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Abstract: Additive manufacturing (AM) processes are steadily gaining attention from many industrial
fields, as they are revolutionizing components’ designs and production lines. However, the full
application of these technologies to industrial manufacturing has to be supported by the study of
the AM materials’ properties and their correlations with the feedstock and the building conditions.
Furthermore, nowadays, only a limited number of materials processable by AM are available on
the market. It is, therefore, fundamental to widen the materials’ portfolio and to study and develop
new materials that can take advantage of these unique building processes. The present special issue
collects recent research activities on these topics.

Keywords: additive manufacturing; materials development; mechanical properties; polymers;
metals; ceramics

1. Introduction

Additive manufacturing (AM) is an innovative class of production technologies, which is often
considered to have a large impact in all manufacturing activities, as it allows for the production
of complex-shaped components without the need of dedicated tools [1]. This family of production
techniques had a large success in recent years, not only thanks to the design freedom that it is possible
to achieve, but also thanks to the possibility to produce customized components and to reduce time to
market and costs of some production lines [2].

2. Materials for Additive Manufacturing

The countless advantages and challenges of AM processes from a design and from a productivity
point of view have been widely discussed in recent years, but, recently, many research studies pointed
out that these innovative processing technologies also bring many advantages and challenges from
a material perspective [3]. From a materials point of view, in fact, the main issues to be solved are
related to the study of the AM parts’ properties and to the limited amount of processable materials
available on the market.

On the basis of these considerations, many universities, research centers, and industries started
studying the correlations between feedstock properties, AM process parameters, and materials
properties and are seeking to expand the portfolio of materials available for AM processes [3].
This special issue was, therefore, introduced to summarize the recent research activities on these topics.
The main recent advances in AM materials development are described below per each material class.

2.1. Polymers

Polymers are by far the most-used materials in AM due to their simple processes, easy availability
and low cost. The most-used polymer AM techniques are stereolithography, selective laser sintering

Appl. Sci. 2020, 10, 5119; doi:10.3390/app10155119 www.mdpi.com/journal/applsci1
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(SLS), fused deposition modelling (FDM), laminated object manufacturing (LOM), and 3D bioprinting.
Each type of technology can process only specific polymers. Photopolymer resins for stereolithography,
for example, are the most-used ones in the industrial field, mainly thanks to the excellent accuracy it
is possible to achieve through this building process [4]. Polystyrene, polyamide, and thermoplastic
elastomers are also widely used and generally processed by SLS. As the mechanical properties of
printed polymers seemed to be a major concern, large efforts were carried out to process composites
using various AM technologies [5].

Recently, much research was carried out on the development of polymers for the FDM technology.
The most common thermoplastic polymers face in fact have many issues, mainly related to their
physical properties. In this frame, several studies recently investigated the processability and the
properties of Ultem 9085, which is a thermoplastic polymer especially designed by Stratasys for the
FDM process [6]. The main advantages of this composition are related to its high glass transition
temperature, good flame retardancy, and high mechanical properties. Recent works, reported in
this special issue, demonstrated that, due to the layer by layer process, the Ultem tensile properties
are strongly anisotropic and heavily related to the building parameters [6,7]. Similarly, Solorio et al.
investigated the FDM processability and properties of an innovative amorphous poly(lactide acid)
(PLA) blend with poly(styrene-co-methyl methacrylate) (poly(S-co-MMA)) [8]. The study, published
in this special issue, demonstrated how the introduction of MMA allowed for an improvement of the
processability of the PLA filaments.

2.2. Metals

Nowadays mainly steels, titanium, aluminum, and nickel alloys are successfully processed by
AM and used in disparate applications [9]. However, not all alloys belonging to these families can be
successfully processed by the most common metal-AM techniques, such as laser powder bed fusion
(LPBF), electron beam melting (EBM), and directed energy deposition (DED).

Steel has been by far the first alloy class to be processed and has, therefore, been used in several
industries, such as the automotive and aerospace ones [10]. Among AM processable steels, the most
studied ones are stainless steel, such as 316L and 304L, precipitation hardening (PH) steels, such as
17-4 PH, tool steels, such as H13 and M2, and maraging steels, such as 18Ni-300. Large efforts have
been made in previous works in order to understand the microstructure of steels’ built components and
their correlation with the building parameters together with the effect that they have on mechanical
properties [11]. Saboori et al. summarized the main data and results obtained on DED 316L samples in
a review published in the present special issue [11].

Titanium alloys are the most-used alloys in AM thanks to the wide range of applications they have
in the biomedical and aerospace fields. Many of these applications can take advantage of the possibility
to produce complex and customized parts. Furthermore, the vacuum EBM process of Ti6Al4V Gd23
alloy allows the control of the interstitial content and the consequent respect of the standards.

Aluminum alloys also had large success in the AM field mainly thanks to the strong interest of
aerospace companies that need the production of complex, lightweight components [12]. Currently,
however, mainly Al–Si alloys, with a near eutectic composition, are processable by AM while most of
the Al high-strength alloys strongly suffer from solidification cracking during AM processing. There is,
therefore, a limited amount of aluminum alloys processable by AM and, recently, universities, research
centers, and companies are investing in the development of new compositions specifically designed
for AM, such as the Scalmalloy® or the A20XTM [3].

Nickel alloys, such as In625, In718, and HastelloyX, have been widely used for the AM production
of parts that need high-creep and corrosion resistance, such as engine turbine blades, turbochargers, heat
exchangers, and petrochemical equipment [13]. The strong interest in this alloy class has pushed the
research in the understanding of the microstructure–properties correlation of these materials. Recently
other alloys belonging to the Ni family have been successfully processed by AM. As an example, in
this special issue, results about the Monel Ni–Cu alloy are reported [14]. This alloy, which has been
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recently processed by LPBF, showed good processability within specific parameters. High-mechanical
properties were measured thanks to fine microstructure and high residual stresses [14].

2.3. Ceramics

Ceramic AM processes are generally classified into direct (or single-step) and indirect (or multistep)
methods [15]. In the first class of technologies, the material is fabricated in a single process in which
both the final shape and the materials’ properties are obtained. These direct methods allow a larger
design freedom and are generally, therefore, preferred when complex geometries have to be built.
The disadvantage of these processes is that the manufactured parts are usually porous and characterized
by a high surface roughness. The processes belonging to the second class, on the contrary, need several
steps to reach the final component’s consolidation. In the first step, the shape is provided, and the
green body is obtained through binding. The subsequent steps are needed to consolidate the part
and reach the desired properties. The main advantages of these processes are mainly associated with
reduced delamination and anisotropy issues.

The ceramic AM processes have rapidly evolved in recent years, however, in many cases, the
mechanical properties of manufactured parts do not reach the desired values [16]. Because of this
reason, lately, large efforts have been made to improve the ceramic AM processes’ capabilities and to
enlarge the palette of processable materials, also involving high-performance ceramics (HPCs) [16,17].

Altun et al., for example, demonstrated, in a paper published in this special issue, the applicability
of the indirect AM lithography-based ceramic manufacturing (LCM) method to the production of
precise and complex silicon nitride (Si3N4) parts. This nonoxide ceramic has attracted large interest
thanks to its unique properties, such as high toughness, strength, and thermal shock resistance together
with an outstanding biocompatibility that makes it an excellent candidate for dental applications [18].

3. Conclusions

The studies reported in this special issue clearly highlight the importance of the materials’
development in AM applications. It is striking that, in most of the cases, a strong correlation between
building conditions and materials’ properties exist. Furthermore, these studies make it apparent that
AM processes open large possibilities in the development of new materials having specific properties
and distinct functionalities.
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Featured Application: The present work aims to provide an insight into characterization

techniques for Fused Deposition Modelling. The outcomes can guide the development of novel

standards for FDM™.

Abstract: Fused deposition modelling (FDM™) is one of the most promising additive manufacturing
technologies and its application in industrial practice is increasingly spreading. Among its successful
applications, FDM™ is used in structural applications thanks to the mechanical performances
guaranteed by the printed parts. Currently, a shared international standard specifically developed
for the testing of FDM™ printed parts is not available. To overcome this limit, we have considered
three different tests aimed at characterizing the mechanical properties of technological materials:
tensile test (ASTM D638), flexural test (ISO 178) and short-beam shear test (ASTM D2344M). Two
aerospace qualified ULTEMTM 9085 resins (i.e., tan and black grades) have been used for printing
all specimens by means of an industrial printer (Fortus 400mc). The aim of this research was to
improve the understanding of the efficiency of different mechanical tests to characterize materials
used for FDM™. For each type of test, the influence on the mechanical properties of the specimen’s
materials and geometry was studied using experimental designs. For each test, 22 screening factorial
designs were considered and analyzed. The obtained results demonstrated that the use of statistical
analysis is recommended to ascertain the real pivotal effects and that specific test standards for FDM™
components are needed to support the development of materials in the additive manufacturing field.

Keywords: polyetherimide; additive manufacturing; fused filament modelling; mechanical properties;
design of experiments

1. Introduction

Additive manufacturing (AM) is a layer-by-layer building technique that allows complex shapes
to be obtained without the use of a mold. AM is a promising area for manufacturing of components
from prototypes to functional structures. The application of AM covers different sectors such as
aerospace, automotive, semiconductor and biomedical applications.

Fused filament fabrication (FFF), also known as fused deposition modeling (FDM™), is one of
the most popular AM techniques. FDM™ is based on the melting of a thermoplastic filament that is
laid on a platform to create each layer on top of the other. The FDM™ process is controlled by many
parameters which range from material type to several machine settings such as the nozzle diameter
and temperature, printing speed, feed rate, bed temperature, raster angle and width [1].

Appl. Sci. 2020, 10, 3195; doi:10.3390/app10093195 www.mdpi.com/journal/applsci5
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Several detailed studies are reported in the literature about the influence of the printing settings on
the mechanical properties of 3D-printed parts. Es-Said et al. [2] showed that polymer chain alignment
occurs during the filament deposition. As a result, the tensile, flexural and impact resistance varies
with different raster orientations. Similar results were obtained by Ahn et al. [3]. In their study, the
effects of the raster orientation, air gap, bead width, color and model temperature parameters on the
tensile strength were evaluated. Results showed that the air gap and raster orientation influence the
tensile strength; conversely, the bead width, model temperature and color do not have a significant
effect. In another study, Lee et al. [4] concluded that the layer thickness, the raster angle and the air
gap influence the elastic performance of 3D-printed ABS (Acrylonitrile Butadiene Styrene) Parts.

The ASTM D638 tensile test and the ASTM D790 or ISO 178 flexural test are both widely used
standards for testing polymeric materials processed by injection or compression molding. Thus,
practitioners might be interested in extending their implementation to the characterization of the
mechanical properties of FDM™ printed parts. Unfortunately, these standards do not account for the
presence of voids that are unavoidable in FDM™. In addition, they were not specifically developed
to characterize the interlayer bonding which influences the mesostructures of FDM™ printed parts.
Tronvoll et al. [5] showed that voids found in FDM™ printed parts significantly impact the tensile
properties. According to Sun et al. [6], the chamber temperature and variations in the convection
coefficient have a strong effect on the cooling temperature profiles, as well as on the mesostructure
and overall quality of the bonding between filaments. However, they did not measure the interlayer
strength since the performed flexural tests yielded large variation in the results.

Only a few papers in the AM literature have been focused on the study of the bonding
quality between layers and rasters printed by FDM™. Recently, interlaminar bonding has been
measured by using the short-beam strength (SBS) test. This test is commonly used for fiber reinforced
composites [7–10]. A study of the interlaminar bonding performance of continuous fiber reinforced
thermoplastics printed by FDM™ showed a correlation between porosity and the interlaminar shear
strength (ILSS) [7]. O’ Connor [9] confirmed these findings working with similar materials. In a
recent paper, SBS tests indicated improved sensitivity to measure interlaminar bonding effects for
different materials compared to tensile or flexural tests [10]. However, all these papers lacked in
terms of the statistical analysis of the measured data. Some research tried to rationalize the results of
mechanical testing using the design of experiment (DoE) toolbox of statistical techniques [3,11–15].
Vicente et al. [15] showed that the interlayer cooling time can influence the ultimate tensile strength
(UTS) because of different bonding properties between the layers. The effect was more pronounced for
the shorter Type V sample rather than for the longer Type I sample. However, the effect of the sample
type on the interlayer bonding was not systematically discussed by measuring the interlayer bonding.
Additionally, tensile testing based on the ASTM D638 has been criticized for dog bone specimens
because of the large stress concentrations caused by the termination of the longitudinal roads [3].
ASTM D3039 was proposed to overcome this problem.

In this paper the mechanical properties of two commercial grades of polyetherimides (PEI) are
discussed. The paper is organized as follows: first, the two as-received filaments were characterized
by thermal analysis to determine differences in the material behavior. Secondly, subsequently printed
specimens were analyzed by different mechanical tests ranging from tensile to flexural and SBS. For each
material type, the sample dimensions were varied to unveil their effect on the mechanical properties.
All results obtained by the tests were statistically analyzed as 22 replicated screening designs.

2. Materials and Methods

ULTEMTM 9085, a high temperature thermoplastic blend consisting of PEI and a copolymer to
improve the flow, was used in this study. ULTEMTM 9085 is excellent for FDM™ as it shows improved
rheology for processing over standard PEI [16]. ULTEMTM 9085 is qualified for aerospace applications.
Two ULTEMTM 9085 grades are available from Stratasys classified as tan and black. Additionally, the
specifications of the materials differ based on the color itself. The study of the two materials started
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with thermal characterization. By means of thermal analyses, which are based on the viscoelastic
behavior study and the calorimetric glass transition temperature (Tg) determination, we wanted to
find out if the two materials show different material properties in general. Based on this finding, in the
second step of the investigation a mechanical characterization of the two materials was performed.

To characterize the mechanical behavior of the two ULTEMTM 9085 grades and to understand
which mechanical test can be properly used for this kind of FDM™ printed, the combined effect of
the material and specimen geometry on the results of different mechanical tests was investigated in
our experimental study. To this end, replicated 22 screening designs were analyzed for each testing
methodology. Two independent variables (factors) were considered in the study: material (factor A)
and specimen geometry (factor B). Both factors were varied on two levels. The material is varied at
2 levels by printing either tan or black ULTEMTM 9085. The b = 2 levels for the specimen geometry were
selected depending on the test used to get the mechanical properties. For the tensile test (ASTM D638),
the b = 2 levels correspond to the Type I and Type IV as defined by the standard. For the flexural
(ISO 178) test and the short beam strength (SBS) (ASTM D2344M) test, the b = 2 levels were obtained by
printing bars with different lengths (L) (i.e., L1 = 122 mm and L2 = 165 mm). The choice of these two
values for L was motivated by achieving a right trade-off between the specimen length required by the
tensile test and the specimen length fixed by the flexural or SBS test. The reason why we decided to
investigate the effect of the specimen geometry was to consider the effect of interlayer cooling. In fact,
as reported by the literature, the weld temperature decreases at a rate of approximately 100 ◦C/s and it
remains above the glass transition temperature for about 1 s [17]. As a consequence of this cooling
process, printing samples with different lengths can lead to a different temperature profile within the
printed parts and, therefore, to a different interlayer bonding strength. This phenomenon is shown
in [18], where the part length significantly influences the warpage due to thermal induced stresses.
Once the factors (independent variables) were identified in the experimental plan, the dependent
variables (responses) were selected. For the tensile test, we considered the UTS and the Young’s
modulus as the responses to be investigated. Similarly, we took the flexural stress and the ILSS as
responses for the flexural and SBS test, respectively. For each experimental study, the number of
replications were set equal to n = 5. Therefore, N = a · b · n = 20 runs were carried out for each
experimental plan. The statistical analysis of the experimental plan was performed by using the
commercial Design-Expert software (Stat-Ease, Minneapolis, US). Table 1 summarizes the information
about the three experimental plans.

Table 1. Experimental plans. Factors, levels and responses for each investigated test.

Test Standard Factor Symbol Type Unit Low Level (−1) High Level (+1)

Material A Categorical - ULTEMTM 9085
Tan

ULTEMTM 9085
Black

Tensile ASTM D638
Geometry B Categorical - Type I Type IV

Material A Categorical - ULTEMTM 9085
Tan

ULTEMTM 9085
Black

Flexural ISO 178
Geometry B Categorical mm 122 165

Material A Categorical - ULTEMTM 9085
Tan

ULTEMTM 9085
Black

SBS ASTM D2344M
Geometry B Categorical mm 122 165

The specimens were printed on the FDM™ machine trademarked as Fortus 400mc
(Stratasys, Los Angeles, CA, USA). The printing volume is (406 · 356 · 406) mm3. The chamber
is heated when printing engineering polymers such as PEI to minimize the thermal distortion.

The specimen’s geometry was printed according to the different mechanical testing standards
used throughout the manuscript (Figure 1).
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Figure 1. Dimensions (in mm) of the specimens. (a) Tensile test specimens (ASTM D638 type I, IV);
(b) flexural test specimens; (c) short-beam shear specimens.

The selected printing settings are summarized in Table 2. These parameters were selected
according to past experience to minimize the presence of internal voids [19]. All the specimens were
oriented flatwise on the XY plane. To avoid negative notch effects leading to premature failure, as
reported in some previous research [3], the start and stop positions for printing the tensile specimens
were set in one corner in the grip zone (Figure 2).

Table 2. Printing conditions for the preparation of the specimens.

Parameters Unit Value

Infill % 100

Infill type Solid

Support type ULTEM Support

Raster angle deg 0/90

Layer height μm 254

Tip T16

Shrink factor (x) 1.01

Shrink factor (y) 1.01

Shrink factor (z) 1.0097

Contours width mm 0.508

Part raster width mm 0.508

Raster to raster air gap 0

Contour to raster air gap 0

Contour to contour air gap 0

The viscoelastic behavior of the two material types was investigated using a DMA Tritec 2000
(Triton Technology Ltd., Nottinghamshire, UK) by single cantilever geometry and sample size
(10 · 5 · 2) mm3. The tests were carried out at 1 and 10 Hz with 2 ◦C/min heating rate from 25 ◦C
to 250 ◦C.

A Shimadzu DSC 60 (Shimadzu, Kyoto, Japan) was used for calorimetric glass transition
temperature (Tg) determinations. The apparatus was calibrated in enthalpy and temperature by
following the procedure discussed in [20]. Afterwards, the enthalpy calibration was checked by the
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melting of fresh indium, showing an agreement with the literature standard within 0.25% [21]. This
happened while the temperature calibration was checked by several scans with fresh indium and tin,
showing an agreement within 0.08% with respect to the literature values [21]. The DSC scans have
been performed on samples of about 6.0 · 10−3 g, held in sealed aluminum crucibles at a heating rate of
10 ◦C/min and static air atmosphere. The investigations were carried out in a range of temperatures
from room temperature up to 300 ◦C and each scan was performed in triplicate. The considered
values were averaged from those of three runs, the maximum difference between the average and the
experimental values being within ±1 ◦C.

 

Figure 2. Slice and toolpath for tensile test specimens.

The mechanical properties of printed specimens were measured by using an Instron 5985 universal
testing machine (Instron, Milan, Italy) equipped with a load cell of 10 kN. For each test, the tools
required for the various standard tests were installed. System control and data collection were
performed using the Blue Hill 3.61 software (Instron, MA, USA). Following the DoE method, we
randomized the testing order for all samples and test types.

Tensile specimens were tested according to ASTM D638. The test was carried out in strain control
mode at a speed of 2 mm/min, using a clip extensometer with 25 mm useful length. Tensile specimens
were printed with Type I and Type IV geometry, as specified in the ASTM D638 standard (Figure 1a).

