study, the version of the software used is VOSviewer version
1.6.18, and it was run with Java version 1.8.0_333 and Microsoft Graph. It is important to
note that when organising research subjects for the ensuing systematic review, both the
scientific mapping of research communities and themes derived from literature coupling
analysis and keyword co-occurrence analysis were taken into account. Numerous analyses
were conducted from different angles, including analyses of the countries/regions’ activity,
authorship, co-occurrence, keyword, literature coupling, and number of publications, as
summarised in Figure 5.
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3. Results and Analysis
3.1. Publication History

The first aspect of the results for the component meta-analysis is the impact of the
research and its breakdown of publication years. Data from the Scopus database was
obtained on 20 June 2022, as shown in Figure 6. From the result, the publishing output
from 2015–2021 showed a modest trend shift when the most recent articles were taken
into account. The output increased from 33 publications in 2014, to 36 publications in
2015, to 80 publications in 2016, before it reduced to 115 publications in 2017. Then it
increased to 173 publications in 2018, went up to 265 publications in 2019, increased to
343 publications in 2020, peaked at 436 publications in 2021 while they were producing
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materials to control the Corona Virus, then decreased to 230 publications by the middle
of 2022. As a result, among other things, it may be said that the research is a function of
economic activity, as 1766 journal papers were published between 2002 and 2022 using the
literature search technique described in Section 3. Figure 6 displays the annual number
of journal publications on the subject of additive manufacturing. This statistic shows a
general rising trend from 2006 to 2009. Starting in 2010, a burst was noticeable because
there were only four publications, which can be ascribed to the global economic crisis. From
there, it increased dramatically until the year 2021, rising to nine publications in 2011 and
fourteen publications in 2012. The number of publications increased at an astounding rate
between 2013 and 2021. Notably, the surge that began in 2013 coincided with an important
development in additive manufacturing technology, also summarised in Figure 1. The
particular developments seen in recent times from Figure 1 are seen in nano-manufacturing,
architecture, engineering of car body parts like brake pedals, engineering of COVID19
control devices like ventilators, personal protective equipment (PPE) like face shields,
biomedical implants like prosthetic bones, in situ bio-manufacturing, and full body organs.
The growing accessibility of established additive manufacturing technologies may be
responsible for the rise in study into the additive manufacture of designed lattice structures
in recent years.
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3.2. Publication Sources

The publishing sources are the subject of the current meta-analysis. Other academic
databases were searched as well, though, to verify the information from the Scopus database.
It was decided to use the Scopus, despite considering major academic databases like
PubMed, Science Direct, DOAJ, Web of Science, Google Scholar, and Scopus. In a de-
tailed, methodical, and scientometric review of scientific scholarly articles (or papers) from
journals and conferences, it was possible to make more inferences on the investigation of
additive manufacturing. Academic publishers with academic repositories and databases,
such as Taylor & Francis, Elsevier, Sage, and Springer Link, were also taken into account,
as seen in Figures 7 and 8. Journals that had high significance are specialist journals like
Additive Manufacturing, which has a high h-index with an impact factor of 10 and citescore
of 11.60, as well as international conferences like ASME, ASCE, ICE, ICCM, ICCS, NIST,
ICCS, SAMPE, ISOPE, OTC, etc., were also taken into consideration. As can be seen in
Figure 7, the majority of publications on AM were presented in journal papers from two
important conference proceedings. However, these publications were less numerous than
those that appeared in related Q1 journals. The outcome was subsequently vetted to in-
clude the best journals in additive manufacturing. Elsevier’s Additive Manufacturing,
Elsevier’s Materials and Design, MDPI’s Materials, MDPI’s Polymers, and MDPI’s Metals
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were the journals that appeared the most frequently. The other periodicals are International
Journal of Advanced Manufacturing Technology, Rapid Prototyping Journal, Materials
Today Proceedings, and Journal of Manufacturing Processes. This was further analysed in
Table 1 to show that the highest data was published in Additive Manufacturing journal,
especially from the years 2018–2022, where they have high marginal increase.
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Further analysis of the publications per year by source was conducted on this area us-
ing data from Web of Science (WoS). It was observed that many publications were available
that generally researched on additive manufacturing from 2002–2022. From the data ob-
tained from Scopus, Additive Manufacturing published 1883 articles, Materials published
946 articles, International Journal of advanced manufacturing technology published 940 ar-
ticles, Rapid Prototyping Journal published 683 articles, Materials and Design published
658 articles, Materials Science and Engineering A published 616 articles, Materials Today
Proceedings published 460 articles, Metals published 440 articles, Journal of Manufacturing
Processes published 415 articles, and Polymers published 347 articles. However, the sourc-
ing of the data was also conducted using the WoS (Web of Science) database. From the WoS
database, 46,821 articles were retrieved, whereas the Scopus database had 43,602 articles.
The survey reveals that all of the papers’ research output grew from 2013, but Elsevier’s
Additive Manufacturing had the highest publishing rate. This demonstrates that additive
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manufacturing researchers have encountered similar problems. These problems primarily
revolve around the mechanics of materials with lattice structures, the number of layers,
the thickness of the lattice, the material compositions, and the development of standards
for lattice structure additive manufacturing. Secondly, it was discovered that, between
2002 and 2022, many patents were published by various inventors as a result of the earliest
increased developments in lattice-structured additive produced materials, which were
noted as early as in 2002.

Table 1. Publications in Scopus in the top journals for additive manufacturing on lattice structures.

Publication Source

Scopus

Total
Publications
(TP)

2021
Articles

2020
Articles

2019
Articles

2018
Articles

2017
Articles CiteScore SJR SNIP

Additive Manufacturing 1883 521 477 250 241 80 11.6 2.71 2.946

Materials 946 316 236 121 89 37 4.2 0.682 1.261

International Journal of
advanced manufacturing
technology

943 159 182 149 112 71 5.6 0.946 1.486

Rapid Prototyping
Journal 691 106 100 85 83 70 6.0 0.827 1.281

Materials and Design 659 168 111 78 93 64 13.0 1.842 2.264

Materials Science and
Engineering A 617 159 109 96 47 42 8.8 1.574 1.973

Materials Today
Proceedings 460 128 83 98 48 19 1.8 0.341 0.657

Metals 440 160 102 66 31 8 3.4 0.57 1.062

Journal of
Manufacturing Processes 415 144 86 45 27 15 6.6 1.387 2.084

Polymers 347 144 82 25 16 3 4.7 0.77 1.2

3.3. Publication Subjects

The meta-analysis conducted on the scientometric review in this section focuses on the
literature search using publication subjects as presented in Figures 9 and 10. They represent
the subject-based categorization of papers on additive manufacturing for engineered lattice
structures. Engineering-related disciplines accounted for the largest percentage in the 2022
data at 37.5%, followed by Materials Sciences at 27.1%; these two occupied over 50% of
the quadrat on publication subjects. It was followed by Physics and Astronomy at 10.6%,
then Computer Sciences at 8.2%, then Mathematics at 5.5%, then Chemical Engineering
at 2.8%, then Chemistry at 2.0%, then Biochemistry at 1.1%, then Energy at 1.0%. The
least was achieved by Business Management at 0.9%, whereas Others, which included
minor subgroups, were at 3.1%, which showed that there were other evolving areas that
worked on application of additive manufacturing. Furthermore, it was noted that research
on Engineering in 2022 data surpassed other areas, which could be seen in the need to
develop control materials for the COVID-19 pandemic and systems for manufacturing
and the production of oil and gas, among others. These are seen in some of the sampled
papers from the screening conducted on the papers used in this study. In other comparable
domains, similar transitions were seen using Web of Science data (see Table 2). The data
on Table 2 were used to give the best significance of the study, as it has been unified and
approximated to be 3 s.f. (significant figures). The tabulated data were also used to have a
breakdown of different engineering subjects, such as Engineering Manufacturing, Engineer-
ing Mechanical, and Engineering Multidisciplinary. The visualisation treemap used for all
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publications on additive manufacturing showed that Materials Science Multidisciplinary
had 672 publications, followed by Engineering Manufacturing at 337 publications, followed
by Engineering Mechanical at 224 publications, followed by Mechanics at 164 publications,
followed by Engineering Metallurgy at 160 publications, followed by Applied Physics at
114 publications, followed by Engineering Multidisciplinary at 75 publications, followed
by Physical Chemistry at 72 publications, followed by Condensed Matter Physics at 71 pub-
lications, and the least was Materials Science Composites at 59 publications. This further
demonstrates how interest on additive manufactured materials in engineering subjects
has been influenced by their use in full-scale applications, control systems for the COVID-
19 pandemic (like face shields), pipeline fabrication, fabrication of machine parts, and
deployment on cutting-edge systems.
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Table 2. Data on publication subjects on “additive manufacturing on lattice structure” from WoS.

Web of Science Categories Record Count % of 1294

Materials Science Multidisciplinary 672 51.932

Engineering Manufacturing 337 26.043

Engineering Mechanical 224 17.311

Mechanics 164 12.674
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Table 2. Cont.

Web of Science Categories Record Count % of 1294

Metallurgy Metallurgical Engineering 160 12.365

Physics Applied 114 8.81

Engineering Multidisciplinary 75 5.796

Chemistry Physical 72 5.564

Physics Condensed Matter 71 5.487

Materials Science Composites 59 4.56

Engineering Biomedical 56 4.328

Materials Science Biomaterials 48 3.709

Nanoscience Nanotechnology 48 3.709

Automation Control Systems 46 3.555

Materials Science Characterization Testing 42 3.246

Engineering Industrial 35 2.705

Computer Science Interdisciplinary Applications 29 2.241

Mathematics Interdisciplinary Applications 26 2.009

Thermodynamics 26 2.009

Engineering Electrical Electronic 25 1.932

Chemistry Multidisciplinary 22 1.7

Engineering Civil 21 1.623

Instruments Instrumentation 21 1.623

Multidisciplinary Sciences 21 1.623

Polymer Science 21 1.623

3.4. Publication Type

The meta-analysis conducted on the scientometric review in this section focuses on
the literature search using publication type that is presented in Figure 11. It represents
the type-based categorization of papers on additive manufacturing for lattice structures.
Journal papers (or articles) are seen to be the highest, with 69.3% having 1226 publications,
followed by conference papers, at 24.1% having 427 publications. Next are review papers,
at 3.7% producing 65 documents, then book chapters, at 1.6% producing 29 documents,
followed by conference review, at 0.7% producing 13 documents. The other types including
the notes, letters, errata, editorials, and data papers; each produced 0.1%, reflecting two
documents from each type. This implies that the research scrutiny on AM is reflected on
the volume of publication outputs, which are significantly research articles.
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3.5. Publication Keywords

The scientometic analysis on the publication keywords on the search keywords on
this investigation. This investigation was initially conducted on the keywords using word
cloud, which showed that some words had higher density than others, as seen in Figure 12.
The densest keywords are represented with higher font sizes and unique font colours.
The keywords are visualized in order using a word cloud generator, which shows the
highest to the lowest as boldest to the least bold. The keywords include lattice, structures,
additive, manufacturing, design, behaviour, mechanical-properties, optimization, laser,
microstructure, structure, melting, mechanical, topology, porous, melting, powder, etc. The
word cloud was developed, using text mining via an online Free Word Cloud Generator, to
generate two schemes of a word cloud based on different amounts of keywords, as seen in
Figure 12a,b. The lesser the number of keywords, the smaller the form of the word cloud,
as seen in Figure 12a. However, when more keywords were used, the limit of the word
cloud generator had to be increased to develop Figure 12b, but the limit was 100 words.
It was then compared with another generator called Voyant tool, which had much larger
limit of up to 500 words.
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However, the keywords from the scientometric analysis were further post-processed,
using VOSviewer version 1.6.18, to obtain the network visualization and density visu-
alization in Figures 13 and 14. The mapped networks showed 36 clusters, showing the
co-occurrences of bibliometric items used for the keywords. From this search, there were
3920 items from the results for the component meta-analysis. It was observed that the
highest keyword co-occurrence was “element analysis”, which shows that a lot of work
on this area has been considered based on the different designs for lattice structures used
in additive manufacturing. The type of element used has an impact on the research by
increasing more micropores, microstructures, and element analysis of the lattices used for
the breakdown of publication years from 2002 to 2022. Other keywords that make a mark
on this area are: formation, microlattice, minimal surface, porous biomaterial, FE (finite
element) result, etc. These range show the diverse research conducted within the scope of
additive manufacturing on lattice structures. See the supplementary data for the keyword
files used in developing the word clouds and other aspects of this scientometric review.
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3.6. Publication Affiliation