The flexural test (ISO 178) was performed with (60 · 25 · 3) mm3 samples (Figure 1b) and a span
length (distance between supports) equal to 48 mm. The tests were conducted at a speed of 2 mm/min.
The flexural samples were obtained by cutting bars with length equal to 122 mm and 165 mm in pieces
having a standard length of 60 mm.

For the ILSS (ASTM D2344M), samples of size (40 · 12 · 6) mm3 were considered, with a span
length of 24 mm (Figure 1c). ILSS tests were carried out at a speed of 1 mm/min. The ILSS samples
were obtained by cutting bars having length equal to 122 mm and 165 mm in pieces with a standard
length of 40 mm.

Scanning electron microscopy micrographs were obtained with a SEM EVO-MA15 by Zeiss,
Cambridge (UK). The fractured surfaces were sputter coated with gold before the SEM micrograph
was taken.

3. Results and Discussion

3.1. Thermal Characterization

A preliminary study on tan and black ULTEMTM 9085 materials was carried out to define the
difference in terms of viscoelastic and thermocalorimetric behavior. Previous tests on ULTEMTM 9085
have shown that it is a PEI modified polymer containing a copolymer for improved flow [16]. The
tan versus temperature plot is reported in Figure 3 for both polymers. A wide peak at 185 ◦C and a
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shoulder at 140 ◦C were observed for the tan sample. For the black sample, the peak and the shoulder
shifted to 195 ◦C and 148 ◦C, respectively.

Figure 3. Tanδ versus temperature for ULTEMTM 9085 tan and black.

DSC data showed similar results for tan and black materials, with a glass transition observed at
around 180 ◦C (Figure 4). The tan sample showed two distinct thermal transitions while only one was
observed for the black resin. Similar results for PEI blends were observed in the past [22]. However,
the DSC test seems unable to clearly resolve the thermal transitions as observed in the DMA test,
despite the fact that the behavior is also different for the two grades for this analysis.

Figure 4. Differential scanning calorimetry for ULTEMTM 9085 tan and black.

The thermal analyses reported here show that the two materials have a different behavior despite
being quite similar in composition. Filament pigmentation was reported to impact on the finish and
the mechanical behavior of PLA based filaments [23–26]. However, similar data were not reported
previously for PEI based filaments. Therefore, the study was continued by characterizing the mechanical
behavior of the printed parts with the two materials.

3.2. Mechanical Characterization

The mechanical characterization of the investigated materials requires the implementation of a
proper test. Unfortunately, an accepted international standard specifically developed for the testing of
the mechanical properties of FDM™ printed parts is not available yet. For this reason, we considered
and compared the performance of three well-known mechanical tests available in the literature for
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other fields of application. The objective was finding a proper test for characterizing the two 3D-printed
ULTEM™ XY material types by analyzing different experimental plans.

3.2.1. Tensile Testing

After generating the experimental plan and collecting the response observations (Table S1) of the
tensile test according to the ASTM D638 standard (UTS and Young’s modulus), an ANOVA study
was performed using the Design-Expert software. Randomization was used for the testing sequence,
as reported in Table S1 in the Supplementary Material. The average tensile stress of the five tested
samples versus displacement curves are shown in Figure 5. All the tested specimens showed brittle
failure with no yielding. The UTS varied in the range between 48.99 MPa and 61.98 MPa for the
two materials. Young’s modulus varied in the range between 2.05 GPa and 2.34 GPa. The measured
tensile properties were similar to those reported in other papers focusing on ULTEMTM 9085 [16,27–29].
Zaldivar et al. [29] showed tensile strength values varying from 46.83 MPa for flat samples to 71.03 MPa
for on-edge samples. The tensile modulus varied from 1.77 GPa to 2.48 GPa. In this study, the raster
orientation varied from 90◦ to 0◦. Similarly, Byberg et al. [28] reported tensile strength values from
31.30 MPa to 70.60 MPa. FDM™ samples show lower mechanical properties, in particular the UTS
reduction ranges between 20–40% and the strain of about 2% [30]. These findings depend on the
presence of voids and on the thermal history of the printed samples when compared to injection
molded specimens.

Figure 5. Average tensile stress versus displacement curves.

The Analysis of Variance (ANOVA) table for Young’s modulus response is shown in Table 3.
Model adequacy checking on the residuals from the analysis did not show any anomaly, as shown
in Figure 6 The material type (factor A) is an influential factor (p-value < 0.001) on Young’s modulus
(Figure 7, Table 3) and it is involved in a significant interaction AB (p-value < 0.001) with the geometry
(factor B) (Figure 8). The model appears to have a good robustness to define the observed response with
a high R-squared value of 0.8368. Conversely, when the UTS response is considered as the response
variable, the ANOVA analysis shows that the material and the geometry factors do not influence it
(Table 4). The tensile test is actually unable to characterize the ultimate tensile strength (UTS) for
the two materials, as revealed by the very low R-squared value of 0.0764 We explain this finding by
considering that the tensile test for flatwise printed specimens is not as sensitive to the interlayer
bonding as it is for the upright orientation case where interlayers are directly loaded. In fact, for
flatwise samples the longitudinally oriented rasters can sustain applied loads.

ULTEMTM 9085 displayed a structure with a clear distinction of the deposited filaments that
are not completely bonded and melted together (Figure 9). Therefore, testing methods that account
for the interlayer bonding resistance should be used to fully characterize the mechanical behavior
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of the material. The morphological analysis of the fractured specimen reveals other features. The
longitudinal rasters that were aligned along the tensile load show a deformed cross section with some
yielding before failure (see green arrows), and the transverse rasters were not deformed and there
were some zones where adhesive failures occurred (see red ellipses). It is important to notice that the
yielding occurs locally and for the longitudinal raster only. This is not reflected in the macroscopic
behavior of the samples as shown in Figure 6. Compared to other studies, the level of fiber-to-fiber
fusion seems lower for the analyzed specimen [29]. Crack propagation seems to also depend on the
raster orientation [31]. This analysis highlights the importance of characterizing the interlayer bonding
for these samples.

Table 3. ANOVA table for tensile test (response is Young’s modulus).

Source Sum of Squares df Mean Square F Value p-Value

Model 0.1109 3 0.0370 25.6417 <0.0001

A–Material 0.0575 1 0.0575 39.8659 <0.0001

B–Geometry 0.0056 1 0.0056 3.8861 0.0674

AB 0.0575 1 0.0575 39.8659 <0.0001

Pure Error 0.0216 15 0.0014

Cor. Total 0.1325 18

Std. Dev. 0.038 R-squared 0.8368

Mean 2.19 Adj. R-squared 0.8042

C.V. % 1.73 Pred. R-squared 0.7442

 
Figure 6. Normal probability plot for: (a) Young’s modulus; (b) ultimate tensile strength; (c) flexural
strength; and (d) interlaminar shear strength.
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Figure 7. Normal probability plot for tensile test (Young’s modulus).

 
Figure 8. Effects diagram for tensile test.

Table 4. ANOVA table for tensile test (response: UTS).

Source Sum of Squares df Mean Square F Value p-Value

Model 12.4925 3 4.1642 0.4413 0.7266

A–Material 1.7387 1 1.7387 0.1843 0.6735

B–Geometry 2.0563 1 2.0563 0.2179 0.6469

AB 8.6975 1 8.6975 0.9218 0.3513

Pure Error 150.9726 16 9.4358

Cor. Total 163.4652 19

Std. Dev. 3.0718 R-squared 0.0764

Mean 59.1469 Adj. R-squared −0.0967

C.V. % 5.1935 Pred. R-squared −0.4430
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Figure 9. Fracture surface morphology for a tensile sample (tan resin). Red ellipse highlights the
adhesive failure on the transverse rasters. The green arrow highlights the yielded longitudinal rasters.

3.2.2. Flexural Testing

The ISO 178 flexural test is considered as a testing method allowing some of the limitations of
tensile testing to be overcome because of the absence of severe constraints due to the clamping of the
samples [32]. The flexural test investigated in this study was not applied to a tubular geometry as
in Kuznetson et al. [32], but it was performed according to the standard ISO 178. The reason for this
choice is that the tubular geometry limits the possibility of varying raster orientation in the printed
sample. Therefore, the standard ISO 178 geometry was used, as reported in Figure 1, allowing us to
use the same raster orientation as for the samples subjected to tensile load. The experimental curves
obtained from the flexural test do not show any significant differences between specimens obtained
from bars printed with different lengths (Figure 10). The readings of maximum flexural stress varied in
the range between 77.48 MPa and 108.02 MPa for the two materials (Table S2). Gebisa et al. [27] in their
study reported flexural stresses varying from 52.89 MPa to 126.30 MPa. Although the material type
seems to be the only relevant factor (p-value = 0.0379) in this experimental study (Table 5), the small
R-squared = 0.22 and adjusted R-squared = 0.17 values obtained from the ANOVA analysis shows
that only a small fraction of total variability measured in the flexural stress is due to the investigated
factors. Similarly to the tensile test, this reveals a high level of noise affecting the flexural stress which
dramatically affects the test sensitivity when applied to FDM™ printed specimens. This result can be
explained by the fact that the shear stresses developing within the specimen during a flexural test can
influence its results. For this reason, its effect is minimized in the ISO 178 standard by fixing the ratio
(r) of support length (LS) to the specimen height (h) to be equal to 16 [33]. Clearly, this condition is not
favorable for the purpose of the mechanical characterization of FDM™ samples where the interlaminar
bonding—whose resistance can be tested by the presence of shear stress—plays a relevant role on the
mechanical properties of the specimens.

3.2.3. Short-Beam Shear Testing

Among the different test options typically used to characterize fiber-reinforced polymers, the SBS
test is a valid option to easily determine the ILSS. For this test, the span-to-thickness ratio is fixed
at values in the order that the occurring shear stresses within the specimen are high compared to
the normal stresses generated by the bending moment [33]. The average ILSS versus displacement
curves obtained for the ULTEMTM 9085 samples are shown in Figure 11 (also see Table S3). From
these curves, it is immediately evident the effect of the material type, with the black resin showing
higher SBS than the tan resin. For all the tested specimens, the readings of SBS varied in the range
between 11.82 MPa and 16.74 MPa. The results of the ANOVA analysis for the experimental plan
and the normal probability plot of the effects are shown in Table 6 and Figure 12, respectively. Model
adequacy checking on the residuals from the analysis did not show any anomaly. As expected, the
material type is clearly the influent factor (p-value < 0.0001) on the ILSS. Neither the geometry nor the
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second-order interaction between the material type and geometry were significant. However, a very
high portion of variability (more than 90%), is found for the material type with R-squared = 0.92 and
adjusted R-squared = 0.92. The main effects diagram shown in Figure 13 on the material type factor
clearly shows its influence. The two black square points and the intervals on the diagram correspond
to the average of the ILSS observations and the 95% confidence intervals for the mean ILSS for tan and
black, respectively. The same result was obtained when plotting the main effects diagram for level 165
mm (not shown here).

Figure 10. Average flexural stress versus displacement curves.

Table 5. ANOVA table for flexural test (response: flexural strength).

Source Sum of Squares df Mean Square F Value p-Value

Model 385.27 1 385.27 5.02 0.379

A–Material 385.27 1 385.27 5.02 0.379

Residual 1381.04 18 76.72

Lack of Fit 72.47 2 36.24 0.44 0.6497

Pure Error 1308.56 16 81.79

Cor. Total 1766.30 19

Std. Dev. 8.76 R-squared 0.2181

Mean 95.89 Adj. R-squared 0.1747

C.V. % 9.13 Pred. R-squared 0.0347

Figure 11. Average ILSS versus displacement curves.
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Table 6. ANOVA table for ILSS test (response: short-beam strength).

Source Sum of Squares df Mean Square F Value p-Value

Model 57.83 1 57.83 217.84 <0.0001

A–Material 57.83 1 57.83 217.84 <0.0001

Residual 4.78 18 0.27

Lack of Fit 0.75 2 0.37 1.48 0.2569

Pure Error 4.03 16 0.25

Cor. Total 62.61 19

Std. Dev. 0.52 R-squared 0.9237

Mean 14.07 Adj. R-squared 0.9194

C.V. % 3.66 Pred. R-squared 0.9058

 
Figure 12. Normal probability plot for SBS test.

 

Figure 13. Effects diagram for SBS test.

4. Conclusions

This paper focused on the characterization of two grades of commercial PEI-based filaments
used for FDM™, which are tan and black aerospace qualified ULTEMTM 9085. The study of the two
materials included both their thermal and mechanical characterization. From the thermal analyses
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(dynamic mechanical analysis and differential scanning calorimetry) we found that the two material
types show a significantly different temperature-dependent behavior. Regarding the mechanical
characterization, the absence of a proper test for FDM™ printed specimens led us to the comparison of
three different tests: tensile, flexural and short-beam shear. Design of experiment techniques were
used to perform the experimental study. An industrial machine (Fortus 400mc) was used for printing
high quality specimens. Among the three investigated tests, only the short-beam shear test was
able to sufficiently discriminate between the material types. This result strictly depends on the test
configuration that privileges the effect of the shear stress internal to the specimen under the loading
condition, and the key role played by the interlaminar bonding in the mechanical properties of FDM™
printed parts.

More research is needed to address the correlation between printing parameters and the mechanical
properties of printed materials. The need for improving the understanding of correlations and for
enlightening the anisotropic behavior is of utmost importance in view of the increased use of reinforced
materials in FDM™ to satisfy the need for structural components. Mechanical tests such as double
cantilever beam (DCB) or end-notched flexure (ENF) test could also be considered in future research in
view of designing a new test standard for FDM™. Additional improved tensile testing with geometries
specifically designed to account for material’s orthotropy and FDM™ building procedures should be
developed. Tapped tensile specimens normally used for fiber reinforced samples could be a solution
worth investigating. In terms of future applications, properly developed testing methods would allow
for data sets that are useful for easy design of available parts. A standardized test is also needed to
have robust techniques for the validation of materials for FDM™ under development.
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Featured Application: Ultem 9085 is a relative new material with well-known flame-retardant

properties that has many applications in digital manufacturing and rapid prototyping. Thanks to

its high mechanical performance, this material has potential applications in many fields, especially

aerospace, automotive, and military industries which require a high strength-to-weight ratio.

Abstract: Fused-deposition modeling (FDM) is an additive manufacturing technique which is widely
used for the fabrication of polymeric end-use products in addition to the development of prototypes.
Nowadays, there is an increasing interest in the scientific and industrial communities for new
materials showing high performance, which can be used in a wide range of applications. Ultem 9085
is a thermoplastic material that can be processed by FDM; it recently emerged thanks to such good
properties as excellent flame retardancy, low smoke generation, and good mechanical performance.
A deep knowledge of this material is therefore necessary to confirm its potential use in different
fields. The aim of this paper is the investigation of the mechanical and thermal properties of Ultem
9085. Tensile strength and three-point flexural tests were performed on samples with XY, XZ, and ZX
building orientations. Moreover, the influence of different ageing treatments performed by varying
the maximum reached temperature and relative humidity on the mechanical behavior of Ultem
9085 was then investigated. The thermal and thermo-oxidative behavior of this material was also
determined through thermal-gravimetric analyses.

Keywords: fused-deposition modeling; mechanical properties; thermal behavior

1. Introduction

Additive manufacturing (AM) refers to an innovative technology used to fabricate
three-dimensional components starting from a computer-aided design(CAD) model; this terminology
was introduced by Charles Hull in 1986 and it was originally devoted to the production of prototypes.
Recently, AM has attracted the growing interest of both scientific and industrial communities. In fact,
thanks to its flexibility and ease of use, AM has progressively found its way into many manufacturing
industries; in addition, it is one of the main topics of many researchers’ studies. This innovative
technology uses a conceptual approach which is completely different to that adopted by subtractive
manufacturing methods, which start from a block of material and progressively remove part of this
material through cutting, drilling, and grinding. These latter are typically used to create components
for prototyping, manufacturing tooling, and end-use parts which require tight tolerances or geometries
which are difficult to produce by molding, casting, or other traditional manufacturing techniques.

On the contrary, AM is based on an additive principle, which allows objects to be made starting
from 3D-model data and using a layer-by-layer strategy to build up the desired part. There are many
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are the advantages connected with this technology, such as the possibility of manufacturing complex
geometries, product customization and minimization of waste and scraps, in addition to a reduction in
production costs as well as a simplification of the manufacturing cycle [1–3].

Fused-deposition modeling (FDM) was one of the first AM techniques introduced into the market
for the production of polymeric components. It is defined as “a material extrusion process used to
make thermoplastic parts through a heated extrusion and deposition of materials layer by layer” [4].
A continuous filament is heated at the nozzle, extruded, and then deposited to form stacked layers to
build up the final component. The simplicity of the process and its low cost associated to its high speed
are the main advantages of FDM. The main limitations of this technique are the anisotropic behavior of
printed parts and their poor accuracy and surface finishing [5–7]; moreover, the formation of voids
during the filament deposition is frequently observed [8–10]. This results in an increased porosity of
final components and in a worsening of their mechanical properties. However, many studies have
been performed in order to overcome these limitations.

Various materials are currently processed through FDM, such as acrylonitrile butadiene styrene
(ABS), polylactide acid (PLA), polycarbonate (PC), polyamide (PA), polyphenylene sulphide (PPS);
polyetherimide (PEI), and polyether ether ketone (PEEK) [11,12]. However, the development of
new materials with customized properties represents a key challenge to further extend the potential
large-scale application of FDM technology.

Ultem 9085 is a high-performance thermoplastic polymer manufactured by Stratasys which can
be processed by FDM; it is a mixture of a polyetherimide (PEI) with a polycarbonate (PC) copolymer
blend; the latter is added in order to improve the material flow [13].

It shows high glass transition temperature, excellent flame retardancy, low smoke generation,
and good mechanical properties [14]. This set of properties makes this material a promising candidate
in different application fields, especially those which require low mass and high strength such as
aerospace, marine and automotive sectors. As Ultem 9085 is a relative recent material, no extensive
literature is available. There are however, two main aspects that are more deeply investigated in the
literature due to their large impact on the mechanical performance of printed parts. Firstly, the quality
of final components is greatly influenced by the used-process parameters. FDM involves a quite
complex mechanism based on the interaction of different parameters such air gap, raster width, raster
angle, contour number, and contour width. Their optimization and the study of how these parameters
can individually or collectively affect the properties of printed objects is fundamental to obtaining
high performant components [15–18]. Secondly, mechanical properties are significantly affected by
building orientation of samples; for this reason, some authors addressed their research toward this
subject [13,19–21]. Other properties of Ultem 9085 have been only partially investigated. Cicala et
al. [22] measured the rheological, morphological, and thermomechanical properties of Ultem 9085.
In addition, Shelton et al. [23] focused their attention on the effect of the thermal profile of the FDM
process on the inter-layer bonding of Ultem 9085 parts.

However, to the best of our knowledge, very limited literature is present on the study of thermal
behavior of this material and on the effects that exposure to significant temperature and humidity
variations may have on layer-by-layer 3D-manufactured parts. The promising performance of Ultem
9085 and its potential application in the transport sector, with particular reference to the automotive
sector, generates interest in testing this material under severe environmental conditions.

Bagsik et al. [24] investigated the tensile properties of Ultem 9085 after long-term ageing which
involved a conditioning time period up to 52 weeks and a subsequent exposure to specific temperature
from −60 ◦C to 160 ◦C. These authors found that no change in geometry occurred after a long period of
storage in different environmental conditions; on the contrary, the strength properties worsened when
increasing test temperatures were applied.

The present paper investigates the mechanical properties of Ultem 9085 as a function of building
directions. The influence on the mechanical behavior of different ageing treatments, performed
by varying the environmental conditions in terms of maximum-reached temperature and relative
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humidity, were also studied. In addition, the thermal and thermo-oxidative behavior of this material
was investigated.

2. Materials and Methods

This work focused on Ultem 9085, a high-performance thermoplastic polymer specifically designed
for FDM technology; it is supplied by Stratasys in the form of natural-colour filament with a diameter of
1.75 mm. This material was used for the preparation of specimens by using a Fortus 450mc 3D-printer
supplied by Stratasys. The fabrication of samples consists of three main steps. Firstly, the test
coupons were modelled using the commercial software Solidworks, and then a machine code in STL
(stereolithography) format was generated. Secondly, the STL file was exported into the software package
Insight 12.1, which was supplied with the AM machine. It was used to set the build parameters and
control all the printing stages. All the samples were fabricated by using the same building parameters:
raster width of 0.508 mm, contour width of 0.508 mm, air gap of 0 mm, and contour number of 3.
Moreover, filling of layers (a theoretical 100% infill was set) was performed alternating raster angles of
±45◦ with respect to the x-axis. Finally, the STL file was sent to FDM machine, which began to fabricate
the specimens by extruding Ultem 9085 filament and depositing it layer by layer. The scanning strategy
involved the deposition of the contour of a single layer followed by its filling according to the prefixed
raster angle. A nozzle with a T16 tip compatible with Stratasys’s equipment and showing a diameter
of 0.4064 mm was used. For all other process parameters, fixed default settings supplied by Stratasys
and saved in the management software were used [25].

The specimens for tensile and bending tests were manufactured according to XY, XZ, and ZX
building orientations (Figure 1), where the first letter specifies the direction of the main axis of the
specimen with respect to the build platform, and the second letter, together to the first one, identifies
the plane on which the largest sample surface lies.

Figure 1. FDM samples built according XY, XZ, and ZX directions.

The density of both filament and printed components (with size 10 × 10 × 10 mm3) was measured
by Archimedes’ method using methanol as the immersion medium—the volume of displaced liquid
corresponded to the samples’ volume. The mass of both filament and samples was weighed by using
a balance with an accuracy of 1.0 × 10−5 g. The measurements were repeated on sets of five samples
for each building orientation; average values and their standard deviations were calculated.

Mechanical tests were performed using a universal testing machine (MTS Criterion Model
43, MTS Systems s.r.l., Italy) equipped with a 5 kN load cell; the configuration of the equipment
was adapted to the different kinds of mechanical test. ASTM D638-14 was used as reference for the
fabrication of samples and the measurement of yield strength, ultimate tensile strength, elastic modulus,
and elongation at break of Ultem 9085 specimens. The average values of each property and the relevant
standard deviations were calculated. Type I dog-bone samples were built according the following
dimensions—overall length of 165 mm, thickness of 3.2 mm, and length and width of narrow section of
57 mm and 13 mm, respectively. The tensile tests were carried out on 15 samples (5 for each building
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direction) setting a strain rate of 5 mm/min in accordance to the previously-mentioned test standard;
a 25 mm gauge-length extensometer was used for strain measurements.

Fracture surfaces of samples with different building orientations were observed by using Leica
MS5 stereo microscope, Leica, Heidelberg equipped with Leica LAS software.

Three-point flexural tests were performed on a set of 15 specimens (5 for each building orientation)
following the ASTM D790-17 standard. The results were averaged, and the standard deviation values
were calculated. Rectangular bars with a length of 127 mm, a width of 12.7 mm, and 3.2 mm high were
built; all the specimens were maintained at a fixed temperature of 87 ◦C for 12 h before performing the
mechanical tests. The tests determined the flexural strength, the elastic modulus, and flexural strain of
samples. A test specimen with rectangular cross section was placed in a flat position on two supports;
the span length between them was fixed to 51.2 mm in accordance with the test standard. The load
was then applied by means of a loading nose located in the centre of the span length; a crosshead rate
of 1 mm/min was used. The specimen was deflected until rupture occurred or until a maximum strain
of 9.0% was reached.

For both tensile and flexural properties average values and standard deviations were calculated.
All data were statistically evaluated using one-way ANOVA. Post hoc Tukey’s honestly significant
difference(HSD) multiple comparison tests were then used to identify statistically-homogeneous
subsets (α = 0.05).

The thermal stability of Ultem 9085 (in the form of filament and printed samples) was evaluated
through thermal-gravimetric analyses (TGA/SDTA851 Mettler Toledo), which were carried out from
25 to 800 ◦C with a heating rate of 10 ◦C/min under both argon atmosphere and air (gas flowing at
50 mL/min). The presence of any crystalline phases in the solid residue obtained after the thermal
degradation of Ultem 9085 in inert atmosphere was investigated by using X-ray diffraction (Panalytical
X’PERT PRO PW3040/60, Cu Kα radiation at 40 kV and 40 mA, Panalytical BV, Almelo, The Netherlands).
The spectrum was collected in 2 Theta range from 10◦ to 80◦ setting a step size of 0.013◦.

The ageing behavior of Ultem 9085 was evaluated after three kinds of artificial ageing treatments:

• Warm storage, which consisted of maintaining samples at a temperature of 100 ◦C and a zero
percent relative humidity for a period of 7 days;

• Cyclic climate change, involving the constant and periodic variation of climate cell temperature
between −40 and +90 ◦C using a thermal gradient of 1 ◦C/min. Both the maximum and minimum
temperatures were maintained for 4 h; the relative humidity was also controlled reaching
a maximum of 85% at 90 ◦C. This cycle was repeated for 10 times with a cumulative duration of
120 h;

• Thermal shock, consisting of two steps. Firstly, the samples were maintained at the temperature
of 70 ◦C and zero relative humidity for 7 days. They then were subjected to a strong temperature
variation up to −20 ◦C for 24 h.

To the best of authors’ knowledge, there is not a standard procedure to determine the thermal
behavior of a car component in different environmental conditions. However, some studies in the
literature investigated the vehicle cabin temperatures that can be reached in various weather conditions
and during the different periods of the year [26–28]. The testing conditions adopted for the three
previously-described ageing treatments aim to simulate the environmental conditions (in term of
temperature and relative humidity variations) that an internal vehicle component experiences during
its life cycle. They are currently used for the qualification and validation of internal components in
automotive industry.

Bars for flexural tests were subjected to the three kinds of previously-described environmental
tests—sets of four samples were subjected to a single ageing treatment and a fourth one underwent all
the treatments. The influence of the ageing treatments on the mechanical behavior of Ultem 9085 was
investigated by carrying out flexural tests to samples which underwent a single ageing cycle (samples
set A, after warm storage; samples set B, after cyclic climate change; and samples set C, after thermal
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shock) or all the three treatments (samples set D). A total of 16 specimens with building orientation XZ
(which previously showed the best mechanical performance) were tested following the guidelines of
ASTM D790-17 standard. The average values of flexural strength, elastic modulus, and elongation at
break and their standard deviations were reported. The obtained results were statistically evaluated
using one-way ANOVA. Moreover, post hoc Tukey’s HSD tests were performed in order to identify the
environmental conditions that significantly affected the flexural performances of Ultem 9085 (α = 0.05).

3. Results and Discussion

3.1. Density

The measurement of density was performed on the Ultem 9085 in the form of both filament and
printed components. The results are reported in Table 1.

The density of the filament was found to be equal to 1.2864 ± 0.0005 g/cm3; this value was taken
as reference to calculate the relative density of printed samples as well as the porosity values.

Table 1. Average values of densities and porosity (standard deviations in parenthesis) of printed parts
for the different building orientations.

Building Orientation Density (g/cm3)
Relative Density

(% of Theoretical)
Porosity (%)

XY 1.2389 (0.0004) 96.40 (0.03) 3.60 (0.03)
XZ 1.2552 (0.0003) 97.30 (0.02) 2.69 (0.02)
ZX 1.2637 (0.0002) 97.96 (0.02) 2.04 (0.02)

From Table 1 it is evident that samples showed increasing relative density in the printing directions
XY < XZ < ZX; as expected, the corresponding values of calculated porosity showed a reverse trend.
This trend of density variation when different printing directions are considered agrees with that
observed by Byberg et al. [25]. However, these authors reported values of density in the range from
89.6% to 92.1%, therefore quite a lot lower than those presently obtained.

The variation of density observed for the different building orientations is mainly influenced by
the ratio between the extent of the contour and the infill zones, and the scanning strategy adopted
to fill each layer. The extruder head firstly deposits the contour of the object outlining its perimeter;
then, it completes the layer by depositing the filament within the layer contour with an orientation of
+45◦/−45◦. The misalignment of the infill with respect to the contour causes the formation of voids—
in fact, when the +45◦/−45◦ filament meets the contour and goes back towards the opposite side,
an empty space is left at the corner of infill filament. The higher the infill area involved in the formation
of each layer, the higher the fraction of formed voids.

3.2. Mechanical Properties

3.2.1. Tensile Tests

Tensile tests were performed on dog-bone specimens with building orientation XY, XZ,
and ZX, respectively.

The statistical experiment was carried out using the one-way analysis of variance (ANOVA) in
order to evaluate the main effects of building orientations (the independent variables) on each tensile
property under investigation (yield strength, ultimate tensile strength, elastic modulus, and elongation
at break, which are the response variables). Specifically, the p-value which indicates the level of
significance of the different factors within a statistical test is reported; it represents the probability
of a factor affecting the mechanical properties. The significant factors are tested with p-value lower
than 0.05.
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The statistical analysis (Table 2) revealed significant differences among building orientations for
all the tensile properties under investigation; this implies that at least one of them differs from the
others. The Tukey’s HSD post hoc test (α = 0.05) was performed in order to identify which pairs of
building directions are significantly different from each other.

Table 2. ANOVA tests for tensile properties.

Mechanical Property Source Sum of Squares F F Crit p-Value

Yield strength BG 131.961
750.954 3.885 <0.001WG 10.722

Ultimate tensile strength BG 131.961
120.109 3.885 <0.001WG 10.722

Elastic modulus
BG 74,080

4.206 3.885 0,040
WG 105,680

Elongation at break BG 109.256
95.608 3.885 <0.001WG 6.856

BG = between groups; WG =within groups; SS = sum of squares; F = F ratio; F crit = critical F ratio.

Table 3 shows the means and the standard deviations for the tensile properties such as yield
and ultimate tensile strengths, elastic modulus, and elongation at break; moreover, it compares these
outcomes with those present in the technical datasheet provided by Stratasys (in this case, specimens
were built by using Fortus 3D printer setting default process parameters defined by Stratasys).

Table 3. Results of tensile properties of Ultem 9085 samples built according the three building directions
XY, XZ, and ZX, mean values, and standard deviations (in parentheses). Superscript letters indicate
statistically-homogeneous subsets (Tukey’s HSD test, α = 0:05).

Mechanical Property
XY XZ ZX

Experimental Experimental Datasheet Experimental Datasheet

Yield strength [MPa] 47.0 (0.6) b 54.8 (0.3) c 47 32.0 (1.5) a 33
UTS [MPa] 65.9 (0.7) b 73.0 (1.3) b 69 39.6 (6.0) a 42

Tensile modulus [MPa] 2220 (54) a 2300 (54) a 2150 2128 (144) a 2270
Elongation at break [%] 6.6 (0.6) b 8.0 (0.2) b 5.8 1.7 (0.8) a 2.2

It is evident that XZ orientation was the most performant one showing the highest values of yield
and ultimate tensile strengths (UTS), elastic modulus, and elongation at break. However, pairwise
multiple comparisons with Tukey’s HSD test revealed that UTS, tensile modulus, and elongation at
break of XY samples were not significantly different with respect to those determined for XZ specimens.
On the other hand, ZX samples reported statistically lower tensile properties compared to the both XY
and XZ building directions. Despite the value of tensile modulus for ZX samples not being significantly
different from those obtained for the other two orientations, tensile strength and elongation at break
were much lower with respect to those observed for XY and XZ directions. The observed trend for
tensile properties is in good agreement to that reported in the literature [10,13,20,25].

A comparison between the experimental results and the mechanical properties reported in the
technical datasheet (Table 3) is possible only for the best and worse performant building directions, XZ
and ZX, respectively. For XZ orientation, all the measured mechanical properties were slightly higher
than those stated by the manufacturer; on the contrary, this was not observed for samples printed in
the ZX direction. In this case in fact, the measured properties were slightly lower than those reported
in the material datasheet. Moreover, the standard deviation associated to the tensile properties of ZX
samples was higher with respect to those calculated for XY and XZ samples; this implies a higher
dispersion of the data.
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Samples after tensile tests are shown in Figure 2a–c. These images provide evidence of the different
filament deposition patterns adopted for the building of samples with XY, XZ, and ZX orientations,
respectively. Figure 2d–f show the fracture surfaces of the three kinds of samples. From a visual analysis
it seems that ZX cross section shows lower porosity degree than XY and XZ samples. The presence of
few voids can in fact be observed mainly in the region close to the interface between infill and contour
(red arrows). Similarly, in XZ samples the porosities seem mainly located at the border area where
infill and contour filament meet; however, the amount of observed voids seems higher than for ZX
samples. Moreover, the visual inspection of XY surface fracture evidences the presence of some voids
both at the interface infill/contour and in the infill area. These qualitative observations agree to the
density values reported in Table 1.

The comparison of fracture surfaces evidences some differences in the fracture behavior of samples
as a function of the different building orientations.

Figure 2. Samples built in XY, XZ, and ZX building directions after tensile tests. Macroscopic views of
samples (a–c) and fracture surfaces (d–f).

Both XY and XZ specimens, which granted the best tensile properties, showed a brittle fracture.
The slightly higher UTS of XZ samples with respect to the XY ones was probably due to the different
contour/infill areas ratio. The observed fracture surfaces show a rectangular shape where most of
the area is constituted by the infill, and only a minority part represents the contour. In both XY
and XZ samples, the filament which forms the contours is deposited parallel to sample axes and,
as a consequence, in the same direction of load application. This allows filaments to strongly oppose to
the load application. On the other hand, the filaments which constitute the infill are placed at 45◦ with
respect to the direction of load application. In samples with XZ orientation, the contour/infill areas
ratio is higher with respect to XY samples because of the contour is present on the longest side of the
rectangular cross section (while in the XY samples, the contour represents the shortest side). This may
explain both the higher strength and elongation of XZ specimens with respect to XY ones.
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In addition, the improved mechanical behavior of XZ samples with respect to XY ones can be
supported by the higher degree of porosity observed in XY samples with respect to XZ ones; the porosity
can in fact negatively affect the mechanical properties of the material.

The fracture surface of ZX samples is quite different from those previously discussed; it is quite
flat, and the disposition of filaments at 45 ◦C can be clearly seen. This suggests that the fracture
mechanism involves the debonding among layers, whose adhesion cannot withstand too high tensile
loads. The fracture mechanism proposed for ZX samples fabricated by fused-deposition modeling was
formerly reported in the literature [20,29]. The debonding at the interfaces placed perpendicular to the
tensile load are also responsible for the lower strength and elongation at break.

The very good compromise between strength and ductility experimentally observed justifies
the growing interest of scientific and industrial communities for Ultem 9085 material. It is worth
highlighting that this material shows an ultimate tensile strength comparable to that of PA12 reinforced
with carbon fibres (UTS = 76 MPa) provided by the same manufacturer [30].

3.2.2. Flexural Tests

The three-point bending tests were performed according to ASTM D790-17 standard; the statistical
analysis of flexural strength and modulus results is reported in Table 4.

Table 4. ANOVA test for flexural strength and modulus.

Mechanical Property Source Sum of Squares F Ratio p-Value

Flexural strength BG 3422.889
767.521 <0.001WG 4.460

Elastic modulus
BG 295,285.267

208.456 <0.001WG 1416.533

As previously observed for tensile properties, the p-values indicate that there is was a significant
difference among building orientations for the flexural properties under investigation. The Tukey’s
HSD post hoc test was performed with the aim of identifying which building direction was significantly
different from the others. Table 5 reports the values of flexural strength, elastic modulus, and flexural
strain in term of means and standard deviations for each building direction.

Table 5. Flexural properties of Ultem 9085 with XY, XZ, and ZX orientations, means, and standard
deviations (in parentheses). Superscript letters indicate statistically homogeneous subsets (Tukey’s
HSD test, α = 0.05).

XY XZ ZX

Experimental Experimental Datasheet Experimental Datasheet

Flexural strength
[MPa] 109.72 (0.81) b 117.98 (0.26) c 112 69.98 (3.67) a 68

Flexural modulus
[MPa] 2315 (58) b 2428 (17) c 2300 1963 (27) a 2050

Strain at break [%] No break No break No break 3.6 (0.2) 3.7

These results confirm that samples with XZ orientation showed the best mechanical performances;
in fact, the Tukey’s HSD test revealed the significantly highest flexural strength and modulus for XZ
samples compared to the other building directions. These values of flexural properties are slightly
higher with respect to those reported in the material datasheet (these latter refer to samples built
by using Fortus 3D printer setting default process parameters defined by Stratasys), as previously
observed for tensile properties.
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Specimens with XY orientation had significantly lower flexural properties than XZ samples. This is
in good agreement with the results obtained by Byberg et al. [25] on samples printed using similar
process parameters.

Moreover, according to Motaparti et al. [17] the better flexural strength of XZ coupons with
respect to XY ones can be attributed to the different arrangement of contour in samples with different
building orientation. When a flexural load is applied, the top surface of the specimen experiences
compression, while the bottom one is under tension. In the case of XZ specimens both the top and
bottom surfaces, where the stress is maximum, are mainly constituted by the contour. The presence of
filaments perpendicular to the load application allow higher resistance value to be obtained. On the
contrary, in XY samples the two load-bearing surfaces are mainly constituted by the infill, while the
contour is only a small fraction located in the external part of the surface. This decreases the maximum
load that the samples can withstand.

A significant worsening of flexural behavior was observed for ZX samples. Their flexural strength
and modulus were about 40% and 20% lower than the values observed for XZ samples. Moreover, XY
and XZ samples plastically deformed until the maximum value of strain was reached. On the contrary,
the same tests performed on ZX samples led to the premature failure of samples at low value of strain;
this provided evidence of their brittle behavior. The arrangement of interfaces among stacked layers,
which are perpendicular with respect to the sample axis, and therefore parallel to the load application
can be considered the main cause of the different flexural and deformation features of ZX samples.

The experimental results conclusively showed that the building direction has a significant
effect on both the tensile and flexural properties. Samples with XZ orientation showed the best
performances, while slightly lower mechanical properties were observed for XY specimens. On the
contrary, the arrangement of stacked layers in ZX samples represents the main weakness of these
samples when they are subjected to both tensile and flexural loads.

3.3. Thermal Behavior

Thanks to its good mechanical performances, Ultem 9085 material has many potential applications
in the aerospace, automotive, and military industries. However, good mechanical properties are not
the only requirements that a material has to satisfy for these kinds of applications. Although this
material is known as flame retardant showing low smoke emission and low smoke toxicity [14],
its thermal stability at high temperature and under different environmental conditions have been
scarcely investigated.

3.3.1. Thermal-Gravimetric Analyses

Thermal-gravimetric analyses (TGA) were performed on the starting filament and the printed
samples in order to investigate their thermal stability in a temperature range from 25 ◦C to 800 ◦C.
However, no differences were observed between TGA curves of the filament and the specimens when
they were independently tested in the air and argon atmospheres. This suggests that the FDM process
did not influence the material thermal and thermo-oxidative degradation processes.

Figure 3 compares the TGA and derivative-TGA curves for Ultem 9085 under oxidizing (Figure 3a)
and inert (Figure 3b) atmospheres.
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(a) (b) 

Figure 3. TGA (continuous lines) and D-TGA (dotted lines) curves for Ultem 9085 under (a) air and (b)
argon atmosphere.