This sub-section presents the results of the publication affiliation from the bibliometric
analysis on the subject area. The results of research output related to the publication in this
field are important in understanding the research patterns and the impact of affiliations
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(institutions and organisations), on the research. A deeper understanding of the support
from different affiliations to additive manufacturing on lattice structures is necessary
to assess the research impact from the institution or organisation, which is given as a
breakdown of publication volume from different departments. Moreso, applications of
additive manufacturing on lattice structures have been seen in bioengineering, medical
applications, and mechanical engineering. Hence, the outputs seen from the databases were
cross-field publications. Currently, different research institutes, polytechnics, universities,
and companies have contributed to the scientific literature on additive manufacturing on
lattice-manufactured materials. However, there was a recent increase in small-scale research
and small AM businesses during the recent COVID-19 pandemic, as detailed in Section 4.
AM applications were seen in the control of CoronaVirus for the production of PPEs like
face shields, and also in fabricating ventilators [9]. To better understand the influence of
affiliations, the analysis of publication affiliations was conducted using data from SCOPUS
and WoS databases. To visualise the mapped network, the author’s names were further
filtered to see publications produced on this subject area per year. This also helps to see the
impact of the institution on the research strength in that area. Figure 15 shows the affiliation
contributions on the subject matter. There are over 160 institutions that have contributed
to research in AM on lattice structures. Each of these institutions have different authors,
and some of the publications are sponsored or funded by different funders. However,
further analysis on the impact of the funding agencies is presented in the next sub-section.
The affiliations have collection of documents, as well as some have only one publication,
as AM on lattice structures is still developing in some institutions. Table 3 presents the
twenty (20) institutions with the highest publications on the subject area. From this study’s
data, the Georgia Institute of Technology had the highest publications, as it produced
40 publications on Scopus database while 25 publications on WoS database. The affiliation
with the second highest publication is Beijing Institute of Technology which produced
38 publications on both Scopus and WoS databases. The next affiliation is Royal Melbourne
Institute of Technology (RMIT) as it produced 37 publications on Scopus database while
38 publications on WoS database. It was also observed that the publications from these top
affiliations were also published in high impact journals. Also, the publications from these
highest affiliations are among those who have had many years of research experience on
the subject area on additive manufacturing. Lastly, the visualized network map in Figure 16
also shows the research connectivity of the different affiliations with 13 clusters.
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Figure 15. Publication affiliation for “additive manufacturing on lattice structure” research (data
retrieved from Scopus and WoS on 20 June 2022).
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Table 3. Comparisons on publication affiliation for “additive manufacturing on lattice structure”
research (data retrieved from Scopus and WoS on 20 June 2022).

Affiliation Scopus WoS % of 513 % of 465

Georgia Institute of Technology 40 25 7.797 5.376

Beijing Institute of Technology 38 38 7.407 8.172

RMIT Royal Melbourne Institute of Technology 37 38 7.212 8.172

Nanyang Technological University 35 32 6.823 6.882

Delft University of Technology 23 15 4.483 3.226

Université McGill 31 21 6.043 4.516

Imperial College London 23 16 4.483 3.441

CNRS Centre National de la Recherche Scientifique 30 39 5.848 8.387

University of Nottingham 28 18 5.458 3.871

Singapore Centre for 3D Printing 26 32 5.068 6.882

Politecnico di Torino 25 19 4.873 4.086

Politecnico di Milano 25 22 4.873 4.731

ETH Zürich 25 21 4.873 4.516

Pennsylvania State University 20 24 3.899 5.161

National University of Singapore 20 16 3.899 3.441

National Taiwan University of Science and Technology 20 19 3.899 4.086

Huazhong University of Science and Technology 19 23 3.704 4.946

University of Pittsburgh 18 15 3.509 3.226

Khalifa University of Science and Technology 18 16 3.509 3.441

Chinese Academy of Sciences 12 16 2.339 3.441
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3.7. Publication Authors

Another aspect of the investigation of research patterns on “additive manufacturing on
lattice structures” is based on the publication authorship. The first aspect of the component
meta-analysis is understanding the impact of authorship on the research and its breakdown
of publication volume. Different researchers have contributed to the scientific literature
on additive manufacturing on lattice-manufactured materials. To visualise the mapped
network, the author’s names were further filtered to see publications that did not have
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more than 25 authors per publication. Figure 17 shows the authorship contributions on
the subject matter. There are over 2000 authors in the collection of documents, and some
of them have only one publication. Table 4 presents the eighteen authors with the highest
h-index and highest publications. Additionally, the year the documents were published is
shown. The total number of citations since they first published documents and the quantity
of references cited for each work were retrieved from academic databases. From this study’s
data, the author with the highest h-index is Leary, M., followed by Brandt, M., and then
next is Zhao, Y.F. The authors who received the most citations per publication were also
examined in more detail in the next section. It should be noted that the latest works by
authors with the highest h-index are the contributions of the most widely referenced related
work. However, authors with the highest h-index are among those who have had many
years of research experience on the subject area on additive manufacturing.
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Figure 17. Publication authors for “additive manufacturing on lattice structure” research (data
retrieved from Scopus and WoS on 20 June 2022).

Table 4. Comparative results on publication authors for “additive manufacturing on lattice structure”
research (data retrieved from Scopus and WoS on 20 June 2022).

Author Name Scopus WoS % of 258 % of 246

Leary, M. 26 27 10.078 10.976

Brandt, M. 20 22 7.752 8.943

Zhao, Y.F. 20 12 7.752 4.878

Tang, Y. 19 11 7.364 4.472

Rosen, D.W. 18 11 6.977 4.472

Fang, D. 17 17 6.589 6.911

Jeng, J.Y. 17 17 6.589 6.911

Lozanovski, B. 8 10 3.101 4.065

Yan, C. 15 14 5.814 5.691

Takezawa, A. 10 11 3.876 4.472

To, A.C. 13 11 5.039 4.472

Zadpoor, A.A. 13 14 5.039 5.691

du Plessis, A. 13 14 5.039 5.691

Park, S.I. 11 10 4.264 4.065

Cuan-Urquizo, E. 10 9 3.876 3.659

Downing, D. 10 11 3.876 4.472

Shi, Y. 9 14 3.488 5.691

Zhang, X. 9 11 3.488 4.472
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3.8. Publication Citations

In this sub-section, the scientometric review on publication citations is conducted. The
citations in this field against the quantity of publications is one important factor to consider.
The citations are used to assess the strength of a research area, the scientific significance,
and the impact of the publications in the subject area. One of the indicators used in this
assessment is the h-index. The h-index value is based on a list of publications ranked in
descending order by the Times Cited count. It can be said that an index of ‘h’ implies that
there are ‘h’ papers that have each been cited at least ‘h’ times. Additionally, the h-index is
based on the depth of years of the WoS database product subscription and your selected
timespan. The source items that are not part of the WoS database product subscription
were not factored into the calculation. There were less publications from WoS, whereas
there were more publications in Scopus, in a ratio of 1766:1294. It was observed that there
was a h-index of 79 and an average citation per publication of 18.71. In the total documents
on the subject area, there were also 12,691 citing articles, whereby 11,750 publications were
without self-citations. These articles were cited 24,205 times, cumulatively, whereas those
publications without self-citations were cited 19,028 times. This is shown in the citation data
presented in Figure 18. The number of documents has increased significantly since 2013,
whereas the slope of the cumulative publications has barely changed. With the exception
of a little decline in the 2012–2013 era, the most substantial changes in the slope of the
cumulative publications are shown between 2009–2021. It is important to note there has not
been a plateau pattern in recent years, which shows that additive manufacturing research
for lattice structures has been relevant recently. Additionally, the drop in the 2021–2022
data shows a drop because it is mid-2022; as such, it is expected to tip higher.
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3.9. Publication Collaborations by Co-Authorship

The scientometric analysis on publication authorship was conducted using the data
from the publication databases. For the co-authorship analysis, the counting method used
was the full counting method, and the publications that had above 25 authors were ignored
from this study. The number of documents per author were limited to five, and 92 met the
thresholds out of 4475 authors. The authors with the greatest total link strength were used
in the selection. The threshold system used to filter the authorship was a minimum of one
publication in the area, as 3446 authors met this threshold. In this data clustering, there
were two methods considered in the analysis. For the first method, 17 clusters were used
for the authorship, as seen in Figures 19 and 20. The highest publications were identified
in the green node by cluster 2 showing Seung Ki Moon as the most published author in
additive manufacturing, with 23 links, 17 publications, and a total link strength of 45.
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The second method of analysis was conducted using fractionalization to normalize
the data. It showed a much wider network of co-occurrences between publications but
mapped more links and clusters between the different authors in different locations, as
seen in Figure 21. This method also showed the impact of the research, as seen through
the authors. The density visualization in Figure 22 also showed the link strength of the
authors on this subject area, and the breakdown of publication can be tracked to see the
research patterns.

268



Materials 2022, 15, 5323Materials 2022, 15, x FOR PEER REVIEW 22 of 35 
 

 

 
Figure 21. Mapping based on co-authorship showing the network visualization for the second 
method. 

 
Figure 22. Mapping based on co-authorship showing the density visualization for the second 
method. 

Figure 21. Mapping based on co-authorship showing the network visualization for the sec-
ond method.

Materials 2022, 15, x FOR PEER REVIEW 22 of 35 
 

 

 
Figure 21. Mapping based on co-authorship showing the network visualization for the second 
method. 

 
Figure 22. Mapping based on co-authorship showing the density visualization for the second 
method. 

Figure 22. Mapping based on co-authorship showing the density visualization for the second method.

269



Materials 2022, 15, 5323

3.10. Publication Countries/Regions

The scientometric analysis on publications conducted in this subject area showed that
the researchers from 75 different nations have contributed to the scientific literature on
additive manufacturing on lattice structure materials, although only 25 of those nations
have more than 10 publications to their names. Figure 23 shows the 25 nations with the most
quantity of publications, namely: United States, China, Italy, United Kingdom, Germany,
France, Australia, Canada, Singapore, India, Japan, Switzerland, Russian Federation, South
Korea, Turkey, Netherlands, Iran, Belgium, South Africa, Taiwan, Sweden, Spain, Malaysia,
United Arab Emirates, and Poland. According to the overall number of publications that are
not dependent on international collaboration, the USA comes out as the top nation. From
2002–2022, it was observed that different databases reflected close results for each country,
as seen in Table 5. The Scopus database showed that the USA produced 397 publications,
whereas WoS showed that the USA produced 252 publications. The top four countries with
the highest scientific production also include Italy, China, and the UK. In this way, it can
also be seen that the regions of Europe and Asia, where there are more than 60 publications,
are more interested in research on additive manufacturing with lattice structures. As
shown in Figure 23, the USA, China, Italy and the UK, which have the broadest worldwide
network of collaboration, are at the forefront of academic engagement. It is hoped that
other nations will close the gap in the publication ratio from that of the top countries, such
as USA, which almost doubles the third (Italy).
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Table 5. The global research activities showing countries with the highest relevance for “additive
manufacturing on lattice structures” from the Scopus and WoS databases.

Country/Territory Scopus WoS % of Scopus
Sum (1998)

% of WoS Sum
(1526)

United States 397 252 19.869 16.514

China 306 256 15.315 16.776

Italy 177 127 8.859 8.322

United Kingdom 173 119 8.659 7.798

Germany 121 100 6.056 6.553

France 82 61 4.104 3.997

Australia 81 73 4.054 4.784
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Table 5. Cont.

Country/Territory Scopus WoS % of Scopus
Sum (1998)

% of WoS Sum
(1526)

Canada 74 56 3.704 3.669

Singapore 65 57 3.253 3.735

India 52 35 2.603 2.294

Japan 51 38 2.553 2.490

Switzerland 44 36 2.202 2.359

Russian Federation 43 26 2.152 1.704

South Korea 43 31 2.152 2.031

Turkey 40 29 2.002 1.900

Netherlands 30 32 1.502 2.097

Iran 29 25 1.451 1.638

Belgium 27 26 1.351 1.704

South Africa 27 20 1.351 1.311

Taiwan 26 29 1.301 1.900

Sweden 25 18 1.251 1.180

Spain 24 21 1.201 1.376

Malaysia 21 19 1.051 1.245

United Arab Emirates 21 21 1.051 1.376

Poland 19 19 0.951 1.245

4. Implications of Trends for Future Research
4.1. Implications of Publication Volume

Due to the significant advantages that polymer-based materials have recently brought
to the research and industrial community globally, new studies and technological devel-
opments have centred on enhancing levels of multifunctionality in diverse applications.
When compared to single homogenous structures, the ability to fabricate bespoke multi-
material structures utilising additive manufacturing technology enabled particular material
selection and improved various attributes [145–150]. Considering the nature of the topics
covered in this review, more discussion has been extended to the limitations of “additive
manufacturing on lattice structures” and the challenges of including more aspects of the
bibliometric analysis. Hence, further discussions should be looked at based on three (3) very
relevant aspects: “type of additive manufacturing technology”, “lattice topologies”, and
“additive manufacturing”. Based on the scientometric analysis, the following evaluation of
recent multi-material polymers with AM applications in the engineering, biomedical, and
information technology sectors is provided.