Both the curves collected in air and argon atmospheres show an initial degradation temperature
(conventionally, it corresponds to the temperature at which there is a weight loss equals to 5%) of
about 447.5 ◦C.

However, a significant difference in terms of solid residue could be observed—the thermo-oxidative
degradation of Ultem 9085 was almost complete in air, leaving a residue of about 1%; on the contrary,
a residue of about 44% with respect to the initial weight was observed after heating the material in
inert atmosphere up to 800 ◦C. These results are comparable to those obtained by Lisa et al. [31] who
investigated the thermal and thermo-oxidative stability of some polyetherimide; these authors reported
a lower residue quantity when heating PEI in air (14–22 wt% at maximum temperature of 700 ◦C) with
respect to inert atmosphere (43–54 wt%).

XRD analysis was performed on the solid residue obtained after degradation in inert atmosphere
to investigate its composition. The XRD spectrum (Figure 4) shows the presence of a broad hump in
2theta range from 15◦ to 30◦ only; additional crystalline phases were not observed. This implies that
the residual fraction is mainly constituted by amorphous carbonaceous species.

Figure 4. XRD pattern of Ultem 9085 solid residue obtained after thermal degradation.

The degradation of the material under investigation always occurred in two steps; the D-TGA
curves show two peaks which correspond to the maximum rates of weight loss detected at 484.2 ◦C
and 582.5 ◦C in air and at 495.8 ◦C and 592.5 ◦C in argon, respectively. The two-step degradation
mechanism can be explained considering that Ultem 9085 is a mixture of PEI and polycarbonate (PC)
copolymer blend; the latter is added in order to improve the material flow [13].

According to Feng et al. [32] the degradation of polycarbonate in inert atmosphere shows only
one degradation step; the maximum degradation temperature is observed at 504.8 ◦C. On the basis of
this outcome, the first degradation step of Ultem 9085 can be attributed to PC, and the second one
to the degradation of PEI. A comparison between the intensity of the peak at higher temperature in
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D-TGA curves is evidence of a different degradation mechanism of PEI component in air as compared
to argon atmosphere.

3.3.2. Ageing Tests

The thermal behavior of Ultem 9085 was evaluated after different artificial ageing treatments:

• Warm storage, which had the aim of verifying the maintenance of high mechanical properties of
the components after a long period at high temperature;

• Cyclic climate change, which allowed evaluation of the stability of the material under investigation
under a constant and periodic variation of both the temperature and humidity. These variations
could in fact cause reactions of hydrolytic degradation or cracks due to water penetration
and freezing;

• Thermal shock, which aimed to verify the resistance of Ultem 9085 to sudden temperature variations.

In order to evaluate the effect of different ageing treatments on mechanical behavior of Ultem 9085,
three-point flexural tests were performed on samples with XZ orientation (they showed the highest
flexural properties, as reported in Table 5) after each ageing step (sets A, B, and C in Table 6). A set of
samples was tested after the three ageing treatments (set D in Table 6).

Table 6. Tested samples after different ageing treatments.

Ageing Treatment Set of Tested Samples

Warm storage A

D (A + B + C)Cyclic climate change B

Thermal shock C

Figure 5 compares the average stress–strain curve of as-printed samples with those of specimens
after different ageing treatments.

Figure 5. Stress–strain curves of samples after different ageing treatments.

The statistical analysis was performed by considering the flexural properties of Ultem 9085 samples
before and after ageing treatments. The results of one-way ANOVA (Table 7) showed that the ageing
factor had a significant effect on the average values of flexural strength and elastic modulus. Therefore,
the Tukey’s HSD post hoc test was performed with the aim of identifying which environmental
conditions are significantly different from the others, mainly affecting the mechanical performances of
the material.

The results in term of flexural strength, elastic modulus, and elongation at failure are reported in
Table 8; these outcomes are compared to the mechanical properties of as-processed samples.
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The maintenance of samples at high temperature (100 ◦C) for a long period in a dry environment
(Figure 5, curve A) did not involve a significant variation of flexural properties with respect to those
observed for as-printed specimens (Table 5). However, differently from these latter samples, samples A
showed break at an elongation value close to the maximum that can be reached (as previously
reported, the load was applied until the breakage of samples occurred or until a maximum strain of 9%
was reached).

Table 7. ANOVA test for flexural strength and modulus obtained after ageing treatments.

Mechanical Property Source Sum of Squares F Ratio p-Value

Flexural strength BG 785.737
3.914 0.021WG 803.0275

Elastic modulus
BG 1,346,911

17.018 <0.001WG 316,574.2

Table 8. Mechanical properties of Ultem 9085 after different ageing treatment. Superscript letters
indicate statistically homogeneous subsets (Tukey’s HSD test, α = 0.05).

Mechanical Property A B C D As Printed

Flexural strength [MPa] 118.8 (7.7) a,b,c 124.7 (5.3) c 113.4 (1.7) a 113.7 (13.3) a,b,c 118.0 (0.3) b

Elastic modulus [MPa] 2201(227) b 2650 (199) c 2030 (75) a 1956(93) a 2428 (17) b

Elongation at break [%] 7.5 (0.1) 7.5 (0.1) No break No break No break

On the contrary, a significant variation of mechanical properties can be observed for samples C:
the stay at the temperature of 70 ◦C for a long time followed by a sudden temperature variation up to
−20 ◦C (Figure 5, curve C) leading to a significant decreasing of elastic modulus and flexural strength
with respect to the as-printed samples.

Specimens that withstood cyclic climate change (Figure 5, curve B) also experienced a significant
variation of temperature (the difference between minimum- and maximum-reached temperatures
was 90 ◦C) accompanied by a change of relative humidity. The so-conditioned specimens showed
a significant improvement of elastic modulus and flexural strength with respect to as-printed and aged
samples. The material with increased stiffness broke at a strain value of 7.5%.

These outcomes suggest that an important thermal variation, independently from the thermal
gradient, has a significant effect on Ultem 9085.

The results of Tukey’s HSD post hoc test did not show a significant difference in term of
elastic modulus for samples which underwent warm storage, cyclic climate change, thermal shock
(Figure 5, curve D), and thermal shock only (Figure 5, curve C). This confirms that an important
temperature variation has the greatest effect on mechanical behavior of the material under investigation.
Moreover, it is worth nothing that the flexural strength after the three considered treatments was
not significantly different from that of as printed material. Therefore, the mechanical performances
of Ultem 9085 can still be considered good after the different ageing treatments. This confirms the
reliability of Ultem 9085 after ageing treatments at different temperature and humidity conditions.

4. Conclusions

Fused-deposition modelling was used to process Ultem 9085, a thermoplastic polymer which has
recently attracted the interest of scientific and industrial communities thanks to its good properties
such as excellent flame retardancy, low smoke generation, and high mechanical performances.

In order to acquire a deeper knowledge of Ultem 9085, which is a promising candidate in many
application fields, it was characterized in term of mechanical and thermal properties.

Tensile and flexural tests were performed on samples with XY, XZ, and ZX building directions.
XZ orientation showed the highest yield and ultimate tensile strengths, elastic modulus, and elongation
at break; however, these properties were found not to be significantly different for samples with XY
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orientation (with the exception of elastic modulus which was similar for the two kind of samples).
On the contrary, ZX samples reported significantly lower tensile properties; this is due to the fact that
the fracture of these samples is caused by debonding among layers, whose adhesion cannot withstand
too high tensile loads. A similar trend was observed for flexural properties—XZ samples in fact
showed the highest strength and modulus; however, these properties were significantly lower for both
XY and ZX samples.

These outcomes confirm the excellent mechanical properties of Ultem 9085 built according XZ
orientation, and provide evidence that that the building direction has a significant effect on tensile and
flexural properties.

The effect of ageing treatments performed by varying the environmental conditions in term of
maximum reached temperature and relative humidity on the flexural behavior of samples with XZ
orientation (the most performance one) was also investigated.

Warm storage, which involves the maintenance of samples at 100 ◦C and zero relative humidity
for a long period, did not show a significant impact on mechanical properties of Ultem 9085.

On the contrary, a sudden variation of temperature from 70 ◦C to −20 ◦C negatively affected the
properties of the material under investigation, which showed a significant decreasing of both flexural
strength and elastic modulus with respect to the as-printed samples. When the temperature variation
was gradual, as with that experienced by Ultem 9085 during cyclic climate change, a significant
improvement of flexural strength and modulus was observed.

Ultem 9085 was conclusively found to be sensitive to a sudden variation of the temperature;
however, maintenance of high temperature, or a progressive variation of temperature, did not seem to
significantly affect the very good mechanical performances of this material.

The thermal and thermo-oxidative behavior of this material was investigated and it was found to
show no significant weight variation up to the temperature of 447.5 ◦C. The degradation mechanism
involves two steps, which correspond to degradation of PC and PEI components, respectively.
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Abstract: Herein, we report the melt blending of amorphous poly(lactide acid) (PLA) with
poly(styrene-co-methyl methacrylate) (poly(S-co-MMA)). The PLAx/poly(S-co-MMA)y blends were
made using amorphous PLA compositions from 50, 75, and 90wt.%, namely PLA50/poly(S-co-MMA)50,
PLA75/poly(S-co-MMA)25, and PLA90/poly(S-co-MMA)10, respectively. The PLAx/poly(S-co-MMA)y

blend pellets were extruded into filaments through a prototype extruder at 195 ◦C. The 3D printing
was done via fused deposition modeling (FDM) at the same temperature and a 40 mm/s feed
rate. Furthermore, thermogravimetric curves of the PLAx/poly(S-co-MMA)y blends showed slight
thermal decomposition with less than 0.2% mass loss during filament extrusion and 3D printing.
However, the thermal decomposition of the blends is lower when compared to amorphous PLA and
poly(S-co-MMA). On the contrary, the PLAx/poly(S-co-MMA)y blend has a higher Young’s modulus
(E) than amorphous PLA, and is closer to poly(S-co-MMA), in particular, PLA90/poly(S-co-MMA)10.
The PLAx/poly(S-co-MMA)y blends proved improved properties concerning amorphous PLA through
mechanical and rheological characterization.

Keywords: amorphous poly(lactide acid); poly(styrene-co-methyl methacrylate); polymer blends;
filament extrusion; 3D printing

1. Introduction

Additive manufacturing or 3D printing makes it possible to produce exceptional architecture
with different complexity grades [1,2]. Additionally, additive manufacturing has several
advantages, such as formability, variability, practicability, mass delivery, and surface property
designs [3]. Various technologies of additive manufacturing for polymers have been developed,
e.g., fused deposition modeling (FDM), bioprinting, selective laser sintering, selective heat sintering,
digital light projection, and laminated object manufacturing [4,5]. The polymeric materials employed in
these technologies are pellets, polymerizable resins, powders, gels, dispersed solutions, and filaments.
Furthermore, the FDM limitations are the high-temperature manufacturing of polymeric filaments
prior to 3D printing, exclusivity for thermoplastic polymers, and the lack of polymeric filaments
available at the industrial level with mechanical properties suitable for 3D printing [1,6]. The filament
extrusion conditions have a few reports in this field [7–9]. For example, Mirón et al. [8] produced
uniform filaments extruded with a nozzle diameter of 2.85 mm and a temperature range from 175 to
180 ◦C for semi-crystalline PLA. Similarly, Kariz et al. [9] obtained PLA-wood filaments at a higher
temperature (230 ◦C) with a nozzle of 0.4 mm. Finally, the additive manufacturing applications
cover diverse areas, specifically biomedical fields such as scaffolds [10–13], drug delivery systems [14],
surgical tools, and implantable devices [15,16], among others.

Moreover, PLA has been reported for additive manufacturing [16–21]. For instance,
Zuniga et al. [16] replicated an amputee’s finger through FDM using PLA/copper nanoparticle
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composites. Chacón et al. [19] printed semi-crystalline PLA under the following conditions:
Temperature = 210 ◦C, feed rate = 20 mm/s, and a filament diameter of 1.75 mm.
For polymethyl methacrylate (PMMA), Nagrath et al. [22] reported printing parameters as follows:
Temperature = 275 ◦C, print speed = 10 mm/s, and a nozzle diameter of 0.4 mm.

Notwithstanding, PLA can be mixed with other (co)polymers, natural or synthetic,
as poly(S-co-MMA), producing polymer blends with specific characteristics or properties
for a given application [23]. In addition, semi-crystalline PLA, PMMA, and polystyrene
(PS) have been studied, with potential applications in orthopedics, scaffolds, and tissue
engineering. The semi-crystalline PLA focus has been on cell proliferation, vascularization,
shape-memory, and mechanical properties [15,24–30]. PLA can be biodegraded under natural body
conditions [31]. However, new scaffold architectures can be designed by delaying or anticipating the
amorphous PLA biodegradation when PLA is blended with non-biodegradable polymers. In contrast,
traditionally commercially available prepolymers of PMMA, PMMA-co-PS, or their mixtures,
constitute the main component of acrylic bone cement [32]. Therefore, PLAx/poly(S-co-MMA)y

blends can open new opportunities for device production through additive manufacturing [15,17].
Additionally, the polymer blends containing PS, PMMA, or both have had several reports concerning
miscibility and compatibility between materials [33,34]. Contrarily, few authors support PS/PMMA
blend immiscibility [35,36].

In the present study, we reported the processing conditions for filament extrusion and additive
manufacturing for PLAx/poly(S-co-MMA)y blends, as well as their mechanical, thermal, and rheological
properties. The key question of this research was whether a polymer blend could be made between
amorphous PLA and poly(S-co-MMA) to improve on the processability of PLA during polymeric
filament extrusion and 3D printing, but preserving physicochemical properties of PLA.

2. Materials and Methods

2.1. Materials

PLA Ingeo 4060D, d-lactide 12%, with an average molecular weight of 190 kg/mol, ρ = 1.24 g/cm3,
and glass transition temperature Tg = 55–60 ◦C from NatureWorks LLC, USA. Poly(S-co-MMA),
SMMA NAS®30, ρ = 1.090 g/cm3, Tg = 103 ◦C, MFI = 2.2, from Ineos Styrolution Group GmbH,
Germany. In addition, the styrene and methyl methacrylate content on Poly(S-co-MMA) ranged from
70 to 90wt.% and 10 to 30wt.%, respectively [37].

2.2. Melt Blending

The amorphous PLA and poly(S-co-MMA) were dried at 60 ◦C for 8 h. The blending
was done through a Brabender internal mixer (BB) [DDRV501, C.W. Brabender Instruments Inc.,
Hackensack, NJ, USA], at 50 rpm, and at a temperature of 195 ◦C. The blend compositions are shown in
Table 1. Afterwards, the bulk sample of PLAx/poly(S-co-MMA)y blends were ground through a blade
mill to obtain PLAx/poly(S-co-MMA)y blend pellets.

Table 1. PLAx/poly(S-co-MMA)y blends compositions.

Samples
PLAx/poly(S-co-MMA)y (wt.%)

x y

Neat PLA 100 0
Neat poly(S-co-MMA) 0 100

PLA50/poly(S-co-MMA)50 50 50
PLA75/poly(S-co-MMA)25 75 25
PLA90/poly(S-co-MMA)10 90 10
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2.3. Filament Extrusion

The filaments were produced through a single-screw extruder using PLAx/poly(S-co-MMA)y

blend pellets. A temperature of 195 ◦C was set. The PLAx/poly(S-co-MMA)y blend filaments had
a 1.75+/-0.1 mm average diameter. A moto-reducer with 1.6 A, 15.6 N-m of torque, and 12 V DC
was used.

2.4. 3D Printing

The adequate properties for additive manufacturing were proved through a CTC 3D printer at
195 ◦C. The specific parameters are shown in the Table 2. The nozzle diameter was 0.4 mm.

Table 2. 3D printing parameters of PLA90/poly(S-co-MMA)10 blend.

Parameter Value Units

Object infill (%) 10 %
Layer Height (mm) 0.25 mm
Number of shells 3
Feed rate (mm/s) 40 mm/s
Travel feed rate 35

Print temperature (◦C) 195 ◦C

2.5. Characterization

2.5.1. Mechanical Properties

The mechanical testing for PLAx/poly(S-co-MMA)y blends, neat PLA, and neat poly(S-co-MMA)
was performed using a 3382 Floor Model Universal Testing System from Instron, USA. A 5 mm/min
velocity was set. The tensile mode was selected, and five probes were evaluated. The probes were
manufactured in a hot press molding machine 4122 Bench Top manual press model, from Carver®,
USA. The compression molding was in two stages, as follows: First, a zero load for 1 min was applied,
and second, a maximum load of 2.75 tons for 3 min was used. Both stages were performed at
a temperature of 225 ◦C. The probe’s dimensions are based on ASTM D638 type IV.

2.5.2. Rheological Properties

A rotational rheometer (Physica MCR 501, Anton Paar) was used. The conditions were as follows:
Oscillatory mode, parallel plate geometry with a 25 mm plate diameter, and a 1 mm gap. The analysis
was achieved at a temperature of 195 ◦C.

2.5.3. Differential Scanning Calorimetry Analysis

Thermal studies were carried out in a DSC Q2000 differential scanning calorimeter from TA
Instruments, USA. Samples of about 10 mg were sealed in standard aluminum pans under the following
conditions: At a 10 ◦C/min heating rate and a −10–200 ◦C temperature range. Argon atmosphere was
used in all samples.

2.5.4. Thermogravimetric Analysis

Thermal degradation was measured under air atmosphere with an SDT Q600 from TA Instruments,
USA. The PLAx/poly(S-co-MMA)y blends, neat PLA, and neat poly(S-co-MMA) were heated at a rate of
10 ◦C/min up to 800 ◦C. Approximately 16 mg of polymeric material was placed in a platinum crucible.

3. Results and Discussion

Briefly, poly(S-co-MMA) used in this research is a commercial material with random copolymer
architecture. Furthermore, poly(S-co-MMA) copolymer has improved ultimate strength and elongation
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at break than PS, and has better thermal properties regarding PMMA. Similarly, this thermal property
is one advantage over PMMA on heat transfer and melt processing [37]. In other words, this polymeric
material has advantages over neat PS and PMMA.

3.1. Mechanical Properties

3.1.1. Young’s Modulus

Figure 1 shows E of neat PLA, random copolymer, and the PLAx/poly(S-co-MMA)y blends.
The E values were 1.57, 1.58, and 1.60 GPa for PLA50/poly(S-co-MMA)50, PLA75/poly(S-co-MMA)25,
and PLA90/poly(S-co-MMA)20 blends, respectively. The increasing E of blends can be due to
compatibility between the polymer and random copolymer. The term “compatibility” refers to
the blend behavior in terms of mechanical properties, and the “miscibility” is related to a homogeneous
system formation at a molecular level. Usually, a miscible mixture is compatible; however, a compatible
mixture is not necessarily miscible. The compatibilization of polymer blends containing PLA has
been reported. For example, Quitadamo et al. [38] produced PLA/high-density polyethylene blends
obtaining an optimal E = 1.88 GPa for PLA50/HDPE50. In another study, Balakrishnan et al. [39]
improved the flexibility and E (2.2 GPa) of a PLA/low linear density polyethylene (LLDPE) blend
when adding up to 15wt.% of LLDPE. Additionally, the PMMA E has been reported around 3.3 GPa,
a higher value than the poly(S-co-MMA) used in the present investigation [40]. It is essential to mention
that amorphous PLA has a lower E than semi-crystalline PLA, with values close to 2 GPa [31,41].
In addition, the E reported in the literature is a function of processing conditions for amorphous and
semi-crystalline PLA [27]. A further example, an amorphous PLA processed (4060D from Nature
Works®) at 160 ◦C for 10 min, in an internal mixer at 100 rpm, yielded 1.79 GPa of E [41].