The literature on lattice-structured materials manufactured using additive processes
has grown significantly since 2002 up to 2022, as seen in Figure 6. This pattern not only
reflects the advancement of additive manufacturing technology, but it also reflects the rising
need for further research. There were over 10 unique high-impact journals that publish
in a widely diversified set of publications, which were presented in Table 1. Although
journal publications are evenly distributed, the field of additive manufacturing on lattice
structures has the most publications overall at 25% (Additive Manufacturing Journal). The
field of additive manufacturing, which encompasses a variety of applications, systems,
methodologies, techniques, materials, and technologies, is often regarded as having the
top journal in the world. Table 1 indicates that the majority of the journals, with the excep-
tion of Additive Manufacturing and Rapid Prototyping Journal, concentrate on materials.
Therefore, in the process of determining where to publish their papers, researchers working
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on technologies or processes of additive manufacturing may run into problems. Some of
these additive manufacturing studies include different types of lattice structures [150–159].
Typical representations showing the computational model for typical lattice structures,
such as (a) the strut-based lattice structure, and (b) the surface-based lattice structure, are
seen in Figure 24.
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4.2. Implications of Additive Manufacturing Processes

The correlations between keywords in articles were taken into account in this analysis.
Different studies show that the mechanical properties of both polymer and metal material
additive manufacturing received the most attention from researchers [160–168]. Although
important for new functional polymers, the applications of fire-resistance, electrical, ther-
mal, bioprinting, electronics, 4D printing, and biocompatible qualities garnered far less
research in this discipline. Different processes for AM, including related terminologies on
AM, can be seen in the ISO standard [169]. Fused deposition modelling (FDM), which is
thought to be the most popular method for multi-material additive manufacturing due
to its expanding choice of materials and doable technique, is another hot place from the
keywords network. The problems with the FDM technology of additive manufacturing,
particularly the weak bond strength between various materials, have not yet been solved,
and both academia and business should pay greater attention to this issue.

The purpose of the AM research on lattice structures is to advance 3D/4D printing
techniques that fill the gaps between this technology and conventional production processes.
Currently, the creation of polymeric compounds opens the door to the flexibility to examine
and regulate the characteristics and functionality of the product manufacturing process
that are relevant to their actual application. To enhance the quality of the finished product
in accordance with its geometry, research into the development of novel materials and
investigation of the physical processes involved during the deposition process must be
combined. The researcher will be able to determine the composition of the microstructures
and the mechanical properties based on the chosen printing parameters. Additionally,
future research can be done to evaluate the behaviour during the development of numerical
models to assess the temperature variation and the thermal stress sustained by the material.

The scientometric analysis conducted in this study was able to examine different
parameters of publications on the field. However, the research findings were only able to
quantitatively determine any prospective research gaps and probable future trends. Based
on new areas to look into, one possible topic for research in the realm of additive manufac-
turing is printing efficiency. It is frequently necessary to make a trade-off between printing
effectiveness (such as scanning speed) and part quality (such as print resolution) [38–41]. In
order to increase printing efficiency, more energy power or quicker scanning speeds can be
used, although printing accuracy may suffer as a result. Additionally, lengthy, complicated
post-processes lengthen the printing process overall. It is also challenging to expand the
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printing or production platform, since there are post-processing problems such as with heat
treatment and support material removal. Therefore, it is essential to continuously create
and enhance efficient post-processing techniques.

4.3. Implications of Policy Documents

The implication of policy documents on the subject area were also looked at based
on the scientometric analysis conducted in this study. However, it is suggested that an
in-depth analysis be conducted in this area, as policies related to AM are evolving due
to the material advances made, developments of techniques for AM, applications, global
challenges, and economic values. More study is recommended on the elaboration of AM
standards to cover both 3D printing and 4D printing. Additionally, since there are other
forms of lattice structures like the planar lattice structure, octet lattice structure, and the
BCC lattice structure, it is pertinent that more specialised bibliometric analysis will be
conducted that would be confined to particular forms of lattice structures. However, the
present scientometric analysis was able to examine different parameters of publications on
the field. Additionally, the research findings were only able to quantitatively determine
these prospective research gaps and probable future trends.

Another constraint on lattice architectures is the interfacial bonding strength. Engineer-
ing the interfaces between objects made of different materials presents one of the challenges
in multi-material 3D printing. Determining the proper level of connections for the lattice
structure is therefore necessary. Even though different additive manufacturing techniques
have made significant advancements and have a great deal of room for growth in the future,
the weak bond strength between adjacent printed layers of various materials remains a
challenge. This challenge is due to the formation of defects brought on by variations in
the physical and chemical properties of the materials, which would ultimately affect the
overall mechanical performance of the printed parts [38–40].

Lattice structures benefit from the optimization of additive manufacturing. There
are various methods for utilising this solution to improve printing parameters. To get
over this problem, this can be achieved using prototype fabrication, numerical simulation,
in-situ monitoring, or artificial intelligence. Additionally, anisotropy in the printed object
may result from the use of many materials in 3D printing, and each layer’s mechanical
characteristics may decline as a result of the manufacturing process’ temperature gradient.
There are two main categories of methods for increasing the mechanical strength of multi-
material 3D parts: processing parameter optimization [149,158,159] and additional external
energy input [147,148,156]. To push the limits of multi-material additive manufacturing,
fundamental scientific understanding on the inter-layer cohesion mechanisms between
incompatible printed materials is required, in addition to technical innovations.

4.4. Implications of the COVID-19 Pandemic

Thus, it is possible to develop more unique materials and applications for this field.
An application of response from this field also induces the publication history as recorded
in Section 3.1. Two global events have been considered in the publication trend, as the
2016–2017 oil price decline and the COVID-19 pandemic have been highlighted. It is clear
from the 2022 data that the sizes are compared to one another. Additionally, it illustrates
the impact of several events, such as the COVID-19 pandemic and the global decline in the
price of oil per barrel in the years 2016–2017. The authors propose that these two worldwide
events have an impact on the volume of publications for additive manufacturing on lattice
structures, especially COVID-19 [169–179]. The production of high-caliber research articles
has been significantly influenced by the recent worldwide COVID-19 epidemic in 2020–
2021 and national lockdowns that happened in over 80% of countries globally for many
months due to the challenge of finding COVID-19 controls such as the use of 3D printed
face shields [9,120,180–188]. Also, lessons learnt from the recent COVID19 pandemic has
shown that challenging situations can lead to advances in AM [189,190].
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Although the majority of commercial 3D printers can create macro-scale parts, there
are several real-world uses for 3D printed parts at various scales. A promising printing
technology for 3D printing parts from the micro to nanoscale of various materials ap-
pears to be the hybrid 3D printing platform, which can balance resolution and printing
efficiency at the micro-nanometer scale. The next part provides a summary of the future
directions that the systematic review suggests, with concluding remarks that are based on
the authors’ expertise.

5. Conclusions

With the increasing designs and advances in material development, additive manu-
facturing has not been left behind. Additive manufacturing has aided the manufacture
of 3D parts and other multi-material polymer/metal additive manufactured components.
Thus, the need for this scientometric study to investigate the research patterns for additive
manufacturing on lattice structures. In-depth assessments were conducted on the literature
in the area by looking at publication records from the Scopus and WoS databases. The
primary research frameworks, articles, and pertinent research subjects were subsequently
discovered through analysis of the number of publications, literature coupling, keyword
co-occurrence, authorship, and countries/regions activities.

This paper offers a thorough, systematic analysis of the most recent developments in
additive manufacturing, both in terms of technique and applications for publications from
2002 to 2022. The scientometric analysis revealed a strong bias in favour of investigating ma-
terials in this area but little concentration on emerging technologies. The author keywords
from this bibliometric review shows that there are different aspects of lattice structure that
are related to the subject area. For instance, 3D printing efficiency, interfacial bonding
strength between multiple materials, cross-contamination, scalability, and applications
stated above are just a few of the lingering issues that additive manufacturing technology
still faces today, seen in the keywords.

To overcome these obstacles, interdisciplinary research and development will be
crucial, and developments in additive manufacturing on lattice structures and its innovative
uses in new fields will hasten scientific research and technical advancement in a variety of
fields. VOSviewer was also used to visualize the items, the co-relationships of the clusters,
and the mapped networks needed. This was achieved by using a consistent data format to
retrieve the data from both databases. From this study, the USA was the highest region that
worked on additive manufacturing for lattice structures. This research also shows patterns
of research from authors and their affiliations.

It is recommended that the data from one database be validated by using a second
database and comparing the publication records. To gain more complete data, it can be
improved by merging several datasets like Scopus, Google Scholar, and Web of Science.
Additionally, the scientometric analysis in this study is unable to directly offer or depict
the expertise of researchers or publication authors, which may prevent further review.
Further areas of scientific reviews can be involved with technical focus groups, whereby
the publications can be grouped into many categories. Additionally, the results of the
scientometric analysis in each category can be sent to a corresponding expert from technical
focus groups. This approach can be used to retrieve technical views from experts in various
fields. Findings from the plethora of literature on AM can further present advancements
made in the field and the research gaps to broaden the scope of recommendations.

Supplementary Materials: The following supporting information can be downloaded at: Amaechi,
Chiemela Victor; Adefuye, Emmanuel (2022), “Supplementary Dataset on Scientometrics of Additive
Manufacturing for lattice structure”, Mendeley Data, V1, https://doi.org/10.17632/wxd98kfkrp.1
(accessed on 22 July 2022).
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Abstract: The aim of this work is to study the physical-chemical, mechanical, and biocompatible prop-
erties of hydroxyapatite obtained by hydrothermal synthesis, at relatively low temperatures and high
pressures, starting from natural sources (Rapana whelk shells), knowing that these properties influ-
ence the behavior of nanostructured materials in cells or tissues. Thus, hydroxyapatite nanopowders
were characterized by chemical analysis, Fourier-transform infrared spectroscopy (FT-IR), dynamic
light scattering (DLS), scanning electron microscopy (SEM), and X-ray diffraction (XRD). In vitro
studies on osteoblast cell lines (cytotoxicity and cell proliferation), as well as preliminary mechanical
tests, have been performed. The results showed that the obtained powders have a crystallite size
below 50 nm and particle size less than 100 nm, demonstrating that hydrothermal synthesis led to
hydroxyapatite nanocrystalline powders, with a Ca:P ratio close to the stoichiometric ratio and a
controlled morphology (spherical particle aggregates). The tensile strength of HAp samples sintered
at 1100 ◦C/90 min varies between 37.6–39.1 N/mm2. HAp samples sintered at 1300 ◦C/120 min
provide better results for the investigated mechanical properties. The coefficient of friction has
an appropriate value for biomechanical applications. The results of cell viability showed that the
cytotoxic effect is low for all tested samples. Better cell proliferation is observed for osteoblasts grown
on square samples.

Keywords: hydroxyapatite; nano-crystalline powders; hydrothermal synthesis; mechanical
properties; cell viability; cell proliferation

1. Introduction

Hydroxyapatite (HAp) is a well-known calcium phosphate material, chemically identi-
cal to the mineral phase of the bone and the hard tissues of mammals. The most interesting
property of this ceramic material is its ability to interact with living bone tissue, forming
strong bonds with the bone, without causing toxicity or inflammatory response. It is
commonly used for orthopedic, dental, and maxillofacial applications, either as a coating
material for metal implants or as a bone filler. However, the material has some disad-
vantages. HAp is not thermally stable, with dehydroxylation starting at 800–1200 ◦C,
depending on its stoichiometry [1,2]. It has poor mechanical properties (especially low
fatigue strength), which means that it cannot be used in compact form for applications
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where the implant is subjected to heavy mechanical stresses (e.g., hip joint). The mechan-
ical properties of HAp depend on porosity, density, sinterability, crystal size, and phase
composition [3]. Nanoscale hydroxyapatite crystals show better mechanical properties and
greater bioactivity than micron-sized crystals [4,5].

Hydroxyapatite in various forms, such as powder, porous blocks, or pearls, can be
used to fill bone defects and free spaces in the bone [6–9]; these occur when parts of the bone
have been removed due to a disease (bone cancer), or when bone extensions are needed
(in the case of dental applications). The bone filling will form a skeleton and will facilitate
the rapid filling of the pores by the growing natural bone tissue [2]. Hydroxyapatite as a
filler is an alternative to autologous bone grafts, becoming part of the bone structure and
reducing the time required to heal diseased tissue [10].

Recently, hydroxyapatite has been studied for other applications such as drug-
delivery [11–13], collagen stimulation [14], skin regeneration [15,16], or sun protection
in the pharmaceutical industry [15], as well as water purification [17–20], wastewater
treatment [21–24], and in other chemical, optical, and electronics industries [1].

Therefore, various methods for synthesizing Hap, with tailored properties, have been
investigated. These can be classified as dry methods (solid-state and mechanochemical),
wet methods (chemical precipitation, hydrolysis, sol-gel, hydrothermal, emulsion, polymer-
assisted routing, synthesis via biological tissue, ultrasonic spray freeze-drying, microwave
irradiation, and sonochemical procedures), and high temperature processes (combustion
and pyrolysis) [25–30].