 
Figure 1. Young’s modulus, elongation at break, and ultimate strength of (a) PLA50/poly(S-co-MMA)50;
(b) PLA75/poly(S-co-MMA)25; (c) PLA90/poly(S-co-MMA)10; (d) neat poly(S-co-MMA); (e) neat PLA;
and (f) overall.
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3.1.2. Elongation at Break (%)

Contrary to E, a decreasing effect on the elongation at break was observed in the blends (Figure 1).
When poly(S-co-MMA) content was reduced from 50 to 10wt.% in the PLAx/poly(S-co-MMA)y blends,
the elongation at break improved. The blend PLA90/poly(S-co-MMA)10 had the highest value of 3.84%.
This same effect was observed on PLA/PS blends [42]. The polystyrene elongation at break was reported
in other research, and it was about 4.3%, a closer value to the present result [43]. An interesting
issue is that the elongation at break overrode the neat poly(S-co-MMA) by just adding 10wt.% of
poly(S-co-MMA) into the PLA matrix. Finally, the poly(S-co-MMA) content in the blends decreases the
elongation at break.

3.1.3. Ultimate Tensile Strength

The PLAx/poly(S-co-MMA)y blends also showed compatibility in tensile strength (Figure 1).
In general, it is observed that blend PLA90/poly(S-co-MMA)10 presented the highest value (56 MPa),
which even surpassed the neat PLA value (52 MPa). The PLA75/poly(S-co-MMA)25 blend had a lower
value than poly(S-co-MMA) copolymer with 45 MPa and 46 MPa, respectively.

The PLA, in some cases, can be used to increase the ultimate tensile strength for specific
blends, for instance, PLA/PS blends. This improvement was attributed to low interfacial tension and
high-stress transfer parameters [42]. Similarly, PLA70/HDPE30 blends showed an increasing effect for
the ultimate tensile strength of about 49 MPa [38]. In the same manner, the PLA85/LLDPE15 blends
displayed a maximum value of 43 MPa [39]. Table 3 displays the mechanical properties of PLA,
PLAx/poly(S-co-MMA)y blends, and poly(S-co-MMA).

Table 3. Mechanical properties of neat PLA, PLAx/poly(S-co-MMA)y blends, and neat poly(S-co-MMA).

Sample Young’s Modulus (GPa) Elongation at Break (%)
Ultimate Tensile
Strength (MPa)

Neat PLA 1.16 6.00 52
PLA50/poly(S-co-MMA)50 1.57 3.23 48
PLA75/poly(S-co-MMA)25 1.58 3.17 45
PLA90/poly(S-co-MMA)10 1.60 3.84 56

Neat poly(S-co-MMA) 1.68 3.00 46

3.2. Rheological Properties

The miscibility of the binary blends was studied through the Han and Cole–Cole plot analysis
because of the improvement in E concerning PLA. First, the Han plot was used to identify the polymer
blend miscibility or composite materials at different temperatures and compositions [30]. The Han
plots of the PLAx/poly(S-co-MMA)y blends, neat poly(S-co-MMA), and neat PLA analyzed at 195 ◦C
are displayed in Figure 2. A significant characteristic concerning the Han plot (log G’ vs. log G”) is
that a slope of 2 must be observed in the terminal region or low frequency if a blend is regarded as
truly homogeneous [44,45]. The slope of the PLA90/poly(S-co-MMA)10 blend is the highest of all the
mixtures with 1.85, while PLA50/poly(S-co-MMA)50 is the lowest, 1.62. In other words, the miscibility
is present in the PLAx/poly(S-co-MMA)y blends as a function of the PLA content obtaining adequate
mechanical properties.
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Figure 2. Han plots of (a) PLA50/poly(S-co-MMA)50; (b) PLA75/poly(S-co-MMA)25;
(c) PLA90/poly(S-co-MMA)10; (d) neat poly(S-co-MMA); and (e) neat PLA; (f) Cole–Cole plot of
neat PLA, PLAx/poly(S-co-MMA)y blends, and neat poly(S-co-MMA).

Additionally, Figure 2b illustrates the Cole–Cole plots of neat PLA, neat poly(S-co-MMA),
and PLAx/poly(S-co-MMA)y blends. In particular, all samples present information about the
relaxation process occurring in polymeric blends. These diagrams, in particular, form or become
one semicircle when they indicate miscibility; on the contrary, immiscibility is attributed when
more than one semicircle appears [46]. The Cole–Cole diagrams revealed the homogeneity of
amorphous PLA, showing a smooth semicircular arc. A deviation from this smooth semicircular
arc was observed in the case of poly(S-co-MMA) neat copolymer, with a more opened arc and
tail. The PLA50/poly(S-co-MMA)50 blend displayed a non-closed semicircular arc accounting for
immiscibility. Otherwise, the PLA75/poly(S-co-MMA)25 and PLA90/poly(S-co-MMA)10 had a similar
smooth semicircular arc to the amorphous PLA, which explains the miscibility and homogeneity
of these last blends [47,48]. Similarly, the Cole–Cole plots were used by Ding et al. [49] reporting
two relaxation behaviors in immiscible PLA/PBAT blends, the left arc explains the polymer chain
relaxation, and the right arc accounts for the droplet relaxation. Thus, Singla et al. [50] reported
excellent compatibility and homogeneity for PLA/ethyl-vinyl acetate (EVA) blends for a maximum
EVA content of 30wt.%. In addition, Maroufkhani et al. [51] observed a tail at the end of the curves
in Cole–Cole plots, confirming phase separation between PLA and acrylonitrile butadiene rubber
(NBR). In the same way, Adrar et al. [52] studied the effect of adding epoxy functionalized graphene to
PLA/PBAT blends, in which a semicircular shape was observed showing positive miscibility.
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Figure 3a displays the complex viscosity results, η*, of neat PLA, neat poly(S-co-MMA),
and PLAx/poly(S-co-MMA)y blends. In particular, the PLA75/poly(S-co-MMA)25 and
PLA90/poly(S-co-MMA)10 samples presented a broad plateau in comparison to the poly(S-co-MMA)
copolymer. However, at high frequencies, all materials converged on similar η* values at approximately
30 Hz. Equally important, the amorphous PLA effect on the blends is in the η* stabilization as
a frequency function. Conversely, a poly(S-co-MMA) disadvantage is its high η*, and a small plateau at
low frequencies, which has a shear thinning behavior. It should be noted that the PS and PMMA present
a similar η* curve compared to poly(S-co-MMA), although more identical to the PS caused by a more
significant number of styrene monomer units according to the random copolymer composition [53].

Figure 3. (a) Complex viscosity of neat PLA, neat poly(S-co-MMA), and PLAx/poly(S-co-MMA)y blends;
(b) Storage modulus of neat PLA, neat poly(S-co-MMA), and PLAx/poly(S-co-MMA)y blends.

Additionally, the increase or decrease in η* is the result of changes in structure when compared to
starting materials. For instance, the composites present an increased η* based on the filler content in
the polymer blends [54–57]. On the other hand, in this study PLA and poly(S-co-MMA) presented
differences in their η* ascribable to their molecular weight, resulting in polymer mixtures with behavior
between the frontier of the neat polymers. In summary, the PLAx/poly(S-co-MMA)y blends do not show
changes in structure, specifically with a physical interaction between the PLA and poly(S-co-MMA).

Figure 3b shows the storage module (G’) graph versus square frequency of polymer blends,
PLA, and poly(S-co-MMA). In general, PLAx/poly(S-co-MMA)y blends converge at high frequencies;
however, at low frequencies, the blends showed a predominant elastic behavior. The PLA showed
the lower G’ at low frequencies, while the poly(S-co-MMA) had a high value in the same range.
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From 7 Hz to the highest frequency, PLA75/poly(S-co-MMA)25 presented a higher modulus than
PLA50/poly(S-co-MMA)50. For PLA90/poly(S-co-MMA)10, there was a similar situation at approximately
30 Hz. The G’ decreased with PLA concentration in the PLAx/poly(S-co-MMA)y blends. The G’
decreased at low frequencies according to the rheological behavior of unlinked polymers when small
molecules are in the polymer structure [58].

Moreover, blend miscibility can be analyzed in the oscillatory rheology through the storage
module plot versus the frequency where the behavior should be closer to a neat homopolymer.
For example, this same behavior was observed in PLA-EVA [50] and PEO/PMMA blends [54].
Additionally, the PVDF/PMMA blends showed an increase in G’ compared to the neat PMMA; however,
it was lower than the neat PMMA when the temperature changed [55]. Similarly, Mao et al. [56]
observed an increase for G’ in the PMMA/PCE blends at low and high frequencies. These results
were attributed to the short time for chain relaxation. Equally, Suresh et al. [57] reported a decrease in
the rheological parameters (G’ and G”) of PVC/PMMA/rubber nitrile blends as a consequence of the
flexibility provided by the rubber nitrile.

Figure 4 shows the G’ and loss modulus (G”) curves against the angular frequency, crossing point,
of neat PLA, neat poly(S-co-MMA), and PLAx/poly(S-co-MMA)y blends. It is well known that, at low
frequencies, G” > G’ shows a fluid state following a typical linear polymer behavior; however,
at high frequencies, G’ > G” exhibits a solid-state behavior [59–61]. Furthermore, the crossing
point (G’ = G”) may change according to the composition or the branch generation due to the melt
blending. For the neat PLA and poly(S-co-MMA), the crossing points were at 72.91 and 2.06 Hz,
respectively. The PLA50/poly(S-co-MMA)50 blend presented a crossing point at 23.17 Hz, with a trend
closer to the poly(S-co-MMA) copolymer. Subsequently, the PLA75/poly(S-co-MMA)25 crossing point
was observed at 28.35 Hz. Finally, the PLA90/poly(S-co-MMA)10 had a crossing point at 57.32 Hz.
Therefore, the crossing point of PLAx/poly(S-co-MMA)y blends presented displacements, along with
frequency, between amorphous PLA and poly(S-co-MMA) content.

Figure 4. Crossing point of G’ and G” modulus. (a) neat Poly(S-co-MMA); (b) neat PLA;
(c) PLA50/poly(S-co-MMA)50; (d) PLA75/poly(S-co-MMA)25; and (e) PLA90/poly(S-co-MMA)10.
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3.3. Thermal Analysis

3.3.1. Differential Scanning Calorimetry

The Tg dictates the miscibility phenomenon for polymer blends and processing conditions.
As a rule, the polymer blend miscibility is associated with the observation of one single Tg [62].
Nonetheless, a slight Tg displacement on the PLA/PS blends suggested compatibility for those
blends [42]. In other research, a single Tg for semi-crystalline PLA/PMMA blends was reported with
different PMMA compositions on the PLA matrix [63]. In addition, Zhang et al. [62] evaluated the
miscibility of PLA/PMMA blends through two methods, as follows: (1) Solution/precipitation, and (2)
solution-casting film. The results showed that for solution/precipitation, just one Tg was observed,
but two isolated Tg were present in the solution-casting film method. Figure 5 shows the curves
obtained in differential scanning calorimetry, and Figure S1 displays a zoom-in of poly(S-co-MMA)y Tg

curves belonging to PLAx/poly(S-co-MMA)y blends. In general, all PLAx/poly(S-co-MMA)y blends
showed a Tg increasing behavior for both transition temperatures when compared with the polymer
and random copolymer alone. These results suggest immiscibility, however, compatibility was
observed in the E.

Figure 5. Heating curves (2nd cycle) of neat PLA, neat poly(S-co-MMA),
and PLAx/poly(S-co-MMA)y blends.

Further processing conditions (such as temperature, torque, and screw speed) for filament
production are analogous to conventional extrusion. Specifically, the temperature must be between
15–60 ◦C above the Tg or melting point for amorphous, and semi-crystalline polymers, respectively [64].
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Furthermore, these PLAx/poly(S-co-MMA)y blends have the advantage that the system is amorphous,
and therefore require less energy for their transformation. The final Tg of the PLAx/poly(S-co-MMA)y

blends varied between 102.1 and 106.5 ◦C, which determined the melt blending temperature via
extrusion at 195 ◦C.

3.3.2. Thermogravimetric Analysis

Figure 6 displays thermogravimetric mass loss and derivative mass loss (DTG) curves of neat PLA,
neat poly(S-co-MMA), and PLAx/poly(S-co-MMA)y blends. Furthermore, a particular behavior was
observed in all blends presenting at least two degradation stages regarding a mass loss. For example,
the PLA50/poly(S-co-MMA)50, in Figure 6a, presented a first mass loss stage of 96.8% between 321.4 and
420.8 ◦C, and a second step losing 3.0% over 420.8 until 490 ◦C. Correspondingly, there are three peaks in
the DTG curve; one is located at 351 ◦C, followed by a second one maximum degradation temperature
(Tmax) = 358.6 ◦C, and lastly, a small peak at 488 ◦C. Similarly, the PLA75/poly(S-co-MMA)25 blend in
Figure 6b displayed a peak with Tmax = 325.1 ◦C, and two shoulders placed next to the central peak with
a mass loss of 16.4% from 343.6 to 400.1 ◦C, according to DTG and mass loss, respectively. The mass
loss in the first event was about 80.8% between 255 and 343.6 ◦C. A third stage was also observed over
400.1 ◦C, with a mass loss of 1.8%. Concerning the DTG curve of the PLA90/poly(S-co-MMA)10 blend,
Figure 6c shows one peak with Tmax at 334.3 ◦C and another at 368.5 ◦C. In addition, the first mass
loss was observed from 250.1 to 345.6 ◦C, losing about 87.8%. The next stage of mass loss was of 9.4%
between 345.6 and 388.6 ◦C. The last stage was presented at over 388.6 ◦C, with a mass loss of 2.0%.

Figure 6. Thermogravimetric mass loss and DTG (dm/dT) curves of (a) PLA50/poly(S-co-MMA)50;
(b) PLA75/poly(S-co-MMA)25; (c) PLA90/poly(S-co-MMA)10; (d) neat poly(S-co-MMA); (e) neat PLA.

Additionally, the degradation stages of the PLAx/poly(S-co-MMA)y blends can be attributed to
PLA degradation by hydrolysis during the process [65,66]. In addition, the chemical structure of
poly(S-co-MMA) can decrease the thermal stability due to the presence of double carbon bonds and
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aromatic rings, according to Witkowski et al. [67]. Furthermore, the poly(S-co-MMA) had a thermal
decomposition stage from 260 to 460 ◦C and a Tmax around 378 ◦C (Figure 6d). Figure 6e displays
a single degradation step for PLA with a Tmax at 352.9 ◦C [50]. On the other hand, these results agreed
with other publications that studied blends or composites of PLA, poly(S-co-MMA), PS, or PMMA.
For instance, Arshad et al. [68] reported an initial decomposition temperature for poly(S-co-MMA) at
260 ◦C. In addition, Buruga et al. [69] reported three thermal decomposition stages from 360 to 474 ◦C
for poly(S-co-MMA), owing to individual functional group decomposition. Likewise, it was observed
that PLA/PS blends two different stages attributed to the semi-crystalline and amorphous structures
for PLA and PS, respectively [70]. Similarly, Teoh et al. [71] studied the thermal decomposition of
PLA/PMMA blends with or without flame retardant, finding a displacement in PMMA Tmax from 379 ◦C
to 430 ◦C when the mixture contained flame retardant. However, Mangin et al. [72] decreased the PLA
Tmax from 362 to 315 ◦C when incorporating phosphorus as flame retardant (5wt.%) into PLA/PMMA
blends. Finally, Anakabe et al. [73] added poly(styrene-co-glycidyl methacrylate) P(S-co-GMA) to
a PLA80/PMMA20 blend improving thermal stability with the copolymer at 3 pph.

Moreover, the blends’ thermogravimetric curves established the conditions of thermal stability
during the process of filament extrusion and 3D printing. The mass loss percentage at 195 ◦C
for PLA50/poly(S-co-MMA)50, PLA75/poly(S-co-MMA)25, and PLA90/poly(S-co-MMA)10 were 0.03,
0.10, and 0.19%, respectively. However, poly(S-co-MMA) and PLA presented 0.30 and 0.02% of mass
loss, respectively. Likewise, the temperatures for a mass loss at 5% for PLA and poly(S-co-MMA)
were of 321.7 and 310.4 ◦C, respectively. Similarly, Cuadri et al. [74] (2018) reported a temperature
of 322.4 ◦C for a mass loss of 5% for semi-crystalline PLA. Concerning poly(S-co-MMA), Zubair et al.
(2017) reported a temperature of 367 ◦C for 5% of mass loss [75]. Regarding PLAx/poly(S-co-MMA)y

blends, the mass loss at 5% was observed at 309.2, 305.0, and 315.8 ◦C for PLA50/poly(S-co-MMA)50,
PLA75/poly(S-co-MMA)25, and PLA90/poly(S-co-MMA)10, respectively.

3.3.3. Filament Extrusion and 3D Printing

The aim of blending poly(S-co-MMA) with amorphous PLA was to evaluate the material
under processing conditions for filament production and additive manufacture (see Figure 7).
Additionally, the methodology was developed specifically for the amorphous PLA, obtaining blends
with improved properties. In general, these blends present similar E to the poly(S-co-MMA); however,
a decrease in the elongation at break and tensile strength were observed. However, the best polymer
blend was PLA90/poly(S-co-MMA)10 concerning the E.

Moreover, the three filaments of PLAx/poly(S-co-MMA)y blends were produced via extrusion.
The extruder at the prototype level was designed with two heating zones, as follows: The first zone
was a pre-heating of the feed polymer blend until 150 ◦C, and the second had a thermal resistance in the
extrusion die at 195 ◦C to avoid thermal degradation of the blends. The screw speed was established
between 20–40 rpm as a limit for obtaining 1.75 mm filament diameter, according to the experimental
values reported by Mirón et al. [8]. The filament diameter was 1.75+/−0.03 mm of standard deviation.

The PLA90/poly(S-co-MMA)10 blend was selected to show the 3D printing process in the
present research. A uniform 1.75 mm diameter was reached; this size was reported by other
authors [24,76]. Nevertheless, another 1.6 mm diameter was reported for PLA-hydroxyapatite
filaments [21]. The printing temperature is typically set between 180–240 ◦C for blends and composites
having PLA as the matrix. For example, in a few investigations, 210 ◦C were used when printing
PLA [21,77], but also, a 190 ◦C lower temperature was set in another analysis [76].
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Figure 7. Scheme of the filament extrusion and 3D printing process. (a) Screw, barrel, and housing
manufacture. (b) 3D printing.

The proper filament was charged to a CTC 3D printer. Parameters were set (Table 2), such as
temperature and feed rate printing, a cube 1 cm × 1 cm × 1 cm for probes. The temperature variable
was analyzed from 195 to 210 ◦C, where at 210 ◦C, the 3D printing piece presented melted layers with
a 35 mm/s feed rate. The behavior at 200 ◦C was improved in the printing piece. Finally, an optimal
piece was obtained at 195 ◦C, and at a 40 mm/s feed rate. A small 2 cm cube was used as a model (see
Figure 8d). In addition, the parts manufactured for mechanical analysis through compression molding,
polymeric filament via extrusion, and 3D printing by means of FDM do not undergo changes color
whenever compared. Therefore, although there is slight thermal degradation in the blends, the parts
do not have yellowing in the final product.