Although many synthesis methods have been developed, the preparation of HAp
with specific characteristics remains challenging because of the possibility of the formation
of toxic intermediary products or impurities during the synthesis of HAp [5]. Thus, studies
on new synthesis parameters of HAp are still in progress [27].

In recent years, many researchers combined the synthesis methods of HAp with the
sustainable use of CaCO3 natural resources, namely the processing of marine (seashells,
fish bone, corals, algae) and agricultural wastes (eggshells, animal bones) for preparing
calcium phosphates [31–34].

Compared to synthetic HAp, natural HAp is non-stoichiometric, containing traces of
Na+, Zn2+, Mg2+, K+, Si2+, Ba2+, F−, and (CO3)2−, which resembles the chemical composi-
tion of human bone [35,36].

In the present study, our goal is to study the physical-chemical, mechanical, and
biocompatible properties of hydroxyapatite prepared by the hydrothermal method in
different pressure conditions, starting from Rapana whelk shells from the Black Sea coast,
knowing that these properties influence the behavior of nanostructured materials in cells or
tissues. As a novelty, the influence of synthesis pressure on the physical-chemical properties
of HAp is studied, aiming to prepare highly crystalline HAp with improved mechanical
and biocompatible properties.

2. Materials and Methods
2.1. Materials

Rapana Thomasiana shells were collected from the Romanian Black Sea coast, cleaned
of sand, and washed with water and detergent to remove algae and traces of visceral mass
inside. The commercial materials used were NH4H2PO4 p.a. (Lach-Ner, s.r.o., Neratovice,
Czech Republic), HCl 37% p.a. (Cristal R Chim SRL, Bucharest, Romania), HNO3 68%
p.a. (Cristal R Chim SRL, Bucharest, Romania) and NH3 25% p.a. (Cristal R Chim SRL,
Bucharest, Romania).

2.2. Hydrothermal Synthesis

Prior to hydrothermal synthesis, Rapana Thomasiana shells were mechanically crushed,
ground in a Retsch Vibratory Disc Mill RS 200 (Retsch GmbH, Haan, Germany), and dis-
solved in a mixture of HCl:HNO3 = 2:1 (60 mL HCl 37% and 30 mL HNO3 68%), resulting in
a solution of 30–40% calcium (Ca precursor of HAp). Afterwards, this solution was magnet-
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ically mixed with NH4H2PO4 as the phosphorus precursor, precipitated with NH3 solution
25% until alkaline pH 10, and subjected to hydrothermal synthesis in a Teflon vessel placed
in a closed system (Berghof reactor, Berghof Products + Instruments, GmbH, Eningen unter
Achalm, Germany). The hydrothermal process was conducted at temperatures between
100–150 ◦C and various pressures (2, 6, and 10 MPa, respectively), followed by drying in a
Memmert oven UFE 400 (MEMMERT GmbH + Co. KG, Schwabach, Germany) at 100 ◦C for
24 h. The pressure was created by bubbling Ar 5.0 gas (99.999% purity) over the aqueous
solution in the Teflon vessel.

2.3. Characterization of Hydroxyapatite Powder

The characterization of the nanostructured HAp powder was performed by the fol-
lowing methods: flame atomic absorption spectrometry (FAAS), for the determination
of Ca content; inductively coupled plasma optical emission spectrometry (ICP-OES), to
determine P content; Fourier transform infrared spectroscopy (FT-IR), to highlight the
vibrational modes; X-ray powder diffraction (XRD), for phase analysis and crystallite size
determination; Dynamic light scattering (DLS), for particle size distribution in suspension;
BET specific surface area determination; scanning electron microscopy (SEM), coupled with
energy dispersive X-ray spectroscopy (EDX), for morphology analysis; and differential
scanning calorimetry (DSC), coupled with thermogravimetry (TGA), for thermal stability.

2.3.1. Chemical Analysis

FAAS was performed using an Analytik Jena ZEEnit 700 P AAS Atomic Absorption
Spectrometer (Jena, Germany). For ICP-OES analysis, an Agilent 725 ICP-OES system
(Agilent Technologies, Santa Clara, CA, USA) was used.

2.3.2. Structural Analysis

The presence of functional groups characteristic of hydroxyapatite was identified
by FT-IR, using an ABB MB 3000 FT-IR spectrometer (ABB Inc., Québec, QC, Canada),
equipped with the EasiDiff device (PIKE Technologies, Inc., Madison, WI, USA) for working
with powders. Measurements were conducted in the transmission mode, from 4000 to
550 cm−1, with a scan resolution of 4 cm−1. Experimental data were processed using the
Horizon MBTM FTIR software version 3.4.0.3 (ABB Inc., Québec, QC, Canada).

In the case of X-ray diffraction, the data acquisition was performed on the BRUKER D8
ADVANCE diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) using the DIFFRAC
plus XRD Commander software, version 5.1.0.5 (32 Bit) Bruker AXS 2010-2019 (Bruker AXS
GmbH, Karlsruhe, Germany), according to the Bragg-Brentano diffraction method, θ-θ
coupling in vertical configuration, at a voltage of 40 kV and current of 40 mA, in the range
2θ = 4 ÷ 74◦, and 2θ step of 0.03◦. The phase identification was completed with the help of
the DIFFRAC.EVA release 2019 program (Bruker AXS GmbH, Karlsruhe, Germany) from
the DIFFRAC.SUITE.EVA software package and the ICDD PDF4 + 2022 database.

2.3.3. Particle Size Distribution

Particle size distribution was measured using a Zetasizer Nano ZS 90 particle analyzer,
Malvern Instruments (Worcestershire, UK), in size range of 0.3–5.0 µm, temperature range
of 2–90 ◦C, and endowed with Zetasizer software v8.01 (PSS0012-42, Malvern Instruments
Ltd., Malvern Panalytical Ltd., Worcestershire, UK).

Sample preparation: a stable suspension was prepared by magnetic stirring and
the sonication of nanostructured HAp powder with double distilled water, ethanol, and
commercial dispersant DuramaxTM D3005 (Trademark of The Dow Chemical Company,
Midland, MI, USA). The obtained suspension was filtered through a Millipore membrane
(d = 0.22 µm) and transferred to the glass cuvette for particle size distribution measurement.
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2.3.4. BET Specific Surface Area Measurements

The method used to determine specific surface area, pore volume or porosity, and
pore shape and size is based on the physisorption of N2 gas at 77 K (−196 ◦C), with an
adsorption-desorption isotherm. Measurements were performed using a Micromeritics
TriStar II Plus analyzer (Micromeritics Instrument Corporation, Norcross, GA, USA). The
specific surface area was obtained by the Brunauer–Emmett–Teller (BET) method, while the
pore volume and pore size distribution were determined by the Barrett–Joyner– Halenda
(BJH) method. Prior to each determination, the powder samples were subjected to a heat
treatment at 300 ◦C for several hours to remove traces of liquids and impurities using the
VacPrep 061 degassing stations.

2.3.5. Morphological Analysis

To examine and correctly establish the morphology and size of the hydroxyapatite
crystals obtained, the hydroxyapatite samples were studied in High Vacuum mode using a
FEI Quanta 250 scanning electron microscope (FEI Company, Eindhoven, The Netherlands).
The analyzed samples were metallized by coating with a 5 nm thick Au layer.

2.4. Hydroxyapatite Pellets Preparation

HAp nanopowders prepared by hydrothermal synthesis at 10 MPa were mechanically
mixed with polyvinyl alcohol (PVA) 5% solution, dried in an oven at 100 ◦C for 24 h,
and then uniaxially compacted at a pressure of 98 MPa into cylindrical pellets with a
16 mm diameter and a 12 mm height for mechanical evaluation, respectively, and round
disks with a diameter of 9 mm and a height of 1.6 mm for in vitro testing. These pellets
were further sintered in air atmosphere at different temperatures and sintering times
(1100 ◦C/90 min; 1200 ◦C/90 min, 120 min, 180 min; 1300 ◦C/90 min, 120 min, 180 min;
and 1400 ◦C/90 min, 120 min, 180 min, respectively) in an electric furnace at a heating and
cooling rate of 1 ◦C/min and allowed to furnace cool. Sintering conditions were chosen
based on literature data presented in [37,38]. HAp sintered specimens are presented in
Table 1.

Table 1. Sintering conditions and type of sintered for HAp specimens.

Sintering
Temperature, ◦C

Sintering Time,
Min Sample Type Sample Codes Sample Destination

(Mechanical Test/In Vitro Test)

1100 90 Cylinder 5.2/5.3/5.5/5.6/5.7 Mechanical
1200 90 Cylinder PE20, PE21, PE22 Mechanical
1200 120 Cylinder PE17, PE18, PE19 Mechanical
1200 180 Cylinder PE14, PE15, PE16 Mechanical

1200 180 Round disk PE30, PE31, PE32,
PE33, PE34, PE35 In vitro

1300 90 Cylinder PE4, PE5, PE6 Mechanical
1300 120 Cylinder PE1, PE2, PE3 Mechanical
1300 180 Cylinder PE7, PE8, PE9 Mechanical
1400 90 Cylinder PE10, PE11, PE12 Mechanical
1400 120 Cylinder PE23, PE24, PE25 Mechanical
1400 180 Cylinder PE13, PE27, PE29 Mechanical

2.5. Mechanical Properties Evaluation

To investigate the mechanical properties of the sintered specimens, all tests (com-
pressive strength evaluation, micro-hardness measurement, and wear test) have been
conducted in accordance with the international standards in force [39,40], but also based
on our previous experience [41,42].
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2.5.1. Compressive Strength Evaluation

The universal test machine LBG 100 (Maximum force: 100 kN) was used for the
compression testing (performed according to our own procedure, based on EN 658-2:2002).

2.5.2. Micro-Hardness Measurement

The micro hardness (HV1) of the sintered specimens was determined according to
ISO 14705:2000, via the Vickers indentation, with a NAMICON CV-400DM Microdurimeter
produced by CV Instruments Europe BV (range: HV0,01-HV1, load 10–1000 g, resolution
0.03 µm, Vickers diamond indenter, 10×, 40× objectives, microscope with analog reading,
automatic load force control, video image control). A total of 3 indentations were made
and the resulting hardness values were averaged.

2.5.3. Wear Test

A CSM Instruments tribometer, with a maximum torque of 450 N.mm and a maximum
load of 46 N., was used for the wear tests. The software used for analysis and graphical
representation was InstrumX. The usable frequency is 1.6 Hz at a speed of ball movement
in the range of 0.3–500 mm/s, the frequency of information acquisition being 10 Hz. The
tests were performed according to our own developed procedure, based on ISO 22622:2019,
with harder conditions (100 Hz instead 10 Hz).

2.6. Biocompatibility Assessment
2.6.1. Preparation of Cell Lines

To perform the cytotoxicity test of the HAp samples, a cell line of normal human
osteoblasts (NHOst, Cat.No. CC-2538, Lonza, Germany) was used. The osteoblast cell
line was cultured in a 25 cm2 cell culture flask using osteoblast-specific growth medium,
supplemented with 10% fetal bovine serum (FBS) and 50 µg/mL gentamicin. Cells from
two flasks of 25 cm2 cells were trypsinized with 0.025% trypsin-EDTA, centrifuged, and
the pellet was resuspended in 5 mL of growth medium completely specific to the cell
line. Initial cell counting was performed by staining with Tripan Blue 1:1 (50 µL cell
suspension + 50 µL Tripan Blue). The osteoblast cell suspension has a concentration of
1.3 × 106 cells/mL.

2.6.2. Preparation of the Test Compound

A total of 12 HAp samples were assessed for cytotoxicity and cellular proliferation:
6 square samples, with dimensions of 15 × 15 × 5 mm3, fabricated using the 3D printing
technique as described in [43], dried in oven at 100 ◦C, and not sintered; and 6 round sam-
ples (disks), with a diameter of 9 mm and a height of 1.6 mm, sintered at 1200 ◦C/180 min,
as shown in Table 1.

The 12 tested samples were placed in a 12-well cell culture plate, with growth
medium completely specific to the osteoblast cell line (OGMTM Osteoblast Growth medium
BulletKitTM, Lonza, Germany), and incubated for 24 h at 37 ◦C, in a shaking incubator, 5%
CO2. The weight/volume ratio was 200 mg/mL, according to the recommendations of ISO
10993-12. After incubation, the stock solution was diluted in binary dilutions (1/2, 1/4,
and 1/8).

2.6.3. Cytotoxicity Test

To perform the cytotoxicity test, the osteoblast cell suspension is cultured in 2 mi-
croplates with 96 wells and a flat bottom, 200 µL/well (2.6 × 105 cells/well), and incubated
in a CO2 incubator (5%) at 37 ◦C for 24 h.