 

Figure 8. Filament extrusion and its 3D printing of PLAx/poly(S-co-MMA)y blends. (a) Filament
extrusion level prototype. (b) Scheme of filament extrusion. (c) 3D-printing. (d) Some parts
manufactured through compression molding (probes), filament extrusion, and 3D printing, comparing
their color.
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4. Conclusions

The filament extrusion was obtained through a prototype using conditions resulting from thermal
and rheological characterization. The thermal stability of blends at 195 ◦C established the final design
of the prototype, placing the main heating source closer to the die. This modification also allowed
filaments to be extruded without apparent changes in color at different process conditions. The filament
diameter was 1.75+/−0.1 mm, according to the print head.

The 3D printing (FDM) conditions were based on the PLA90/poly(S-co-MMA)10 blend, as well as
being confirmed with the other mixtures. The temperature and feed rate can directly influence 3D
printing because it is a thermoplastic polymer. For example, at a high temperature and feed rate, the final
product may have a deformation and a color change (thermal degradation). Furthermore, these blends
were printed at temperatures from 210 to 195 ◦C, finding better conditions at 195 ◦C. Concerning feed
rate was set at 40 mm/s.

The amorphous PLA degradation during the mixing process with poly(S-co-MMA) produces
polymer chains with lower molecular weight than neat PLA, improving compatibility between
the poly(S-co-MMA) and amorphous PLA. Compatibility was verified in mechanical properties
because Young’s modulus was improved for the PLA50/poly(S-co-MMA)50, PLA75/poly(S-co-MMA)25,
and PLA90/poly(S-co-MMA)10 blends. The PLA90/poly(S-co-MMA)10 blend showed the highest value
for tensile strength and elongation at break (%) due to a more significant degraded modified polymer
generation. On the other hand, the complex viscosity of the blends was improved when compared
with neat PLA. However, the complex viscosity of the PLA90/poly(S-co-MMA)10 blend showed a broad
plateau lower than PLA. Furthermore, the PLA75/poly(S-co-MMA)25 blend showed a displacement to the
left, almost reaching the neat poly(S-co-MMA) crossing point. All PLAx/poly(S-co-MMA)y blends had
two glass transition temperatures closer to the neat polymer and copolymer, suggesting compatibility in
the system. The thermal property of PLAx/poly(S-co-MMA)y blends showed a lower first decomposition
temperature when compared with the PLA and poly(S-co-MMA).

Finally, mixing amorphous PLA with poly(S-co-MMA) improves processing for the filament
extrusion and 3D printing, Young’s modulus due to compatibility, and the complex viscosity.
In addition, 3D printing of manufactured parts does not produce yellowing, although there is a slight
thermal degradation.
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Abstract: As researchers continue to seek the expansion of the material base for additive manufacturing,
there is a need to focus attention on the Ni–Cu group of alloys which conventionally has wide industrial
applications. In this work, the G-NiCu30Nb casting alloy, a variant of the Monel family of alloys
with Nb and high Si content is, for the first time, processed via the laser powder bed fusion
process (LPBF). Being novel to the LPBF processes, optimum LPBF parameters were determined,
and hardness and tensile tests were performed in as-built conditions and after heat treatment at
1000 ◦C. Microstructures of the as-cast and the as-built condition were compared. Highly dense
samples (99.8% density) were achieved after varying hatch distance (80 μm and 140 μm) with scanning
speed (550 mm/s–1500 mm/s). There was no significant difference in microhardness between varied
hatch distance print sets. Microhardness of the as-built condition (247 HV0.2) exceeded the as-cast
microhardness (179 HV0.2.). Tensile specimens built in vertical (V) and horizontal (H) orientations
revealed degrees of anisotropy and were superior to conventionally reported figures. Post heat
treatment increased ductility from 20% to 31% (V), as well as from 16% to 25% (H), while ultimate
tensile strength (UTS) and yield strength (YS) were considerably reduced.

Keywords: additive manufacturing; LPBF; as-built; as-cast; microstructure; microhardness; tensile
test; Ni–Cu alloy

1. Introduction

With the isomorphic nature of nickel (Ni) and copper, the Ni–Cu system results in a complete
solid solution which paves way for the development of single-phase alloys over a wide range of
compositions [1]. The Monel family of Ni alloys which is based on the Ni–Cu alloy system is
characterized by their relatively good strength, good weldability, excellent corrosion resistance,
high toughness, and fracture toughness over a wide range of temperature. As a result, they are found
in many fields of application [2–5]. The single-phase Monel series is a solid solution alloy primarily
hardened conventionally by cold working and typically finds its application in the chemical and
petroleum industry and in food processing, as well as in the marine industry for the production of
valves, pumps, heat exchangers, boiler feed heaters, pressure vessels, shafts, and fasteners, among
others [2,6,7]. Comparatively, Monel is known to have better corrosion resistance than stainless steels
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and copper with regard to marine applications [8,9]. It does not exhibit a ductile to brittle transition
(DTB) and, therefore, performs very well, even at subzero temperatures [10]. Several variations of
the Monel family of alloys, such as Monel 400, Monel 401, Monel 404, Monel R-405, and Monel K-500,
are commercially available [2,11,12]. G-NiCu30Nb (DIN 2.4365/9.4365) is a typical casting alloy which
is modified after the Monel 400 NiCu30Fe alloy but with significant niobium (Nb) and Si content which
promotes better weldability and castability, respectively [13–15]. They are typically manufactured in
the as-cast state but may be soft annealed at about 900 ◦C depending on the wall thickness [16].

As additive manufacturing (AM) technologies continue to receive attention, various ranges of
metal alloys of steel, titanium, aluminum, cobalt–chromium, gold, silver, and nickel-based superalloys
continue to have their application via this generative technology [17]. AM of nickel-based alloys
predominantly involved IN625, IN718, IN738LC, and Hastelloy X, whereas others like the Nimonic
263, Chromel, and MAR-M 247 were also severally investigated for the LPBF process [18]. Not much
is known in published literature concerning the application of Ni–Cu-based alloy series for the AM
process, especially with LPBF. Wire arc additive manufacturing (WAAM) of Monel K500 Ni–Cu alloy
was investigated by Reference [19], who concluded that WAAM manufactured components had higher
strength, hardness, and ductility than those hot rolled under various heat treatment conditions. Finite
element modeling (FEM) of heat transfer, as well as residual stress build-up in laser metal deposition
(LMD) of Monel 400, was investigated by Reference [20], while laser and plasma arc direct energy
deposition (DED) fabrication of Monel 400 bimetallic structures was also carried out by Reference [21].
This present work, however, focuses on the processability, microstructure, and mechanical properties
of the Ni–Cu-based G-NiCu30Nb alloy for LPBF.

2. Materials and Methods

The G-NiCu30Nb (Deutsches Institut für Normung (DIN) 2.4365) material used for this work
was supplied by Otto Junker GmbH. The ingot was gas atomized by Nanoval GmbH under argon
atmosphere. The powder was generally spherical, as shown in Figure 1a, but with a few satellites,
whereas Figure 1b shows an etched powder particle. Particle size analysis by Nanoval GmbH had a
d50 of 27.2 μm. The nominal compositions (wt.%) of the cast (spectral analysis) and the subsequent
gas atomized powder (representative energy-dispersive spectroscopy (EDS) measurements, INCA
Oxford INCA X-Sight 7426 system) are tabulated in Table 1 below, showing no significant elemental
losses during the atomization. The overall carbon content in the powder was not measured; however,
local enrichments were measured by EDS. The Zeiss light optical microscope (LOM) and the Zeiss
Gemini Field-Emission Gun (FEG) scanning electron microscope (SEM) were used for all microscopic
material characterization. Oxford Instruments Inca X-sight 7426 energy-dispersive spectroscopy (EDS)
and electron backscatter diffraction (EBSD) detectors were used for all EDS and EBSD measurements,
respectively, while etching was performed for 60 s (80 mL of ethanol + 40 mL of HCL+ 2 g of CuCl2).
Fraunhofer Institute for Laser Technology’s (ILT) laser powder bed fusion (LPBF) Aconity machine
(IPG Photonics Ytterbium YLR-200-SM, 200 W laser power, wavelength of 1080 nm, 90 μm beam
diameter) was used for all additive printing.

Table 1. Nominal composition (wt.%) of the cast and gas atomized powder.

Material: G-NiCu30Nb Nominal Composition (wt.%)

Ni Cu Nb Fe Mn Si Al

Cast 60.25 31.28 2.87 3.28 1.00 1.38 0.10

Gas atomized powder 59.39 29.89 3.87 3.68 0.99 1.65 0.53

Eight cubes of 10 × 10 × 10 mm3 dimensions were LPBF-printed using a bidirectional XY
scanning strategy which turned about at 90◦ between each successive layer with a Z building direction
perpendicular to the building platform. A constant laser power of 200 W and layer thickness of 30 μm
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were used. Two hatch distances, 80 μm and 140 μm, were chosen along with a varying scanning speed
(Vs) between 550 and 1500 mm/s. Using ANSYS Pro image analysis software, the relative densities of
the cubes were determined. The relative density of each cube was determined by averaging five optical
measurements taken at five different positions. Microhardness was determined using the Buehler
MicroMet 5104 equipment both in as-built and in post heat-treated conditions. The measurements were
determined from averaging nine different measurements on the plane parallel to the building direction
away from the bottom layer near the support structure using a load of 200 g (HV0.2). The averaged
microhardness of each hatch distance (80 μm and 140 μm) print set, along with their respective scanning
speeds (1000–1500 mm/s and 550–850 mm/s), was compared to as-cast material. Based on the building
parameters of the as-built cubes, the tensile specimens were printed using the following process
parameters: laser power (Lp) = 200 W, layer thickness (Ds) = 30 μm, hatch distance (ys) = 140 μm,
and scanning speed (Vs) = 850 mm/s. Tensile tests were performed at room temperature with the
INSTRON 8033 tensile test machine using a crosshead speed of 0.3 mm/min. Six tensile test specimens
according to DIN 50125 standard were as-printed and tensile tested (three vertical and three horizontal
orientations), while six other as-built tensile specimens also printed according to DIN 50125 standard
were post heat treated (PHT) at 1000 ◦C for 1 h (three vertical and three horizontal orientations) before
the tensile test was performed. The tensile test results obtained from each building orientation were
averaged and compared.

Figure 1. SEM micrographs: (a) morphology of the gas atomized G-NiCu30Nb (DIN 2.4365) powder;
(b) etched powder particle revealing dendrite structures.

A full factorial experimental design approach was adopted in this study to investigate the effect
of varying hatch distances with varying scanning speeds on the printing of as-built samples, on the
relative density, and on the subsequent effect of PHT on mechanical properties. The scope of the
experiment also covered an investigation into the anisotropic microstructure of different building
directions and the impact on mechanical properties.

3. Results

3.1. As-Built LPBF Micrographs

Ev =
LP

Ds · vs · ys

[
J/mm3

]
. (1)

The volumetric energy density (Ev) equation as expressed in Equation (1) above highlights the
inter-relation between the key process parameters such as the laser power (Lp), layer thickness (Ds),
scanning speed (Vs), and hatch distance (ys). This served as the basis for the parametric design
employed in this study. The as-printed cubes were generally dense (≥99.6%) with the most dense
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cubes recording a relative density of 99.8%, as shown in Figure 2. Table 2 below highlights the process
parameters and the achieved relative densities in each print set.

 
Figure 2. Light optical microscope (LOM) micrographs showing two different hatch distances with
scanning speed variation at constant laser power (200 W) and layer thickness (30 μm) for unetched
as-built cubes; the highest relative density of 99.8% was recorded at 1000 mm/s and 850 mm/s.

Table 2. Process parameters and the respective relative densities of the as-built cubes shown in Figure 2.

Sample
Laser Power

(W)
Layer Thickness

(μm)
Scanning Speed

(mm/s)
Hatch Distance

(μm)
Relative

Density (%)

2a 200 30 1000 80 99.80
2b 200 30 1200 80 99.72
2c 200 30 1400 80 99.63
2d 200 30 1500 80 99.70
2e 200 30 550 140 99.78
2f 200 30 650 140 99.77
2g 200 30 750 140 99.71
2h 200 30 850 140 99.80

For the 80 μm hatch distance print set, the least and most dense cubes recorded relative densities
of 99.63% and 99. 80%, respectively. These represented percentage porosities of 0.37% and 0.20%,
respectively. Similarly, in the 140 μm hatch distance print set, 99.71% and 99.80% were recorded as the
lowest and highest relative densities, respectively. This also accounted for percentage porosities of
0.29% and 0.20%, respectively. From Figure 2, for both hatch distance print sets (80 μm and 140 μm),
small spherical pores can be observed, which are characteristically gas-induced pores which may have
been trapped during melting and solidification [22]. The average pore size measured with the ANSYS
Pro image analysis software among all the samples was less than 1 μm. In Figure 3, micrographs of
80 μm hatch distance samples at different scanning speeds are compared. The as-built cube printed at
1000 mm/s scanning speed shown in Figure 3a is observed to be denser and crack-free compared to
Figure 3d, printed at 1500 mm/s scanning speed, which shows more cracks. Calculated energy density
values ranged from 55–88 J/mm3.

Since the volumetric energy density (Ev) is the same for the samples shown in Figure 2d,h (about
56 J/ mm3), and the cracks do not resemble Lack of Fusion (LOF) defects, they are believed to be
residual stress propagating cracks arising from the build-up of large amounts of local residual stress in
the as-built condition due to the generally high temperature gradient associated with the LPBF process.
High scanning speeds tend to generate higher cooling rates [23], which, in combination with smaller
hatching distance, can lead to local stresses and fracture when the material ultimate tensile strength is
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exceeded [24]. The increase in scanning speed to 1500 mm/s is, therefore, believed to have induced
higher cooling rates which influenced residual stress build-up and led to fracture or cracks as seen in
Figure 3e,f and not in Figure 3a–c at 1000 mm/s scanning speed.

Figure 3. (a–c) Dense 80 μm hatch distance cube (etched and unetched) built at 1000 mm/s; (d–f) 80 μm
hatch distance cube (etched and unetched) built at 1500 mm/s showing a high number of cracks.

The micrographs in Figure 4 show etched and unetched cubes at different magnifications built
using a 140 μm hatch distance. Although there are few gas pores in these cubes, no cracks are
observed with scanning speed between 550 mm/s and 850 mm/s. Lower hatch distances tend to reduce
the building rate, and they are typically characterized by increased melt pool overlap, as well as
an increase in local melt pool temperature (vice versa for increased hatch distance) [25]. However,
for complete fusion and good metallurgical bonding, the amount of laser and material interaction time
should be enough to generate the right volumetric energy density available for complete melting [26].
As previously explained, in spite of the higher hatch distance of 140 μm, as seen in Figure 4, cracks
which were not observed in this print set can be attributed to the lower scanning speed between 550
and 850 mm/s. This may have led to a reduction in the build-up of high residual stresses leading to
fracture or cracks as seen in Figure 3e,f.

In both hatch distance print sets (80 μm and 140 μm), however, well-defined melt pool boundaries
with orientation along the building direction and a lot of epitaxial growth were observed.

Scanning electron micrographs of the as-built cubes shown in Figure 5 highlight discontinuous
cellular dendritic sub-structures with high levels of epitaxial growth at different portions of the
microstructure. Epitaxial growth is seen to be interrupted at some point at the top of the melt pool as
shown in Figure 5a and grows again only to be terminated at the melt pool boundary. In Figure 5b,
epitaxial growth is seen stretching across the melt pool boundary. In Figure 5d, it is interlaced between
dendritic cellular substructures. The microstructural features, such as the growth of epitaxy and
the formation of fine dendritic structures, as seen in Figure 5, are consistent with typical as-built
LPBF microstructures reported in several nickel-based alloys such as IN718, IN625, and Haynes®

230® [27,28]. The unique microstructure observed in the LPBF built nickel-based alloys, which is also
seen in Figure 5, is influenced not only by the process parameters, but also by the extremely fast cooling
rate associated with the LPBF process, which makes it different from the cast [29].
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Figure 4. LOM micrographs of 140 μm hatch distance print set: (a) unetched, dense as-built cube
(scanning speed 550 mm/s); (b,c) etched with CuCl2 showing epitaxial growth and columnar grain
formation; (d) unetched, dense as-built cube (scanning speed 850 mm/s); (e,f) etched with CuCl2 also
showing epitaxial growth and columnar grain formation.

3.2. As-Cast Micrographs

As expected, both LOM and SEM micrographs of the as-cast structure show a completely different
microstructure compared to the as-built microstructure. Micrographs of an unetched as-cast sample in
Figure 6a,b show a random distribution of coarse particles of varying sizes and shapes in the matrix.
The size of these particles ranges from as small as 5 μm to as huge as 20 μm. SEM/EDS mapping
and quantitative analyses are reported in both Figures 6c and 7. EBSD phase analyses confirm these
particles as niobium carbide particles (NbC).

While some authors [30,31] reported the formation of NbC particles in conventionally fabricated
Monel 400 Ni–Cu alloys, others [32–34] found these particles in Selective Laser Melting (SLM) or Laser
Metal Deposition (LMD) built IN718 and IN625. To the best of our knowledge, no work is currently
reported concerning their formation in the G-NiCu30Nb Ni–Cu alloy processed via LPBF additive
manufacturing technique. Since the various magnifications employed in the characterization of the
as-built microstructures could not confirm NbC in the as-built condition, further work will be carried
out in the next phase of this study not only to ascertain expected NbC particles formation but also the
nature of their distribution in the as-built condition.

3.3. EBSD Measurement of As-Built Samples

Inverse pole figure (IPF) EBSD maps obtained from the as-built samples are shown in Figure 8
(ys = 80 μm, Vs = 1000 mm/s and ys = 140 μm, Vs = 850 mm/s). From Figure 8, both as-built samples
show columnar orientation along the building direction. The effect of constitutional supercooling
is dependent on the quotient (G/R), where (G) is the temperature gradient and (R) is the rate of
solidification. (G/R) determines the solidification morphology. For rapid solidification processes,
like LPBF (104–108 K/s), heat is conducted away from the building plate in a directional manner.
This results in the formation of typically columnar oriented structures due to the direction of flow of
heat flux as shown by the EBSD measurements [26,35–37]. A melt pool exposed to the atmosphere
transfers heat flux by radiation while the underlying solidified substrate does so by conduction;
grain growth is, therefore, favored in the direction perpendicular to the solid–liquid front [38].
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Figure 6. LOM: (a,b) LOM of unetched as-cast samples showing randomly dispersed NbC particles;
SEM/energy-dispersive spectroscopy (EDS): (c) EDS quantitative measurements of NbC particles in
as-cast sample.

The 80 μm hatch distance sample recorded an average equivalent grain diameter (ECD) of 8.45 μm
with a mean aspect ratio of 2.13 compared to an average ECD of 11.93 μm with a mean aspect ratio
of 2.52 for the 140 μm hatch distance as-built sample. The smaller ECD of the 80 μm hatch distance
as-built samples compared to the 140 μm hatch distance samples is a result of the different local thermal
and solidification behavior of the different hatch distances. The hatch distance affects the nature of
local heat transfer such that wider hatch distances not only reduce the rate of local heat accumulation
but also the local cooling rates and lead to coarsened microstructures [38].
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Figure 7. EDS mapping showing coarse NbC particles in an as-cast sample.

Figure 8. Inverse pole figures of as-built samples: (a) 80 μm hatch distance; (b) 140 μm hatch distance
showing columnar orientation along the building direction.

3.4. Mechanical Properties

3.4.1. Microhardness

The microhardness of both as-built print sets (80 μm and 140 μm hatch distance) and that of
as-cast sets were determined and compared. As illustrated by the bar chart in Figure 9, hatch distance
variation did not significantly influence the microhardness of the as-built print sets as there was only a
marginal difference in microhardness between the 80 μm (247 HV0.2) and 140 μm (244 HV0.2) hatch
distance. However, the microhardness of both as-built print sets was far higher than the measured
microhardness of as-cast (179 HV0.2). The higher microhardness recorded in the as-built print sets
can be attributed to a combination of both the residual stresses build-up in the as-built condition and
the finer microstructures of LPBF printed samples which enhance mechanical properties compared to
conventional manufactured methods like casting [26,39]. Post heat treatment (PHT) performed on the
as-built samples at 1000 ◦C for one hour saw the microhardness significantly reduced to 221 HV0.2 and
210 HV0.2 for both as-built print sets with 80 μm and 140 μm hatch distance. The loss in microhardness
may be associated with the relief of stresses and the coarsening of the microstructure through PHT.
Even after PHT, the LPBF print set recorded higher microhardness than the as-cast material. Figure 9
and Table 3 show a comparison of the microhardness at different printing conditions.
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Figure 9. Microhardness of as-built, post heat treated (PHT), and as-cast material compared.

Table 3. Comparison of microhardness of as-cast, as-built, and as-built + PHT cubes.

Material: G-NiCu30Nb HV0.2

As-Cast 179
LPBF as-built cube (ys =80 μm) 247
LPBF as-built + PHT (ys = 80 μm) 221
LPBF as-built cube (ys = 140 μm) 244
LPBF as-built + PHT (ys = 140 μm) 210

3.4.2. Tensile Test

Tensile tests, conducted at room temperature using a crosshead speed of 0.3 mm/min on six as-built
tensile specimens (three built in the vertical and three built in the horizontal orientation) showed the
existence of anisotropy in the different building orientations. From Figure 10, it was observed that there
was only a marginal difference in the ultimate tensile strength (UTS) and the yield strength (YS) between
specimens built in the vertical orientation and specimens built in the horizontal orientation. UTS and
YS of the vertical orientation-built specimen were 739 MPa and 531 MPa, respectively, compared to
731 MPa and 567 MPa of horizontal orientation specimen. However, a significant difference in the
percent elongation between specimens built in both orientations was observed in Figure 9. The vertical
orientation-built specimen had a significantly higher elongation of 20% compared to 16% in the
horizontal orientation-built specimen. The LPBF as-built specimens were far superior in UTS and YS
compared to UTS (450 MPa) and YS (170 MPa) of as-cast material [40]. The elongation of both as-built
specimens (vertical and horizontal orientation) fell short of elongation of the as-cast material (25%) [40].
From Table 4, post heat treatment of tensile specimens at 1000 ◦C for 1 h showed a deterioration of
strength properties of the alloy. PHT specimens built in the vertical orientation recorded a UTS of
674 MPa, a 9% reduction compared to the as-built state. The YS also deteriorated by 23% (408 MPa)
compared to the as-built state. Similarly, for horizontally built specimens, post heat treatment at
1000 ◦C for 1 h recorded a UTS of 665 MPa and YS of 417 MPa, representing a reduction of 9% and 26%,
respectively, as compared to the as-built state.
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Figure 10. Tensile properties of as-built specimens (ys: 140 μm, Vs: 850 mm/s) shown in both horizontal
and vertical orientations by stress–strain diagram and bar chart highlighting anisotropy in different
building orientations.

Table 4. Summary of compared tensile properties.

Material: G-NiCu30Nb

UTS (MPa) YS (MPa) El (%)

As-Cast [16] 450 170 25
LPBF as-built (V) at r.t.p 739 531 20
LPBF as-built (H) at r.t.p 731 567 16
LPBF as-built + PHT (V) 674 408 31
LPBF as-built + PHT (H) 665 417 25

As-built process parameters (tensile specimens): laser power (Lp)—200 W, layer thickness (Ds)—30 μm, hatch
distance (ys)—140 μm, scanning speed (Vs)—850 mm/s; r.t.p—room temperature; PHT—post heat treatment at
1000 ◦C, 1 h; V—vertical orientation-built specimen; H—horizontal orientation-built specimen.

4. Discussion

The attainment of a high relative density in LPBF depends on the ability to obtain the right
process parameter combinations. The 80 μm hatch distance varied with scanning speed yielded a high
relative density of 99.8% at 1000 mm/s scanning speed. However, when scanning speed increased to
1500 mm/s, cracks became pronounced. The cracks which are believed to be residual stress-induced
cracks were, however, not seen when the hatch distance was increased to 140 μm and the scanning
speed was comparatively reduced (550–850 mm/s). The role of scanning speed, as studied by various
authors [23,26,41], is critical not only in determining the amount of volumetric energy density available
for complete melting but also the magnitude of local residual stress build-up. Overly increased scanning
speed results in insufficient interaction between laser beam and material because high scanning speed
leads to reduced energy density available for complete melting, which would lead to lack of fusion
defects. High scanning speeds also lead to a faster cooling rate which may generate cracks due to the
high residual stress build-up as already explained. This is believed to have resulted in the cracks seen
in Figure 3e,f.

No such defect was seen with an increase in hatch distance to 140 μm. This may be due to the
comparatively lower scanning speed (550–850 mm/s) regime which gave sufficient beam–material
interaction time to enhance good metallurgical bonding, not only between tracks but also with
underlying layers. The lower scanning speed regime (550–850 mm/s) at the higher hatch distance
(140 μm) may have generated considerable local residual stress which was low enough to avoid crack
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formation. The building of a highly dense sample of 99.8% relative density with a scanning speed
of 850 mm/s was, therefore, possible at 140 μm hatch distance. Small spherical gas-induced porosity,
as observed in both 80 μm and 140 μm hatch distances and described by various authors [22,42], takes
its origin from the powder feedstock and from the in-process escape of elements and materials, which
results in entrapped gases in the molten pool carried through to the as-built part. The elimination of
this porosity can be achieved through the combination of the use of metallic powders of good packing
density, good pre-process powder preparation, and highly optimized process parameters [43,44].

Samples of both as-built 80 μm and 140 μm hatch distance showed typical LPBF microstructures
with defined melt pools oriented along the building direction. High epitaxial grain growth was
observed in both microstructures. Epitaxial grain growth is formed from remelted areas as a result of
multiple laser scans or the remelting of previous layers [44,45]. The LPBF technique generates fine
microstructures owing to the high cooling rates. ECD grain size measurements by EBSD confirmed fine
microstructures of ECD of 8.45 μm and 11.93 μm for the 80 μm and 140 μm hatch distance print sets,
respectively. Higher hatch distances tend to generate slower cooling rates compared to smaller hatch
distances which influences the grain morphology [46]. The grain size of the 140 μm hatch distance was,
therefore, slightly bigger than the 80 μm hatch distance print set. As a result of the slow cooling rates
of a typical conventional manufacturing process like casting, in the as-cast microstructure, undissolved
and coarse NbC particles were detected with EDS/EBSD analysis, which were not detected in the
as-built LPBF microstructure.

As expected, mechanical properties of as-built (HV0.2, UTS, YS) and PHT (HV0.2, UTS, YS, El)
samples were generally superior to properties of the as-cast condition. The high microhardness
observed in the as-built cubes, which is attributed to both the fine microstructure and residual
stress build-up, was slightly reduced after a PHT at 1000 ◦C for 1 h mainly because of stress relief.
The comparatively higher cooling rate of the 80 μm print set which accounted for its finer microstructure
resulted in the slightly higher microhardness than in the 140 μm hatch distance print set. Anisotropy
in LPBF built samples was severely investigated [39,47]; this was reflected in the tensile properties
which were built in different orientations. The vertical orientation-built tensile specimen showed a
higher UTS (739 MPa) and ductility (20 %), but lower YS (531 MPa). The horizontal orientation-built
tensile specimen had a higher YS (567 MPa), but lower UTS (731 MPa) and El (16 %). The PHT tensile
specimen instead had higher ductility in both orientations (V: El (31%) and H: El (25%)) than the
as-built specimen but lower UTS (V—674 MPa, H—665 MPa) and YS (V—674 MPa, H—665 MPa).
Due to the steep temperature gradient associated with the LPBF process, grain growth typically takes
place in a directional manner usually along the building direction. The resulting microstructure and
texture influence the mechanical anisotropy [48]. The disparity in the tensile properties may, therefore,
have originated on the angle between the columnar oriented grains which were along the building
direction and the tensile axis [49]. Stress relief through post heat treatment at 1000 ◦C for 60 min also
significantly contributed to the increase in ductility at the expense of both yield and ultimate tensile
stress when the as-built samples were heat-treated.

5. Conclusions

In this work, the LPBF processability of the nickel–copper-based alloy (G-NiCu30Nb/DIN 2.4365)
was successfully demonstrated. After varying process parameters between scanning speed and hatch
distance, highly dense cubes of relative density of 99.8% were built at both 80 μm and 140 μm hatch
distances with scanning speeds of 1000 mm/s and 850 mm/s, respectively. No significant difference in
microhardness was recorded for both as-built hatch distance print sets (247 HV0.2 for ys = 80 μm and
244 HV0.2 for ys = 140 μm). This was significantly higher than the as-cast microhardness of 179 HV0.2

of the same material. PHT resulted in a further drop in microhardness of the as-built cubes to 221 HV0.2

(80 μm ys) and 210 HV0.2 (140 μm ys) after 1000 ◦C for 1 h. Tensile properties of both vertical and
horizontal orientation-built tensile specimens showed superior properties to as-cast specimens (UTS
450 MPa, YS 170 MPa, El 25%). The UTS of vertical orientation-built specimen was higher (739 MPa)

66



Appl. Sci. 2020, 10, 3401

than that of the horizontal orientation-built specimen (731 MPa) but recorded a lower YS (531 MPa)
compared to the horizontal orientation-built specimen (567 MPa). Similarly, anisotropy was observed
with regard to the elongation and the building orientation. Elongation was observed to be higher (20%)
in the vertical orientation-built specimen than in the horizontal orientation-built specimen (16%). PHT
deteriorated both the UTS (674 MPa—V orientation, 665 MPa—H orientation) and YS (408 MPa—V
orientation, 417 MPa—H orientation) compared to the as-built condition but also recorded a higher
elongation (31%—V orientation, 25% MPa—H orientation).

Epitaxial growth does not require sufficient nucleation energy for nucleus formation. In additive
manufacturing, the growth of epitaxy is associated with remelted areas which typically arise from
overlapping melt pools. This phenomenon which also occurs in single-phase alloys leads to the
formation of columnar structures which introduces anisotropic properties. Columnar-oriented
structures are by their nature coarser than equiaxed structures and may not be fit for use in multipronged
stress applications compared to a preferred equiaxed or combination of columnar-equiaxed
structures [50]. Further work, therefore, needs to be done to minimize the level of epitaxy to
achieve equiaxed or columnar-equiaxed structure necessary for the production of reproducible AM
parts with isotropic properties. This could be attained through the introduction of heterogeneous
nucleation sites which act as grain refiners and the slowing of solidification speed through in situ heat
treatment techniques for nuclei formation.

After successful LPBF processability, the G-NiCu30Nb alloy proved to be a good material
candidate for AM fabricated components but, however, requires further research to understand and
optimize the microstructure for enhanced mechanical properties. This study significantly opens the
door for industrial applications of additively manufactured parts from the G-NiCu30Nb alloy after
demonstrating successful LPBF processability. This means that not only does the G-NiCu30Nb alloy
add up to the scope of AM applicable materials, but also that this Monel 400 variant, which according to
this study shows very good mechanical properties via LPBF processing, presents itself as an alternative
to the cast in the building of convoluted or complex geometrical parts and in the elimination of
tooling cost.
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Abstract: Directed energy deposition (DED) as a metal additive manufacturing technology can be
used to produce or repair complex shape parts in a layer-wise process using powder or wire. Thanks
to its advantages in the fabrication of net-shape and functionally graded components, DED could
attract significant interest in the production of high-value parts for different engineering applications.
Nevertheless, the industrialization of this technology remains challenging, mainly because of the lack
of knowledge regarding the microstructure and mechanical characteristics of as-built parts, as well as
the trustworthiness/durability of engineering parts produced by the DED process. Hence, this paper
reviews the published data about the microstructure and mechanical performance of DED AISI 316L
stainless steel. The data show that building conditions play key roles in the determination of the
microstructure and mechanical characteristics of the final components produced via DED. Moreover,
this review article sheds light on the major advancements and challenges in the production of AISI
316L parts by the DED process. In addition, it is found that in spite of different investigations carried
out on the optimization of process parameters, further research efforts into the production of AISI
316L components via DED technology is required.

Keywords: additive manufacturing; directed energy deposition; AISI 316L; microstructure;
mechanical properties

1. Introduction

In recent decades, additive manufacturing (AM) technologies, also recognized as three dimensional
(3D) printing, has attracted significant attention in different industries [1,2]. In principle, in all-metal
AM processes, at first, a solid model is sliced in multiple layers to generate a tool path for the printing
machine. Thereafter, the 3D component is produced in a layer-wise process according to the sliced
model data. In addition to the sliced model, two main elements are required to build a part: a feedstock
material (metal powder or wire) and a heat source, which can be a laser, electron beam or electric
arc [3]. In general, AM systems are categorized into two different classes: powder bed systems and
powder/wire feed systems [4,5]. In powder bed systems, a layer of powder is spread on the building
platform or on the previously solidified layer and is selectively fused via an energy source that can be
either electron beam or laser beam [6–8]. The ability to produce high-resolution features and internal
channels, as well as precision dimensional control, are considered the main advantages of powder bed
AM processes [5,9,10]. In contrast, in powder/wire feed systems, the material is fed directly inside
a melt pool which is already formed by a focalized heat source on the substrate or on the already
deposited layer. Directed energy deposition (DED), as a material feed process, uses a focalized heat
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source, that can be a laser or an electron beam, and a material which can be powder or wire while
being delivered directly into the melt pool. It should also be highlighted that in the literature different
names are generally reported for this process [11]. A summary of these names is listed in Table 1.

Table 1. Different commercialized names of the directed energy deposition (DED) process.

Acronym Technology Ref.

LENS Laser Energy Net Shaping [12,13]
LMD Laser Metal Deposition [14,15]

LC Laser Cladding [16,17]
DMD Direct Metal Deposition [18,19]
LAMP Laser aided manufacturing process [3,20]
DLF Direct Laser Fabrication [21,22]
LPF Laser Powder Fusion [23]

In the DED process the deposition pattern is defined by the relative motion between the substrate
and the deposition head. This motion can be obtained by moving only the deposition head, only the
substrate, or both substrate and deposition head. The method used mainly depends on the size and
the geometry of the substrate [24].

In particular, in the laser-powder DED process, which is known as the most versatile DED
process, the powder feeding can be implemented by means of either a single nozzle, coaxial nozzle, or
multi-nozzle configuration. The laser-powder DED process has gained considerable interest in recent
years thanks to the possibility of repairing parts and production of functionally graded materials
(FGM) by varying the alloying element content [25]. In addition to the abovementioned merits of this
technology, by using the laser-powder DED process it would be also possible to design specific alloys
through the in situ alloying process. In fact, it is possible to deliver various powders into the melt
pool simultaneously and, as a consequence, achieve a new composition after solidification. Moreover,
a high deposition rate, as well as a rather wide process window, make this process very promising,
with respect to the other AM processes, to be employed for the production of large components.
These flexibilities of the DED process in the production of net-shape parts and repair of high-value
components have broadened its application in various sectors such as aerospace, transportation,
medical, and defense.

Despite the aforementioned merits, the DED process has a low powder efficiency and final
rough surface that should be machined after the building process. Furthermore, previous works have
shown that the thermal history of a part produced via the DED process has a marked effect on the
microstructure and mechanical performance of components [26–28]. Therefore, the quality of DED
parts is mainly defined by the building parameters used during the process. It is well-known that a
large number of parameters can be varied in DED, and these include laser power, scan speed, powder
feed rate, building atmosphere, deposition pattern, and many others.

In recent years, stainless steels have been intensively processed by AM technologies, mainly owing
to the high mechanical properties that make them suitable for a wide range of applications in various
industries such as the automotive, aerospace and petrochemical sectors [4,29,30]. AISI 316L steel is
by far the most processed and studied, and its success is mainly related to its weldability, corrosion
resistance, and tensile properties. Among the AM technologies, the DED process, which can provide a
high grade of flexibility in the design and production of large AISI 316L components, could attract
significant attention. In fact, large complex parts can be produced via the DED process with a reduction
in the weight, the waste of expensive starting material, and the number of costly post-machining steps.

In recent years, a growing body of literature has emerged in which the correlation among process
parameters, microstructure, and mechanical properties of DED AISI 316L stainless steel (Figure 1) has
been studied [31–35]. For instance, Yadollahi et al. studied the influence of the time interval between
the deposition of layers and the mechanical properties of DED AISI 316L [36]. Saboori et al. investigated
the effect of powder recycling and deposition pattern on the microstructure and mechanical properties
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of AISI 316L samples produced by the DED process [37,38]. Zheng et al. evaluated the effect of DED
process parameters on the evolution of the dimensional and surface quality, microstructure, internal
surface, and mechanical performance of AISI 316L samples [39]. Terrassa et al. studied the role of
hatch rotation angle on the built quality of DED AISI 316L samples [40]. Tan et al. examined the
correlation between the porosity, density, and microstructure of AISI 316L samples produced via DED
technology [41]. However, it should be highlighted that according to the existing body of literature
on the processing of AISI 316L stainless steel via the DED process, microstructure and mechanical
properties analyses are the dominant features that have been considered in the previous research
(Figure 2). Hence, this paper provides an overview of the microstructure and properties of DED
AISI 316L, and summarizes the main effects of the building parameters on the quality of the final
products. In fact, the aim of this article is to review the additive manufacturing of AISI 316L alloy by
DED in terms of microstructural development and mechanical properties of the samples produced
with the optimal process parameters. First, the role of various factors, such as thermal history and
process parameters, on the microstructure of DED AISI 316L is reviewed, and thereafter, the influence
of different parameters, such as building direction, building parameters, and powder quality, on the
mechanical properties of manufactured components is discussed. In general, the target here is not to
assemble all of the existing literature about DED of AISI 316L alloy, but to clarify the importance and
opportunities of this innovative process in this field.

Figure 1. Publication trend in DED AISI 316L chronology between 2010 and 2020 in ScienceDirect
(This graph is plotted according to a simple search of “316L” + “DED” at www.sciencedirect.com).

 

Figure 2. Pie chart showing the percentage of publications at www.sciencedirect.com on different
features of the processing of AISI 316L via the DED process.
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2. Microstructure

As a thermal process, DED includes a sequence of physical phenomena, such as rapid heating,
melting, potential vaporization, and rapid cooling [39]. However, to date, the stability of the
microstructure of components produced via DED, which takes place under non-equilibrium conditions,
is poorly understood.

In general, the thermal history of DED components, such as the high heating/cooling rate, marked
temperature gradient, and bulk temperature increment, define the morphology and grain size of DED
components. However, since all of the process parameters and variables have a significant influence
on the thermal history of parts, the prediction of microstructural characteristics and their dependence
degree remains a significant challenge for metallic materials processed by DED. Nevertheless, to have
an effective control mechanism to produce metallic components via DED with excellent mechanical
characteristics, it is necessary to overcome this challenge. Therefore, in the literature, several authors
have studied the role of specific parameters on the microstructural features and mechanical properties
of metallic components produced via DED [4,42–44].