The next day, the environment is changed, as follows:

• Only 200 µL of complete growth medium is added to the blank wells.
• In the cell control wells, the medium is removed, and 200 µL of complete, fresh growth

medium is added.

287



Materials 2022, 15, 5091

• The medium is removed from the wells with the test compound, and 200 µL of fresh
medium containing various dilutions of the compound (1/2, 1/4, and 1/8) are added.
The blank, the cell control, and the test samples are distributed in duplicate for each
dilution.

After 24 h, the 3-4,5-(dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) test is performed to measure the conversion of MTT to a stained product in living
cells. The MTT-based cell growth assay kit (Sigma-Aldrich, Darmstadt, Germany) contain-
ing the MTT solution (5 mg/mL MTT in RPMI-1640 without phenol red) and the MTT
solvent (0.1 N HCl in anhydrous isopropanol) were used for this assay. The microplates
are removed from the incubator, 20 µL MTT/well (10% of the medium volume) is added,
and the microplates are incubated for 4 h at 37 ◦C, in dark, under CO2. After 4 h, the
microplates are removed from the incubator, the medium is discarded, and 200 µL of MTT
solution/well is added. The optical density (OD) is read at a wavelength of 570 nm, within
a maximum of 1 hour from the time the solvent was added, using a multimodal reader
(EnSight™ Multimode Microplate Reader, PerkinElmer, Akron, OH, USA).

Cell viability is calculated with the following formula:

% Cell viability =
OD positive control − OD blank
OD negative control − OD blank

× 100

where: positive control = cells + compound + MTT + MTT solution; negative control = cells
+ MTT + solvent MTT; and blank = complete growth medium + MTT + MTT solution.

The negative control (cell control) and the samples (positive control) were run in
2 wells for each concentration of the compounds and at the end, the arithmetic mean of the
optical density readings was made, and read at a wavelength of 570 nm.

2.6.4. Cell Proliferation

To highlight cell proliferation, the 12 samples to be tested were placed in the center of
the wells of a 12-well plate and incubated with 400 µL growth medium in an incubator at
37 ◦C overnight. In addition, 200 µL of osteoblast cell suspension were added, the samples
being thus cultured in a 5% CO2 atmosphere at 37 ◦C, allowing the cells to be attached to
the samples. A modified MTT test was used [1].

Briefly, the osteoblast cell line was seeded at a density of 2.6 × 104/mL, and the cell
culture was for 24, 48, and 72 h. The growth medium was replaced daily during testing.

A total of 60 µL MTT solution (5 mg/mL) was added to the wells, followed by an
incubation period at 37 ◦C for 4 h for the formation of MTT formazan. The supernatant
was removed by aspiration, and the MTT solvent (600 µL DMSO) was added to dissolve
the formazan crystals. Within a maximum of one hour after the addition of the solvent,
200 µL of each well were then transferred to a 96-well plate (in duplicate) to read the optical
density at a wavelength of 570 nm, using the multimodal reader (EnSight™ Multimode
Microplate Reader, PerkinElmer, Hopkinton, Massachusetts, USA). For the resumption of
samples in 96-well plates, the same sample arrangement schemes, with the 2 adhered cell
lines but at different contact times (at 24, 48, and 72 h), were used. The interpretation of the
results is made using the previously mentioned formula to determine the cytotoxicity. The
obtained values reflect cell proliferation in each well, for each sample [2].

3. Results
3.1. Hydrothermal Synthesis

Hydroxyapatite nanopowders prepared from natural sources were synthesized under
hydrothermal conditions at temperatures, between 100–150 ◦C, and different pressures (2,
6, and 10 MPa). The resulting powders were denoted HAP-20, HAP-60, and HAP-100, with
the numbers in the sample code signifying the working pressure in bar units.
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The chemical reactions that lead to hydroxyapatite, starting with Rapana Thomasiana
shells, are written below:

CaCO3 + 2HCl = CaCl2 + H2O + CO2↑ (1)

CaCO3 + 2HNO3 = Ca(NO3)2 + H2O + CO2↑ (2)

10CaCl2 +6NH4·H2PO4 + 14NH4OH = Ca10(PO4)6OH2 + 20NH4Cl + 12H2O (3)

10Ca(NO3)2 + 6NH4·H2PO4 + 14NH4OH = Ca10(PO4)6OH2 + 20NH4NO3 + 12H2O (4)

Equations (1) and (2) describe chemical reactions which take place duringthe dissolving
of Rapana shells in the HCl-HNO3 mixture. Hydrothermal reactions are represented by
Equations (3) and (4). Calcium solution, consisting of CaCl2 and Ca(NO3)2 aqueous species,
is mixed with NH4·H2PO4 as the P precursor of HAp and precipitated with NH3 25%
solution. During hydrothermal synthesis at a high temperature and pressure, crystalline
HAp nanoparticles are formed.

It is well known that crystalline hydroxyapatite can be obtained using the hydrother-
mal method in a relatively wide temperature range (from 70 ◦C to 200 ◦C) [4,44–46]. An
important advantage of using the hydrothermal process for HAp synthesis, besides con-
trolled morphology and nanometer particle size, is that no hydroxyl defects are produced
in the structure [44].

Hydrothermal synthesis takes place in a perfectly sealed reaction system, in aqueous
solution, at a high temperature and pressure. Usually, pressure is created by the saturated
vapor phase which forms above the solution, and the most varied hydrothermal synthesis
parameters, according to literature data, are temperature, time, and pH [44,46]. Although
preliminary results on hydrothermal synthesis of HAp obtained from Rapana shells in
high pressure conditions (10 MPa) were reported in our previous paper [43], the effect of
pressure on the physical-chemical properties of HAp was not investigated.

Numerous scientific papers [47–50] have developed various models for thermody-
namic calculation of physicochemical processes that take place in aqueous or non-aqueous
solutions during hydrothermal synthesis. Depending on the results obtained, not only can
the appropriate solvent be selected, but also the pressure-temperature range that leads to
the formation of the desired reaction products and allows for the control of the shape and
size of the obtained particles. The behavior of the solvent under hydrothermal conditions,
in terms of its structure in critical, super-critical, and sub-critical conditions, as well as the
dielectric constant, pH variation, viscosity, coefficient of expansion, and density, must all
be correlated with the temperature and working pressure.

In the case of high-pressure hydrothermal synthesis, an external pressure higher than
the water vapor pressure at equilibrium is used. Under these conditions, remarkable
results are obtained because the solubility of inorganic materials increases with increasing
pressure. Thermodynamic stability also varies with pressure (at very high pressures, denser
phases crystallize). Hydrothermal reactions are based on the equilibrium reactions of
dissolution-reprecipitation and crystallization.

In the studied system, the pressure above the aqueous suspension in the autoclave
vessel corresponds to the vapor pressure of the substances in the reaction system, but
also to the external pressure of the inert gas introduced. The temperature is kept constant
at values much lower than the critical water temperature (T = 100–150 ◦C << 374 ◦C) so
that the liquid–gas equilibria will be neglected. In this way, due to the high pressure in
the reaction system, the crystallization of hydroxyapatite under hydrothermal conditions
takes place at temperatures much lower than the usual values for obtaining crystalline
calcium phosphates. The influence of the pressure on the equilibrium constant for real
systems is determined by the variation of the molar volumes of the participants in the
reaction (reactants and reaction products), denoted ∆rV. In the case of hydrothermal re-
actions ∆rV < 0, the value of the equilibrium constant increases with increasing pressure,
meaning the equilibrium shifts to the reaction products (HAp formation reaction is favored
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by the introduction of external pressure). The introduction of external pressure in the
hydrothermal synthesis autoclave favors the obtaining of nanostructured crystalline HAp
at relatively low temperatures.

The chemical analysis results (Ca:P ratio) are shown in Table 2.

Table 2. Chemical analysis results.

Sample Name Ca, Weight % P, Weight % Ca:P Ratio

HAP-20 38.4 17.1 1.74
HAP-60 40.3 17.0 1.84

HAP-100 39.5 17.4 1.76

The Ca:P ratio is higher than theoretical value of Ca:P = 1.67, which is calculated from
the HAp chemical formula Ca10(PO4)6(OH)2, which could be explained by the formation of
non-stoichiometric hydroxyapatite, because of the natural Ca source used in the synthesis.

3.2. Structural Analysis
3.2.1. FT-IR Analysis

Figure 1 shows the superposed FT-IR spectra of the hydroxyapatite nanopowders
prepared at different pressures (2, 6, and 10 MPa, respectively). The characterization of
HAp nanostructured powders by FT-IR highlighted the presence of the following vibration
bands for all the investigated samples: (i) the stretching vibration of the OH group (sharp
band) from 3570 cm−1; (ii) the stretching vibration of the H2O molecule (broad band) from
3250–3500 cm−1 [25]; (iii) the deformation vibration of the OH group (1641–1651 cm−1),
associated with the stretching vibrations from 3250–3500 cm−1; and (iv) the stretching
vibrations of the (PO4)3− group from 1095–1097 cm−1, 1032–1038 cm−1, and 962 cm−1,
respectively, characteristic of hydroxyapatite [51]. The medium intensity bands in the range
of 1420–1489 cm−1 are due to the (CO3)2− group [52].
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Figure 1. FT-IR spectra of HAp nanopowders.

Comparing the absorbance ratios A1097/A1487 and A962/A1421 of the peaks characteris-
tic of (PO4)3− (1097 and 962 cm−1) to those characteristic of (CO3)2− (1487 and 1421 cm−1),
at different pressures, provides information regarding the amount of hydroxyapatite in the
nanopowder samples [53]. The values of the peak area ratios are displayed in Table 3.
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Table 3. Values of absorbance ratios A1097/A1487 and A962/A1421 as obtained from the spectra of
HAp nanopowders at different pressures.

Sample Name A1097/A1487 A962/A1421

HAP-20 13.55 1
HAP-60 9 1
HAP-100 15.25 1.42

It can be observed that HAP-100 has the highest peak area ratios among the studied
samples (15.25 and 1.42). These values represent the ratio between phosphate and carbonate.
As a conclusion, nanopowder synthesized at 10 MPa has the highest content of HAp.

3.2.2. X-ray Diffraction Characterization

The XRD patterns of hydroxyapatite synthesized from natural sources are presented
in Figure 2. For comparison, the XRD spectrum of Rapana Thomasiana shells is shown
in Figure 2b. The main crystalline phases identified in these shells are calcite (chemical
formula CaCO3, PDF reference 01-083-3288), representing~64.4% in weight, and aragonite
(chemical formula CaCO3, PDF reference 01-075-9982), representing~35.6% in weight. The
main crystalline phase identified in the powders obtained by the hydrothermal process is
Hydroxylapatite, PDF reference 00-009-0432, with typical (h k l) Miller indices (002), (211),
(300), (202), (310), (222), and (213). The (002) reflection peak from the XRD pattern was used
to calculate the crystallite size of HAp nanopowders, using the Debye–Scherrer equation.
The average particle size, measured using a BET analyzer, as well as the hydrodynamic
diameter (d(H)), determined by the DLS method and the polydispersity index (PdI), are
summarized in Table 4, along with the crystallite size.
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Table 4. Scherrer crystallite size, BET average particle size, and hydrodynamic diameter of HAP
nanopowders.

Sample
Name

Crystallite Size in
(002) Direction, nm CI, % Average Particle

Size (BET), nm d (H), nm PdI

HAP-20 28 71.1 18.7 76 0.009
HAP-60 33 77.8 21.7 84 0.087

HAP-100 38 79.4 37.3 97 0.085

The crystallinity index (CI), defined as the ratio between the total area of the narrow
diffraction maxima, due to the crystalline phases, and the total diffracted area of the sample,
after removing the background contribution [54,55], was determined for the three samples
using the following equation:

Crystallinity Index =
Crystalline phase area

Crystalline phase area + Amorphous phase area

It can be observed that the dimensions of HAp nanopowders increase with increasing
pressure, regardless of the type and method used for determining them (Scherrer crystallite
size, BET average particle size, hydrodynamic diameter). Pressure favors the crystallites
growth during hydrothermal synthesis, leading to the formation of crystalline phases with
a high degree of crystallinity. The crystallinity index also increases with pressure increase,
from 71% to 79%. Based on these observations, correlated with peak area ratio calculated
from FT-IR spectra, HAP-100 (sample synthesized at 10 MPa) was selected for further study
of the mechanical properties.

3.3. Analysis of Particle Size Distribution by DLS Technique

Dynamic light scattering (DLS) is an established measurement technique for the
characterization of particle sizes in suspension, based on the Brownian motion of particles.
The smaller the particles, the faster they will move in a solution. The hydrodynamic
diameter represents the particle size plus the dielectric layer, which adheres to its surface
during movement through the liquid medium. The movement of the particles causes
intensity fluctuations in the scattered light. From these fluctuations, the diffusion coefficient
can be determined, and thus the hydrodynamic diameter of the particle is obtained from
the Stokes–Einstein equation:

d(H) =
kT

3πηD

where: d(H) = hydrodynamic diameter, k = Boltzmann’s constant (1.38 × 10−23 NmK−1),
T = absolute temperature (K), η = solvent viscosity (N·s·m−2), and D = diffusion coefficient
(m2·s−1).

The results obtained for synthesized hydroxyapatite powders (hydrodynamic diameter
and polydispersity index-PdI) are presented in Table 3 and Figure S1. The average particle
size (hydrodynamic diameter in aqueous solutions) varies between 76 nm and 97 nm,
with a monomodal size distribution. The low values of the polydispersity index suggest
that the investigated samples are homogenous in size. The PdI is situated in the range of
0.009–0.087.

3.4. SEM Characterization

An SEM image of HAp nanopowder prepared at 10 MPa is presented in Figure 3.
All three analyzed samples are formed of irregularly shaped microcrystalline aggre-

gates that have dimensions on the order of microns up to tens of microns. SEM images
of HAP-20 and HAP-60 samples are presented in Figure S2. Microcrystalline aggregates
are in turn formed of exceedingly small microcrystals (on the order of nanometers), whose
shapes and sizes could not be highlighted. Moreover, morphological investigation revealed
a porous structure of hydroxyapatite, regardless of the synthesis pressure. This porous
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structure, with nano-sized pores (determined by BJH method), represents an advantage for
medical applications (bone tissue reconstruction) [56]. Thus, the BJH adsorption average
pore width is 2.75 nm for HAP-20, 2.74 nm for HAP-60, and 2.67 nm for HAP-100 powder
samples.
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Figure 3. (a) SEM image at 5 µm scale bar, 5 kV voltage, and 20 kX magnification, and (b) EDS
spectrum of HAP-100 nanopowder.

The EDS semiquantitative analysis results are presented in Table 5.

Table 5. Elemental compositions of HAp nanopowders.

Element
Weight %

HAP-20 HAP-60 HAP-100

Ca K 27.49 34.41 32.83
P K 12.26 14.83 14.44
O K 37.64 42.65 44.57
C K 17.68 8.11 3.89

Au K 4.92 - 4.26
Ca: P ratio (EDS analysis) 1.74 1.79 1.78

Ca:P ratio (chemical analysis) 1.74 1.84 1.76

The Ca:P ratios calculated based on EDS analysis agree with those obtained by chemi-
cal analysis.

Based on the results obtained from the physical-chemical characterization of the
HAp samples, powders prepared at 10 MPa were further selected for mechanical and
in vitro testing. The reason is that HAP-100 shows the highest crystallinity index, 79.4%,
calculated from XRD measurements. In X-ray diffraction, it is revealed that the smaller the
crystallite size, the more amorphous the material will be considered [57]. We also assume,
based on our previous results in this field, that a higher pressure positively influences the
biocompatible properties of the material [43,58].

3.5. Mechanical Properties Evaluation
3.5.1. Compressive Test Evaluation

The medical purpose application of the developed material requires appropriate
compressive properties. Because of this, the compressive strengths of the tested specimens
were measured, and these are presented in Table 6. Examples of strain/stress curves (for
90 min sintering time) are presented in Figure 4.
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Table 6. The compressive strength of the specimens sintered at various sintering times.

Sintering Conditions
Compressive Strength, N/mm2

90 Min 120 Min 180 Min

1100 ◦C 37.65–39.13 - -
1200 ◦C 49.08–102.24 49.79–76.28 64.54–127.15
1300 ◦C 20.21–76.93 58.81–86.12 26.72–73.81
1400 ◦C 37.00–65.81 75.55–120.23 51.17–206.40
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Analyzing the ranges presented in Table 6, it can be concluded that appropriate/
acceptable values are obtained in the case of HAp sintered at 1200 ◦C/180 min, as well as
at 1300 ◦C and 1400 ◦C for 120 min.

3.5.2. Micro-Hardness Testing

For cylindrical specimens sintered at 1100 ◦C/90 min, 180 ± 5 HV1 were obtained.
Experimental results for the specimens sintered at 1300 ◦C are presented in Figure 5.
As for the tensile strength measurements, it can be said that the set of samples sintered

at 1300 ◦C/120 min provide better results compared to specimens sintered for 90 min and
180 min, respectively.
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3.5.3. Wear Test

Regarding the wear test, the material sintered at 1100 ◦C has a low wear resistance,
the fingerprint depth being 0.88 mm. Each of the other specimens that were sintered above
1100 ◦C showed better wear resistance compared to the values recorded for the samples
sintered at 1100 ◦C/90 min, the fingerprint depth being less than 0.8 mm. The coefficient
of friction has an appropriate value for biomechanical applications for all the investigated
samples (regardless of sintering temperatures). The measured values for the sintered
specimens at the four sintering temperatures are presented in Table 7.

Table 7. Wear test-measured values for coefficient of friction and maximum penetration.

Sintering Temperature, ◦C 1100 1200 1300 1400

Sintering Time, Minutes 90 90 120 180 90 120 180 90 120 180

Coefficient of Friction, µ 0.032 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031

Maximum Depth, p, mm 0.88 0.76 0.72 0.72 0.75 0.69 0.72 0.71 0.68 0.69

3.5.4. SEM Characterization of Sintered Specimens

The sintered HAp pellets for which acceptable results were obtained from the me-
chanical properties evaluation were analyzed by scanning electron microscopy. Thus,
SEM images of HAp specimens sintered at 1200 ◦C/180 min, 1300 ◦C/120 min, and
1400 ◦C/120 min, denoted as HAP-1200, HAP-1300 and HAP-1400, are shown in Figure 6.
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Figure 6. SEM images at 10 µm scale bar, 15 kV voltage, and 10 kX magnification for HAp specimens
sintered at: (a) 1200 ◦C/180 min; (b) 1300 ◦C/120 min; (c) 1400 ◦C/120 min.

It can be seen that the grain size increases significantly with the sintering temperature,
as expected. HAP-1200 has a grain size between 1.6–3.3 µm (Figure 6a) and open porosity
(pore size in the range of 539 nm–1.64 µm). A much higher degree of densification can be
noticed in the case of the HAP-1300 sample (Figure 6b), with a grain size of 2.8–7.5 µm and
a few pores located at the grain boundaries which are similar in size to those in the HAP-
1200 sample. HAP-1400 exhibits large grains, on the order of tens of microns (10.7–11.4 µm
or more) and closed porosity, with pore sizes between 1.3–2.6 µm. When the sintering
temperature was increased, the porosities of the HAp specimens were reduced due to the
higher densification of the material [59].

3.6. Biocompatibility Assessment

Biocompatibility can be broadly defined as the physical, chemical, and biological
compatibility between a biomaterial and body tissues and the optimal compatibility of a
biomaterial with the mechanical behavior of the body.

The biocompatibility of any biomaterial (medical device) must be evaluated using
in vitro and in vivo testing before use in patients. While animal experiments are expensive
and require extended periods of experimentation, cell culture methods can be performed at
lower cost, are faster and easier to perform, and can be easily reproduced. In recent years, a
wide range of in vitro tests have been developed to evaluate the biocompatibility of different
biomaterials (powders, solutions, hydrogels, medical devices). Such an in vitro assay uses
MTT {3-(4,5-dimethithiazol-2-yl)-2,5-diphenyl tetrazolium bromide} and is a sensitive,
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quantitative, and reliable colorimetric assay that measures cell viability, proliferation, and
activation. In living cells, water-soluble yellow MTT is reduced to a dark blue formazan
product by the mitochondrial dehydrogenase enzyme. The amount of formazan produced
is directly proportional to the number of viable cells present. Therefore, measuring the
optical density will help to determine the amount of formazan produced and thus, the
number of viable cells present.

3.6.1. Cytotoxicity Test

After reading the values of the optical densities for the osteoblast cell line used in
testing the cytotoxicity of the 12 HAp samples, the arithmetic means of the values were
calculated, and the viability calculation formula was applied. The results were plotted in
Figure 7. Samples called HN-x are square specimens (3D printed samples with dimensions
of 15 × 15 × 5 mm3), and they were studied for comparative reasons.
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Figure 7. Cell viability of osteoblasts for the 12 HAp samples. The stock solution was diluted in
binary dilutions (1/2, 1/4, and 1/8).

The cell viability results determined using the MTT test helped us to conclude the
following:

• The cytotoxic effect of the 12 HAp samples tested is low, with very small differences
depending on their size; square (printed) samples, dried at 100 ◦C showed better
results.

• The cytotoxicity of the tested samples was dose-dependent; the lower the concentration
of the tested product, the lower the cytotoxicity.

• The cell viability is lowest in culture wells with an extract stock concentration, and it
increases in direct proportion to the increase in dilution.

3.6.2. Cell Proliferation Study

Osteoblast proliferation on the 12 HAp samples was analyzed at 24, 48, and 72 h
of substrate–cell interaction. In the case of the cell proliferation test, after reading the
absorbance values, calculating the average of the values read for each sample and applying
the calculation formula, the results were synthesized as graphs (Figure 8).
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Figure 8. Cell proliferation of osteoblasts on HAp samples.

The increasing number of osteoblasts used for the proliferation tests of the 12 samples
shows the proliferation production on all these samples. Comparing the 12 HAp samples,
it is noticeable that the differences are insignificant. Better proliferation has been observed
for osteoblasts grown on square (3D printed) samples. Regarding the time dynamics of cell
proliferation, it increases in direct proportion to the increase in the substrate–cell contact
period.

4. Conclusions

In this paper, the hydroxyapatite nanopowder was obtained from natural sources
of Rapana Thomasiana using hydrothermal method at various synthesis pressures. The
influence of applied pressure on the physical-chemical properties of HAp powders has been
explored. It was found that the crystallite size and particle size of hydroxyapatite increase
with a pressure increase. The biomedical potential of the obtained material was studied
through mechanical evaluation (compressive test, microhardness test, wear test), as well
as cytotoxicity and cell proliferation testing. HAp specimens sintered at 1300 ◦C/120 min
present appropriate biomechanical properties. Hardness values up to around 200 HV1
were recorded for sintering temperatures above 1200 ◦C and sintering times above 120 min.
The compressive properties of the material returned a large range of values, from about
50 N/mm2 to around 120 N/mm2. Both the hardness and the compressive properties are
larger than the values specific to bones.

Due to its function as an implant to bones, the new material is subjected to wearing.
Wear tests returned nearly the same value for the coefficient of friction, which is 0.031,
with penetrations between 0.68 and 0.88. The lowest penetration depths were recorded for
sintering above 1200 ◦C and sintering times above 120 min.

Cell viability and cell proliferation increase over time. These results are encouraging,
demonstrating that natural sources can be successfully exploited for the synthesis of new
materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15155091/s1, Figure S1: Particle size distribution of: (a) HAP-
20; (b) HAP-60 and (c) HAP-100 nanopowders; Figure S2: SEM images at 5 µm scale bar, 5 kV
voltage and 20 kX magnification, and EDS spectra of HAp nanopowders: (a) and (b) HAP-20; (c) and
(d) HAP-60.
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A.Z.; et al. Fabrication of naturel pumice/hydroxyapatite composite for biomedical engineering. Biomed. Eng. Online 2016, 15, 81.
[CrossRef]

34. Miculescu, F.; Mocanu, A.-C.; Maidaniuc, A.; Dascălu, C.-A.; Miculescu, M.; Voicu, S, .I.; Ciocoiu, R.-C. Biomimetic Calcium
Phosphates Derived from Marine and Land Bioresources. In Hydroxyapatite—Advances in Composite Nanomaterials, Biomedical
Applications and Its Technological Facets; Thirumalai, J., Ed.; IntechOpen: London, UK, 2018; Chapter 6; pp. 1–20.

35. Akram, M.; Ahmed, R.; Shakir, I.; Ibrahim, W.A.W.; Hussain, R. Extracting hydroxyapatite and its precursors from natural
resources. J. Mater. Sci. 2014, 49, 1461–1475. [CrossRef]

36. Milovac, D.; Gallego Ferrer, G.; Ivankovic, M.; Ivankovic, H. PCL-coated hydroxyapatite scaffold derived from cuttlefish bone:
Morphology, mechanical properties and bioactivity. Mater. Sci. Eng. C 2014, 34, 437–445. [CrossRef] [PubMed]

37. Dagmara Malina, D.; Biernat, K.; Sobczak-Kupiec, A. Studies on sintering process of synthetic hydroxyapatite. Acta Biochim. Pol.
2013, 60, 851–855.

38. Çalışkan, F.; Akça, S.G.; Tatlı, Z. Sintering Behaviour of Calcium Phosphate Based Powders prepared by Extraction Method. In
Proceedings of the 6th International Symposium on Innovative Technologies in Engineering and Science, Antalya, Turkey, 9–11
November 2018; (ISITES2018). Volume 1, pp. 1273–1279.

39. ASTM C1424-04; Standard Test Method for Monotonic Compressive Strength of Advanced Ceramics at Ambient Temperature.
ASTM Committee: West Conshohocken, PA, USA, 2013.

40. Hardness, A.B. Standard Test Method for Microindentation Hardness of Materials; ASTM Committee: West Conshohocken, PA, USA,
1999; Volume 384–399, pp. 1–24.

41. Savu, I.D.; Tarnita, D.; Savu, S.V.; Benga, G.C.; Cursaru, L.M.; Dragut, D.V.; Piticescu, R.M.; Tarnita, D.N. Composite Polymer for
Hybrid Activity Protective Panel in Microwave Generation of Composite Polytetrafluoroethylene—Rapana thomasiana. Polymers
2021, 13, 2432. [CrossRef] [PubMed]

300



Materials 2022, 15, 5091

42. Savu, S.V.; Tarnita, D.; Benga, G.C.; Dumitru, I.; Stefan, I.; Craciunoiu, N.; Olei, A.B.; Savu, I.D. Microwave Technology Using Low
Energy Concentrated Beam for Processing of Solid Waste Materials from Rapana thomasiana Seashells. Energies 2021, 14, 6780.
[CrossRef]

43. Mocioiu, A.M.; Tutuianu, R.; Cursaru, L.M.; Piticescu, R.M.; Stanciu, P.; Vasile, B.S.; Trusca, R.; Sereanu, V.; Meghea, A. 3D
structures of hydroxyapatite obtained from Rapana venosa shells using hydrothermal synthesis followed by 3D printing. J. Mater.
Sci. 2019, 54, 13901–13913. [CrossRef]

44. Ebrahimi, S.; Sipaut, S.; Mohd Nasri, C.; Bin Arshad, S.E. Hydrothermal synthesis of hydroxyapatite powders using Response
Surface Methodology (RSM). PLoS ONE 2021, 16, e0251009. [CrossRef]

45. Mohamad Razali, N.A.I.; Pramanik, S.; Abu Osman, N.A.; Radzi, Z.; Pingguan-Murphy, B. Conversion of calcite from cockle
shells to bioactive nanorod hydroxyapatite for biomedical applications. J. Ceram. Process. Res. 2016, 17, 699–706.

46. Arokiasamy, P.; Al Bakri Abdullah, M.M.; Rahim, S.Z.A.; Luhar, S.; Sandu, A.V.; Jamil, N.H.; Nabiałek, M. Synthesis methods of
hydroxyapatite from natural sources: A review. Ceram. Int. 2022, 48, 14959–14979. [CrossRef]

47. Yoshimura, M. Soft solution processing: Concept and realization of direct fabrication of shaped ceramics (nano-crystals, whiskers,
films, and/or patterns) in solutions without post-firing. J. Mater. Sci. 2006, 41, 1299–1306. [CrossRef]

48. Schaf, O.; Ghobarkar, H.; Knauth, P. Hydrothermal Synthesis of Nanomaterials in Nanostructured Materials. Selected Synthesis Methods,
Properties and Applications; Knauth, P., Schoonman, J., Eds.; Kluwer Academic Publisher: Amsterdam, The Netherlands, 2002;
pp. 1–188.

49. Adschiri, T.; Hakuta, Y.; Sue, K.; Arai, K. Hydrothermal Synthesis of Metal Oxide Nanoparticles at Supercritical Conditions. J.
Nanopart. Res. 2001, 3, 227–235. [CrossRef]

50. Lencka, M.M.; Riman, R.E. Intelligent Systems of Smart Ceramics. In Encyclopedia of Smart Materials; John Wiley & Sons: Hoboken,
NJ, USA, 2002; Volume 1.

51. Naqshbandi, A.; Rahman, A. Sodium doped hydroxyapatite: Synthesis, characterization and zeta potential studies. Mater. Lett.
2022, 312, 131698. [CrossRef]

52. Osuchukwu, O.A.; Salihi, A.; Abdullahi, I.; Obada, D.O. Synthesis and characterization of sol–gel derived hydroxyapatite from
a novel mix of two natural biowastes and their potentials for biomedical applications. Mater. Today Proc. 2022, 62, 4182–4187.
[CrossRef]

53. Shaltout, A.A.; Allam, M.A.; Moharram, M.A. FTIR spectroscopic, thermal and XRD characterization of hydroxyapatite from new
natural sources. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2011, 83, 56–60. [CrossRef] [PubMed]

54. Poralan, G.M.; Gambe, J.E.; Alcantara, E.M.; Vequizo, R.M. X-ray diffraction and infrared spectroscopy analyses on the crystallinity
of engineered biological hydroxyapatite for medical application. IOP Conf. Ser. Mater. Sci. Eng. 2015, 79, 012028. [CrossRef]

55. Park, S.; Baker, J.O.; Himmel, M.E.; Parilla, P.A.; Johnson, D.K. Cellulose crystallinity index: Measurement techniques and their
impact on interpreting cellulase performance. Biotechnol. Biofuels 2010, 3, 10. [CrossRef]

56. Vinoth Kumar, K.C.; Jani Subha, T.; Ahila, K.G.; Ravindran, B.; Chang, S.W.; Mahmoud, A.H.; Mohammed, O.B.; Rathi, M.A.
Spectral characterization of hydroxyapatite extracted from Black Sumatra and Fighting cock bone samples: A comparative
analysis. Saudi J. Biol. Sci. 2021, 28, 840–846. [CrossRef]

57. Hassan, M.; Akmal, M.; Ryu, H.J. Cold sintering of as-dried nanostructured calcium hydroxyapatite without using additives. J.
Mater. Res. Technol. 2021, 11, 811–822. [CrossRef]

58. Gradinaru, S.; Popescu, L.M.; Piticescu, R.M.; Zurac, S.; Ciuluvica, R.; Burlacu, A.; Tutuianu, R.; Valsan, S.-N.; Motoc, A.M.;
Voinea, L.M. Repair of the Orbital Wall Fractures in Rabbit Animal Model Using Nanostructured Hydroxyapatite-Based Implant.
Nanomaterials 2016, 6, 11. [CrossRef] [PubMed]

59. Islam, M.S.; Rahman, A.M.Z.; Sharif, M.H.; Khan, A.; Abdulla-Al-Mamun, M.; Todo, M. Effects of compressive ratio and sintering
temperature on mechanical properties of biocompatible collagen/hydroxyapatite composite scaffolds fabricated for bone tissue
engineering. J. Asian Ceram. Soc. 2019, 7, 183–198. [CrossRef]

301



Citation: Nundy, S.; Ghosh, A.;

Mesloub, A.; Noaime, E.; Touahmia,

M. Comfort Analysis of Hafnium (Hf)

Doped ZnO Coated Self-Cleaning

Glazing for Energy-Efficient

Fenestration Application. Materials

2022, 15, 4934. https://doi.org/

10.3390/ma15144934

Academic Editor: Andrei

Victor Sandu

Received: 22 June 2022

Accepted: 13 July 2022

Published: 15 July 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

Article

Comfort Analysis of Hafnium (Hf) Doped ZnO Coated
Self-Cleaning Glazing for Energy-Efficient
Fenestration Application
Srijita Nundy 1, Aritra Ghosh 1,* , Abdelhakim Mesloub 2 , Emad Noaime 2 and Mabrouk Touahmia 3

1 College of Engineering, Mathematics and Physical Sciences, Renewable Energy, University of Exeter,
Penryn TR10 9FE, UK; s.nundy@exeter.ac.uk

2 Department of Architectural Engineering, Ha’il University, Ha’il 2440, Saudi Arabia;
a.maslub@uoh.edu.sa (A.M.); e.noaime@uoh.edu.sa (E.N.)

3 Department of Civil Engineering, Ha’il University, Ha’il 2440, Saudi Arabia; m.touahmia@uoh.edu.sa
* Correspondence: a.ghosh@exeter.ac.uk

Abstract: To attain a comfortable building interior, building windows play a crucial role. Because
of the transparent nature of the window, it allows heat loss and gain and daylight. Thus, they are
one of the most crucial parts of the building envelope that have a significant contribution to the
overall building energy consumption. The presence of dust particles on a window can change the
entering light spectrum and creates viewing issues. Thus, self-cleaning glazing is now one of the
most interesting research topics. However, aside from the self-cleaning properties, there are other
properties that are nominated as glazing factors and are imperative for considering self-cleaning
glazing materials. In this work, for the first time, Hf-doped ZnO was investigated as self-cleaning
glazing and its glazing factors were evaluated. These outcomes show that the various percentages
of ZnO doping with Hf improved the glazing factors, making it a suitable glazing candidate for the
cold-dominated climate.

Keywords: glazing; Hf-ZnO; building; g-value; U-value; glare; thermal comfort; visual comfort;
CCT; CRI

1. Introduction

Currently, buildings consume 40% of energy globally, which is due to the heating,
ventilation and air conditioning load. This consumption has an adverse impact on the
environment [1]. According to United Nations, migration from rural to urban areas is
alarming and increasing every day. This urban influx also increases modern buildings’ en-
ergy consumption to maintain indoor comfort facilities [2–4]. Buildings generally consume
high levels of energy due to their poorly thermally insulated envelopes [5]. Compared to
other portions of envelopes, windows are critical, as they are the only parts of the building
envelope that maintain the connection between the building’s interior and the exterior and
allow daylight to penetrate [6].

The glazing sector is predominantly controlled by antireflection, self-cleaning and
energy-saving, which are the key three principal functions [7]. For a hot climate, reflecting
the solar heat or more precisely reflecting the NIR and IR part of the solar spectrum is the
most strategic decision, which in turn reduces the air conditioning load [8,9]. However, an-
tireflection is not suitable for cold climates as it is essential for the reflecting solar spectrum
to be transmitted through the window to enhance the room temperature [10,11]. Hence,
there is a trend now of replacing the traditional single- and double-glazed windows with
advanced technology such as smart switchable EC [12], SPD [13–16], PDLC [17], thermally
activated PCM [18], hydrogel [19,20], aerogel [21] or vacuum [22,23] filled windows.

The self-cleaning type of window is another class or area that can be applied to any type
of building window (e.g., traditional and smart). Atmospheric pollutants possess significant
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viewing challenges for window glazing. Dust includes emissions from agriculture and
industry, bird droppings, pollen, mineral dust in a dry area, fibers, sand and clay [24].
Daylight transmission into buildings is affected by the deposition of atmospheric pollutants
on glazing [25]. Even in a clean UK climate, building windows suffer from dust [26]. Thus,
a cleaned window is indispensable for a sustainable building. Depending on the particle
diameter, they either fall from the glass surface or stick on the surface. Even though the
glass surface looks smooth, it has microscopically small pocks which enhance the attraction
of dirt [27–29]. A self-cleaning glazing or window is a thin self-cleaning coating of film
on the external surface of the glass, which protects it from dirt [30]. Generally, two types
of self-cleaning technologies are available: hydrophobic and hydrophilic. Self-cleaning
glazing is capable of cleaning its own surface. For self-cleaning coating, transparency is
essential, as it should not create any obstacles to indoor viewing. In addition, long-term
durability is crucial for cost-effectiveness.

In the past, several self-cleaning materials have been investigated particularly for
photovoltaic applications [31,32] and window [33,34] applications. Zinc oxide (ZnO) is
one of the most bio-friendly important semiconductors that have been investigated for
self-cleaning applications. A superhydrophobic ZnO nanorods@cellulose membrane for ef-
ficient building radiative cooling was investigated [35]. ZnO-coated transparent wood was
employed for building applications previously and showed 17% energy saving compared
to a traditional window [36]. In another work, a ZnO nanoparticle enhanced paraffin-filled
window was investigated for double glazing which showed improved efficiency [37]. To
further enhance the ZnO properties, Dy2WO6-doped ZnO [38], Sm3+-doped ZnO [39] and
Hf-doped ZnO [40] have been investigated for self-cleaning. ZnO for self-cleaning is one of
the most popular approaches [41].

Because of the similar ionic radii, Hf-doped ZnO has potential. Transition metal ion
doping enhances the surface oxygen vacancies, which improves the self-cleaning behavior.
The inclusion of lower-concentration hafnium increases oxygen vacancy defects and pro-
duces hydrophilic surfaces. Previously, hafnium oxide (HfO2) was prepared by electron
beam evaporation, and three layers of HfO2/Ag/HfO2 showed heat mirror properties
for energy-efficient window application [42]. We previously developed morphologically
varied ZnO for self-cleaning application [43] and synthesized high-quality Hf-ZnO thin
films with various Hf contents [40]. However, the suitability of ZnO in terms of glazing for
building window applications has not yet been investigated.

How a new material will behave as a building window can be understood by analyzing
its thermal and visual comfort parameters [44,45]. The solar heat gain coefficient or solar
factor is one of the major influential factors that determine the indoor room temperature
and thus define the thermal comfort level [46]. Most often occupants prefer a 20 ◦C
temperature in indoor conditions [47,48]. For a cold climate, a higher solar factor is
essential as it increases the room temperature and maintains a comfortable level, whereas
for a hot climate, the solar factor should be limited or rejected to limit the increase in
room temperature [49,50]. Visual comfort includes both the illuminance level and the color
properties. Bright ambient daylight is paramount for cognitive work [51]. However, this
amount should not exceed a certain level, or else discomfort glare will dominate. External
daylight transmitted through the window glazing attains wavelength changes, which can
create discomfit for occupants [52–54]. Color property analysis tackles these challenges.

In this work, for the first time, Hf-doped ZnO was investigated for glazing application.
Thus, to understand its suitability as a future self-cleaning fenestration, glazing factor and
thermal and visual comfort analyses are essential. Employing the measured transmission
spectrum of different Hf-doped ZnO, essential glazing factors such as solar and luminous
transmission, solar material protection factor (SMPF) and solar skin protection factors
(SSPFs) have been calculated. For thermal comfort analysis, the solar factor has been
evaluated. Further, correlated color temperature (CCT), color rendering index (CRI) and
glare have also been calculated to understand the visual comfort and suitability of this
material for building fenestration application.

303



Materials 2022, 15, 4934

2. Experiments
2.1. Materials Fabrication for Glazing

The material for the self-cleaning glazing purpose was developed using hafnium
IV chloride (HfCl4), propanol (C2H5OH), triethanolamine (C6H15NO3) and zinc acetate
(Zn(CH3COOH)2·2H2O), which were purchased from Sigma Aldrich (St. Louis, MI, USA)
and used without any further purification. Pure and Hf-doped ZnO were synthesized using
the sol–gel synthesis method with Hf concentrations varying from 0 to 15%. Briefly, 2.2 g
of Zn(CH3COOH)2·2H2O was made to dissolve completely in 10 mL of C2H5OH. Then,
C6H15NO3 was carefully poured into the above-prepared solution, where the molar ratio
of triethanolamine:zinc acetate was kept at 3:5. The resultant mixture was maintained at
room temperature for 5 min. Part of this sol was directly taken for preparation of pure ZnO,
and the rest was separated into batches, wherein a particular amount of HfCl4 was added,
and stirred at 90 ◦C for 1 h, thereby forming the sol for Hf-doped ZnO. These as-prepared
sols were taken for the thin-film coating on glass substrates, via spin coating (Ossila spin
coater, Sheffield, UK), carried out at 500 rpm for 30 s. The as-deposited thin films were
taken for annealing in a muffle furnace at 350 ◦C for 2 h. Finally, the pure and Hf-doped
ZnO thin films on glass substrates were obtained after cooling down to room temperature
and were further taken for characterization and application purposes. Figure 1 shows the
schematic representation of different involved steps for the synthesis of the material.
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Figure 1. Schematic illustration of involved steps for synthesis of hafnium-doped ZnO.

2.2. Optical Characterization

For optical characterization of the developed glazing, a PerkinElmer Lambda 1050
spectrometer (Waltham, MA, USA) which could measure the visible and NIR transmission
and reflection was employed. This system had a 150 nm diameter-based integrating sphere,
and measurement was carried out at 10 nm intervals.

3. Methods
3.1. Glazing Factor Evaluation

Solar and luminous transmittance was evaluated by employing Equations (1) and (2),
respectively. T(λ) is the spectral transmission of glazing. The relative spectral distribution
of the illuminant is D65, S(λ) is the relative spectral distribution of solar radiation, V(λ) is
the spectral luminous efficiency of a standard photopic observer, and wavelength interval
is represented by ∆λ.

Protection factors are crucial building window parameters that show the ability of
a window to protect the building material and human skin (located behind the window)
when they are exposed to solar radiation [55]. The solar material protection factor (SMPF)
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is associated with the protection of building material, and the solar skin protection factor
(SSPF) is associated with the human skin [56]. SMPF and SSPF both vary between 0 and
1 [57]. Values close to 0 indicate a low protection level, whereas close to 1 indicate a high
protection level. SMPF and SSPF are represented by Equations (3) and (4).

Solar transmission

τs =

2500 nm
∑

λ = 300 nm
S(λ)T(λ, α)∆λ

2500 nm
∑

λ = 300 nm
S(λ)∆λ

(1)

Luminous transmission

τv =

780 nm
∑

λ = 380 nm
D65(λ)T(λ, α)V(λ)∆λ

780 nm
∑

λ = 380 nm
D65(λ)V(λ)∆λ

(2)

Solar material protection factor (SMRF)

SMRF = 1−

600 nm
∑

λ = 300 nm
T(λ)CλSλ∆λ

600 nm
∑

λ = 300 nm
CλSλ∆λ

(3)

where Cλ = e−0.012λ.
Solar skin protection factor (SSPF)

SSPF = 1−

400 nm
∑

λ = 300 nm
T(λ)EλSλ∆λ

400 nm
∑

λ = 300 nm
EλSλ∆λ

(4)

Eλ is the CIE erythemal effectiveness spectrum.

3.2. Thermal Comfort

The amount of solar energy transmitted through the transparent and semitransparent
part of the window is represented by the solar heat gain coefficient or solar factor (g). This in-
cludes entering infrared radiation into a building’s interior and solar transmittance [55,57].

g = τs + qi = τs + α hi
hi + he

= τs + (1− τs − ρs)
hi

hi + he

(5)

where he and hi are the external and internal heat transfer coefficients.

3.3. Visual Comfort

Quality and quantity of light in indoor conditions are essential to understanding and
analyzing visual comfort. Correlated color temperature (CCT) and color rendering index
(CRI) both indicate the quality of indoor daylight [58]. Compared to external daylight, CRI
shows the rendering ability of the incoming daylight. CCT is measured in kelvin (K) and
signifies a light source’s “coolness” and “warmth”. CRI over 80 is accepted for building
window application, and CRI over 90 is outstanding [59–61]. For CCT, the range between
3000 K and 7500 K is desired for transmitted daylight.

CCT was calculated from McKamy’s equation [62].

CCT = 449n3 + 3525n2 + 6823.3n + 5520.33 (6)
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where n = (x − 0.3320)
(0.1858 − y) and x and y are chromaticity coordinates.

The color rendering index (CRI) is given by

CRI =
1
8

8

∑
i=1

Ri (7)

The total distortion ∆Ei is determined from

∆Ei =
√
(U∗t,i −U∗r,i)

2 + (V∗t,i −V∗r,i)
2 + (W∗t,i −W∗r,i)

2 (8)

The special color rendering index Ri for each color sample is given by

Ri = 100− 4.6∆Ei (9)

To understand the quality of the indoor light, daylight glare evaluation is essential;
daylight glare was evaluated in this work by employing glare subjective rating (SR) (as
shown in Equation (10)) [63]. Minimum engagement of photosensors makes this method
widely available and useful because it saves time and cost [64]. Theoretically, glare control
potential using this glazing was identified from measured outdoor illuminance on a vertical
plane as shown in Figure 2. This SR index allows the estimation of discomfort glare
experienced by subjects when working at a visual daylight task (VDT) placed against a
window of high or non-uniform luminance.

SR = 0.1909E0.31
v (10)
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Figure 2. Schematic cross-section of a room with perovskite glazing mounted on vertical south facade.

SR for a typical sunny day in the cold-dominated climate of Penryn, UK (50.16◦ N,
5.10◦ W), was examined. Vertically south-facing Hf-doped ZnO glazing having dimensions
of 30 × 30 × 0.5 (l × w × h) cm in the scale model was considered, as shown in Figure 2.
This large area resembles self-cleaning glazing as a large facade, while the internal surface
was painted in white color with a reflectance of 0.8 [65]. Internal vertical illuminance (EV)
facing the window (worst case) was measured at the center of the room. Table 1 displays
the criterion scale of SR. This method also allows the non-intrusive measuring equipment
necessary for scale model daylighting assessments [66,67].

Table 1. Criterion scale of discomfort glare subjective rating (SR) [63].

Comfort Level Indicator Glare Subjective Rating (SR)

Just intolerable 2.5
Just disturbing 1.5

Just noticeable/acceptable 0.5
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4. Results
4.1. Optical Transmission

Figure 3a shows the spectral transmission of various Hf-doped ZnO for the wavelength
range between 250 and 2500 nm. Transmission dropped for 15% Hf doping, while the
highest transmission was observed for 6% Hf doping. The product of the spectral luminous
efficiency for photopic vision V(λ) and relative spectral distribution of illuminant D65(λ)
has been included for comparison; it varied from 400 nm to 700 nm, having its peak at
555 nm. Figure 3b shows the comparison of single value solar and visible transmission for
pure and different Hf-doped ZnO. Pure ZnO showed 87% solar transmission, while 3%,
6%, 9%, 12% and 15% showed 87%, 99%, 88%, 86% and 73%, respectively. Extraordinary
changes occurred while the Hf doping percentage was 6%. Visible transmissions for pure
and different Hf-doped ZnO are 75% (pure), 88% (3%), 93% (6%), 69% (9%), 91% (12%) and
39% (15%).
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Figure 4 illustrates the solar material protection factor and skin protection factor for
pure and different Hf-doped ZnO. The material protection factor was higher for 15% Hf-
doped ZnO, which was the reason for its lower transmission. Less solar transmission
indicates lower degradation. The skin protection factor was lowest for the 12% Hf-doped
ZnO, which was due to its highest transmission.
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4.2. Comfort Analysis

Figure 5 illustrates the solar factor for self-cleaning glazing based on different Hf-
doped ZnO. The solar factor is a crucial element for building glazing as its presence is
highly recommended for a cold climate, whereas its rejection is essential for a hot climate.
In this work, 6% Hf-doped ZnO showed the best solar factor for the cold-dominated climate.
However, if this glazing is adopted in a heat-dominated climate, 15% Hf-doped ZnO should
be selected. High values of solar factors indicate that the reflection of solar radiation from
these glazings is minimal. This is also aesthetic as high reflection can cause issues for the
other building users.
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Color properties, including CCT and CRI, were calculated for Hf-ZnO glazing using
Equations (6) (CCT) and (7) (CRI) and are shown in Figure 6. The 12% Hf-doped ZnO
had the best CRI (>98) and CCT (>6200). Interestingly all the doped ZnO samples had
higher CRI than the pure ZnO. These values satisfy the acceptance level for the comfort
level criteria as prescribed in CIE CIR [68,69] and IES TM 30–15 [70]. In addition, it can be
proposed that CRI and CCTs are not dependent on a single transmittance value, but their
dependency relies on the overall spectrum range. A very similar outcome was previously
demonstrated for other types of glazing [71,72].
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Figure 7 shows the SR for different Hf-doped ZnO and pure ZnO-based glazing for
a vertical south-facing large glazed facade located in cold-dominated climate of Penryn,
in the southwest of the UK. A typical clear sunny day was considered for this analysis.
The location of the subject is shown in Figure 2. It is clear from the figure that except
for the 15% Hf-doped ZnO, others were not able to maintain the glare. This is definitely
due to the high transmission rate for all the different Hf-doped and pure ZnO-based
glazings. For a cold climatic country where the heating load is high, this penetration of
higher solar light could be beneficial from a thermal comfort point of view, although visual
comfort may be compromised. However, this argument is true for any type of window for
which it is not possible to attain visual and thermal comfort concomitantly. The promising
factor for this type of coating is a high transmission, which is key for any self-cleaning
material. Transmission reduction on a double glass due to self-cleaning coating is not at all
acceptable. Except for building windows, this analysis also strongly recommended the use
of this material for self-cleaning coating for the PV system as no transmission reduction is
attained and mostly very high transmission was achieved, particularly for the 3%, 6% and
12% Hf-doped ZnO.
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5. Conclusions

In this work, glazing factors and thermal and visual comfort analyses of a self-cleaning
coated glazing were examined. This particular self-cleaning coating was developed by
the sol–gel method with the introduction of 3%, 6%, 9%, 12% and 15% Hf doping of ZnO.
Results of these doped ZnO samples were also compared with pure ZnO. The visible
transmission was always higher for the 6% doped ZnO. The protection factor had no trend
with an increase in Hf doping. The lowest protection factor was observed at 12% Hf doping.
CRI’s threshold value of 80 was achieved for all the Hf-doped ZnO type glazings. A higher
amount of solar factor also makes this glazing suitable for cold-dominated climates. This
high solar factor also indicates that the glazing possesses lower reflection. The 15% doped
ZnO showed an allowable SR limit compared to other doped ZnO samples. This was
due to the lowest transmission level at the visible wavelength for 15% doped ZnO. This
self-cleaning glazing can be a solution for future energy-efficient window applications.
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Particularly for cold climate conditions, this self-cleaning can be a good candidate for
building window application because of its high solar and visible transmission and high
solar factor. In addition, because of lower reflection, it can also be applied on top of
photovoltaic systems to diminish the soiling issues. In the future, further investigation is
required to understand the reliability of this coating under real weather conditions after
long-term outdoor exposure (following different Köppen climatic conditions).
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