Local solidification rates, the temperature gradient at the liquid/solid interface (G), and the
ratio of cooling rate/thermal gradient (R) are the effective parameters that define the final solidified
microstructure. In fact, G/R and G × R are found to be the most critical solidification parameters that
have a marked influence on the shape of the liquid/solid interface and on the size of microstructure,
respectively [45,46]. Substantially, after solidification of metallic parts produced by DED, columnar
grains, which represent an elongated morphology that grows in the direction of a maximum thermal
gradient, columnar-equiaxed grains, and equiaxed grains are the three structure morphologies that
can be formed as a consequence of various G and R values [23]. For instance, it has been revealed
that higher solidification rates promote a transition from columnar gain morphology to an equiaxed
morphology, and an increment in the cooling rate results in microstructure refinement [27]. Moreover,
it should be noted that G/R plays a vital role in the final microstructural morphology, in which low
G/R values result in equiaxed structures and high G/R values in columnar structures (Figure 3) [45].
In general, it is found that with cooling rates of 103 to 104 K/s, it would be possible to achieve desired
microstructure and mechanical properties in components produced via DED [23,47]. Part geometry,
environmental conditions, and material characteristics are the main factors that can have a marked
influence on the optimal G and R values [45].

 

Figure 3. Solidification map showing the effect of temperature gradient and growth rate on the
morphology and size of the resulting microstructure [48].

To date, several research studies have been carried out to determine the most effective type of heat
transfer mechanism and, consequently, the cooling rate within the AISI 316L components produced by
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DED [37,49]. As an example, Saboori et al. showed that in an AISI 316L sample different heat transfer
mechanisms dominate in different zones of a melt pool with the formation of various microstructural
features [37]. In the central part of the melt pool, where the liquid metal solidifies slightly later,
the convective heat transfer mode dominates, whereas at the melt pool borders and across the heat affected
zone (HAZ), the solid conduction heat transfer mode is the effective heat transfer mode. In addition,
it is reported that at the edges of the laser track, where the lateral sides of the melt pool are exposed
to the environment, a complex mix of convective–conductive–radiating heat transfer occurs. Figure 4
reports the general microscopic images of the representative microstructures of as-built AISI 316L samples
produced via DED. The first visible feature is the curved border of melt pools, which is the typical AM
microstructural characteristic as a consequence of the Gaussian distribution of laser energy (Figure 4a).
It is also clear that the temperature gradients in the direction perpendicular to the curved melt pool borders
are intense and accordingly lead to the formation of a marked directional growth of the dendrites from the
melt pool borders and converging towards the center of the melt pool (Figure 4b). On the contrary, at the
central part of the melt pool, owing to the change of heat transfer mode, equiaxed dendrites are more
likely to form. Regarding the whole section of the deposited component, as a consequence of the complex
heat transfer during the DED process of this alloy, it is found that the columnar structure growing in
the direction of the maximum thermal gradient dominates in the middle height of the sample, whereas
in the last deposited layers the cellular structure is present [37]. This variation in the microstructure of
components along the building direction results in the oscillation in the microhardness values along the
building direction. The microhardness of the material decreases at the beginning from the first deposited
layer to the second, and thereafter increases gradually toward the last layers [50,51]. This variation in
the microhardness of components is found to result from the different velocity of solidification in the
sample. In addition, during the deposition, owing to the reheating of previously deposited layers, the
middle area is also exposed to cycle reheating that results in the formation of a HAZ area which remains
at higher temperatures for a longer period of time. Thus, finer microstructure and higher microhardness
are expected for the bottom and top of the DED components which undergo higher cooling rates with
respect to other areas. However, the research found a negligible porosity in the final microstructure, even
after the optimization of the process parameters.

 

Figure 4. Light optical microscopy micrographs of the DED AISI 316L steel samples produced by DED:
(a) a representative melt pool at the middle height, (b) the microstructure of the first layer, (c) SEM
images of the columnar and equiaxed microstructures referring to the last deposited layer, (d,e) high
magnifications of (c) from two different regions [37].
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In another work, Bi et al. studied the microstructure of AISI 316L thin walls produced via DED
(Figure 5) [52]. In addition to the typical microstructural characteristics that can be formed in the
DED samples, they also reported that the remelting and tempering of the middle layers during the
deposition of the next layer, with the exception of the previous layer, are the source of microstructural
variations [52].

 

Figure 5. The microstructure of the DED thin walls examined at cross-section and longitudinal section
in the middle of the thin wall. (a) With a constant laser power of 300 W, (b) Process control with a
constant set-value 0.5 V and (c) Process control with a path-dependent set-value 0.3 V (2 mm)–0.5 V
(56 mm)–0.3 V (2 mm) [52].

Kruz [53], Kelly and Kampe [54], and Colaco and Vilar [55] suggested that the microstructural
features and mechanical characteristics of DED parts depend partially on the solid-state transformation
during the cooling step. However, it is reported that these transformations are driven by the thermal
cycles that the material undergoes during the deposition. Since one of the most critical parameters that
can affect the thermal history, and accordingly the microstructural evolution of metallic materials, is the
cooling rate, several studies have been undertaken to estimate this parameter during DED of metallic
materials. For this reason, several experiments [56,57], including analytical and numerical [58,59]
approaches, have been developed to predict the effects of process variables on the cooling rate and
consequently on the resulting microstructure in DED samples. For instance, Hofmeister et al. analyzed
the thermal gradient and cooling rates in the regions near the melt pool through the monitoring of the
melt pool via a digital video camera with thermal imaging techniques [60]. Griffith et al. evaluated the
in situ thermal history of DED samples by inserting a thermocouple directly into the sample [42]. All of
the experimental results showed that the formation of a very fine microstructure in DED components
is a direct consequence of high cooling rates and the temperature gradient [56,57]. Gosh and Choi
found that since the cooling rate significantly influences the primary cellular arm spacing (PCAS),
it is possible to evaluate the thermal history and cooling rate of DED parts via PCAS analysis [61].
Therefore, they proposed an equation which describes the correlation between the PCAS and the
thermal history of DED samples. Subsequently, several research studies have been conducted to
investigate the correlation between the cooling rate (ε) and PCAS (λ), and outcomes reveal a linear
relationship between logλ and logε [62,63]. Bontha et al. also studied the correlation between dendrite
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morphology, temperature gradient, and solidification rate during the DED process [27]. Recently,
Saboori et al. evaluated the PCAS of AISI 316L alloy produced via DED at different distances from
the substrate [37]. Thereafter, in their work, the cooling rate is estimated as a function of sample
height using the PCAS values. It is found that by increasing the height of the sample up to the last
layers, the PCAS values monotonously increase, and thereafter values drop suddenly when close to
the previous layers (Figure 6).

 

Figure 6. SEM images of DED AISI 316L at: (a) 2 mm, (b) 14 mm from the deposition/substrate
interface, (c) primary cellular arm spacing (PCAS) and cooling rate as a function of the distance from
the substrate [37].

As can be seen in Figure 6, the estimated cooling rate during DED of AISI 316L lies in the range of
103–104 K/s, which is in agreement with the typical cooling rate reported for the DED process [37,49,51].
Ma et al. compared the thermal history, cooling rate, and microstructural features of AISI 316L
stainless steel produced by DED and laser powder bed fusion (LPBF) [49]. Indeed, in their work, five
sets of process parameters are used to produce different cubes. Figure 7 shows the 3D view of the
microstructures of the five different cubes; (a) low-power LPBF, (b) high-power LPBF, (c) small-size
DED, (d) middle-size DED, and (e) large-size DED (Figure 7). As can be seen, the microstructure of
all the samples is almost fully composed of cells, and all the dendrites have transformed into cells.
Thereafter, their analyses revealed that the PCAS of each sample gradually increases with increasing
the energy density (e) (Figure 8). Ma et al. also found that the solidification behavior of samples
produced via DED is slightly different from that of specimens processed by LPBF. This means that by
increasing the cooling rate, the solidification behavior is far from representing equilibrium conditions
and accordingly results in a non-equilibrium microstructure. Moreover, it is revealed that lower cooling
rate and lower supercooling in DED result in the formation of grains with a width and length 2–5 times
coarser than those formed in the LPBF process.
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Figure 7. 3D composite view showing the cellular morphologies of the five kinds of typical samples at
the processing parameters of (a) low-power laser powder bed fusion (LPBF), (b) high-power LPBF,
(c) small-size DED, (d) middle-size DED, and (e) large-size DED. (f) Schematic sketch of measuring
PCAS by the three-angle method [49].

Figure 8. The effect of energy density E on the (a) PCAS and the (b) cooling rate of the as-forming AISI
316 L stainless steel samples at different processing parameters by LPBF and DED [49].
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All of the experiments conducted in different studies proved that the size of dendrite arms would
be in the range of a few microns. For example, Hofmeister et al. found that the average PCAS of
AISI 316L produced via DED increased from 3 to 9 μm when the laser power increases [42]. Table 2
compares all the dendrite sizes that have been found in different studies. It should be highlighted that
the evaluation of PCAS has been carried out using SEM images and three-angle method [37,49,64].

Table 2. A summary of PCAS reported for AISI 316L alloy processed by DED.

Author Dimension (μm) Ref.

Saboori et al. 2.8–4.8 [37]
Song et al. 1.3–3.0 [65]

Hofmeister et al. 3.25–8.68 [42]
Syed et al. <5 [66]

Zheng et al. 8–20 [51]
Smugeresky et al. 2–15 [67]

In addition to the effect of cooling rate on microstructural morphology, it should be noted that
this rapid solidification process also results in the phase composition of the microstructure of the
samples in the as-built condition. In general, in the standard rapid solidified austenitic stainless steel,
two distinct microstructural constituents can be achieved: austenite (γ) and δ-ferrite [68]. However,
in order to predict the microstructure of the material from the phase composition point of view, some
chemical composition-based phase diagrams, such as Schäffler and DeLong diagrams, are employed.
The Schäffler diagram is the most accepted diagram used to predict the final microstructure of the
material. In fact, this diagram is commonly employed to estimate the δ-ferrite content in the final
microstructure of AISI 316L (Figure 9a). In addition to predicting δ-ferrite content, this diagram is also
capable of predicting the existence of ferrite, martensite, and austenite phases in AISI 316L alloy as a
function of the Cr and Ni equivalents [69]. However, it is reported that this diagram is not an exact
diagram and, thus, the outcome is an approximation of the final δ-ferrite content [69]. Zhi’En et al. also
studied the solidification mode of the AISI 316L alloy according to the role of alloying elements [41].
In their work, it is shown that by changing the ferrite stabilizer or austenite stabilizer content the
solidification mode is different and, consequently, the final alloy can be either duplex or fully austenitic
(Figure 9b).

 

Figure 9. (a) Schaeffler’s diagram and (b) austenitic steel solidification diagram [41].

However, it should be noted that this diagram has typically been used to predict the microstructure
of corrosion-resistant steels with carbon content up to 0.25% after the welding process. Since the cooling
rate is always higher than the welding process in the DED process, the solidification is not under
equilibrium conditions. Therefore, it is highly recommended that, in addition to the conventional
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Schäffler diagram, another diagram, namely the pseudo-binary predictive phase diagram, is used [70].
This means that once the theoretical δ-ferrite content is defined by Schäffler diagram, the WRC-1992
modified Cr and Ni equivalent formulas, which are shown on the X- and Y-axes of Figure 10a, can be
used to place the steel being investigated in the pseudo-binary phase diagram (Figure 10).

 

Figure 10. (a) Schaeffler constitution diagram showing the location of the composition of the AISI 316L
stainless steel powders, (b) pseudo-binary phase diagram [37].

For instance, Tan et al. studied the microstructure of AISI 316L produced by DED. At first,
they found that according to the chemical composition of the material and the Schäffler diagram,
the estimated δ-ferrite content of the columnar boundary lies in the region of 20% δ-ferrite. The Creq and
Nieq of their DED AISI 316L suggest that the solidification of their material falls within the upper range
of the austenitic-ferritic mode in such a way that an austenitic steel forms a predominantly austenitic
microstructure with columnar δ-ferrite along the solidification direction (Figure 11) [41]. The δ-ferrite
phase can be recognized by the higher Cr and Mo content. Milton et al. studied the microstructure of
DED AISI 316L and revealed that Cr and Ni equivalent contents lie in the range of 5–10% δ-ferrite [71].
Zietala et al. also investigated DED of AISI 316L and found that intercellular δ-ferrite formed at
sub-grain boundaries as a consequence of its enrichment of Cr and Mo, and depletion of Ni [35].

 

Figure 11. Element mapping for deposition body area: (a) layered element image, (b) molybdenum
and target body, boundary element composition points, (c) chromium, (d) silicon, (e) iron, (f) nickel,
(g) carbon, (h) manganese [41].
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Formation of a duplex microstructure during DED of 316L was also revealed by Saboori et al. [37].
Indeed, they showed that the interdendritic arms are enriched in molybdenum and chromium, which
are δ-stabilizer elements. This elemental distribution can also be explained by the cooling rate of the
process in which, during rapid solidification, austenite-promoting elements such as Ni and C are
consumed to solidify the austenite phase and then the residual liquid phase is enriched in δ-stabilizer
elements in the interdendritic regions.

Inclusion formation, such as of oxides rich in Si or Si and Mn, is an undesirable feature reported in
DED of 316L [72]. These oxide structures are typically found during the ladle practice of high-content
Mn/Si steels [73,74]. It is found that, due to their very high reactivity with oxygen, the formation of
these oxides, even in secondary steelmaking, is difficult to avoid. Thus, in spite of using protective
shielding gas to protect the melt pool, finding these kinds of oxides is not surprising. However,
it should be noted that their detrimental effect on the components produced via DED with respect to
the conventional steelmaking processes is relatively low, mainly owing to their final reduced size and
spherical shape [37]. Lou et al. studied the oxide inclusion in laser AM of AISI 316L and reported their
detrimental effect on the toughness and stress corrosion cracking behavior [75]. In fact, in their work,
intergranular Si-rich and Si/Mn-rich oxides were found in as-built AISI 316L components (Figure 12).
In another study, Ganesh et al. investigated the corrosion behavior of AISI 316L produced via DED [76].
They found that the presence of these oxides in the final microstructure weakens the corrosion resistance
of the AISI 316L parts.

 

Figure 12. Oxide inclusions in the fully-recrystallized additive manufacturing (AM) AISI 316L stainless
steel: (a) low magnification back-scattered electron image; (b1) high magnification back-scattered
electron image; (b2) high magnification secondary electron image [75].

The size and the composition of the oxides found in AM AISI 316L samples, together with their
effect on the material properties, are reported in Table 3. All these findings prove that in order to achieve
the full potential of AISI 316L alloy in different applications, a more reliable deposition atmosphere
should be used to comprehensively protect the melt pool and consequently reduce the oxide content of
the alloy.
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Table 3. A summary of the composition and size of oxides found in AM AISI 316L alloy.

AM Technology Composition Size Effect Ref.

LPBF Si/Mn and Si/Mn/Mo
rich oxides 50 nm–1 mm Detrimental effect on toughness and

stress corrosion cracking [75]

DED Cr2O3, MnO and SiO2 0.31–0.49 μm Higher yield strength [77]
DED Mn/Si-rich oxides - Detrimental effect on the elongation [37]
DED MnO and SiO2 - Possible effect on ductility reduction [78]

However, it should be highlighted that since the size and quantity of these inclusions are normally
lower than the resolution of the X-ray diffraction (XRD) analysis, they have mainly been analyzed via
SEM and image analysis. The formation of these inclusions, mainly oxides, can change the failure
behavior of material from ductile mode to brittle mode (as for the composite materials) [79,80].

3. Mechanical Properties

Mechanical properties can be considered one of the main indicators of the quality of an AM
process. Hardness and tensile properties are, in fact, often used as key performance indicators (KPI) of
AM components. From an industrial point of view, indeed, tensile samples are generally built together
with AM components in order to validate the building process. Because of these reasons, mechanical
properties of AM materials have been deeply investigated, and several tensile and hardness analyses
of as-built DED AISI 316L samples obtained using different building or post-processing conditions are
available in the literature.

Table 4 reports mechanical properties (i.e., Vickers hardness, Hv; yield strength, YS; ultimate
strength, US; elongation, (ε)) of DED AISI 316L steel samples produced in different conditions
(i.e., with several power (P) and scan speed (V) values, built along a perpendicular (V) or parallel (H)
direction with respect to the building platform, with new powder or re-used powder, with Ar or N2

shielding gas (SG) or a build chamber (BC) as protective atmosphere). These are compared with the
tensile properties of AISI 316L samples obtained by conventional technologies (CT).

Table 4. A summary of the mechanical properties of AISI 316L samples produced via different
technologies.

P
(W)

V
(mm/s)

Direction Gas Hv
YS

(MPa)
US

(MPa)
ε (%) Hc Ref.

CT
Hot rolled - 360 625 69 0.74 [81]

Cast 170 310 620 45 1.00 [82]

Building
parameters

1600 28 - Ar BC 250 430 650 43 0.51 [49]
3400 10 - Ar BC 210 370 590 36 0.59 [49]
4600 5 - Ar BC 190 300 560 31 0.87 [49]

* 2 H Ar SG 310 505 625 19 0.24 [83]
* 10 H Ar SG 370 610 690 24 0.13 [83]

600 * H Ar SG 350 585 655 18 0.12 [83]
1400 * H Ar SG 320 545 620 19 0.14 [83]

Building
direction

2000 8.3 V - - 415 770 6.5 0.86 [70]
2000 8.3 H - - 580 900 4 0.55 [70]

- - V Ar SG - 352 536 46 0.52 [83]
- - H Ar SG - 558 639 21 0.15 [83]

400 15 V - 272 479 703 46 0.47 [35]
400 15 H - 289 576 776 33 0.35 [35]

360 16 V Ar BC 220–260 538–552 690–703 35–38 0.28–0.27 [84]
360 16 H Ar BC 220–260 448–455 545–634 4–25 0.22–0.39 [84]

Powder quality - - H ** N2 SG - 469 628 31 0.34 [37]
- - H *** N2 SG - 458 652 16 0.42 [37]
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Table 4. Cont.

P
(W)

V
(mm/s)

Direction Gas Hv
YS

(MPa)
US

(MPa)
ε (%) Hc Ref.

Atmosphere

328 17 V Ar BC - - 550 - - [39]
360 16 V Ar BC 222–260 448–455 545–634 4–25 0.22–0.39 [84]
400 15 V Ar SG - 352 536 46 - [83]

- - H N2 SG - 469 ± 3 628 ± 7 31 ± 2 0.34 [64]
- - H N2 BC - 530 ± 5 670 ± 6 34 ± 1 0.26 [64]

* The other building parameters were selected based on an orthogonal experimental design, the mechanical properties
are intended to be the results of the application of the statistical method, ** Fresh powder, *** Re-used powder.

From the comparison of the data, it is evident that the tensile strength of DED AISI 316L samples
is generally higher than that of conventionally manufactured steels. The reason for these peculiar
mechanical properties of as-built AISI 316L parts can be found in their unique microstructure. The main
factors that allow the achievements of high mechanical properties are the reduced grains and dendrite
size, the presence of residual δ ferrite, and the presence of a dense dislocation network. These factors
can also explain the low ductility values of the deposited parts. As previously discussed, these
microstructural features are strictly correlated to the high cooling rate which the material undergoes
while being processed.

The strengthening effect of the refined microstructure can be correlated to the well-known
Hall–Petch equation that associates the material grain size and the YS as follows:

YS = YS0 +
k√
d

(1)

where YS0 is the frictional stress resisting the motion of gliding dislocations in the absence of grain
boundaries, d is the grain size, and k is a material constant.

Yan et al. suggested that for AM AISI 316L parts, there is a Hall–Petch type strengthening effect
that correlates the YS to the cell size rather than to the grain size [73].

Yadollahi et al. claimed that metastable δ-ferrite also plays a vital role in the determination of
the mechanical properties of DED AISI 316L samples as it is harder than the austenitic matrix [78].
Guo et al. also attributed the higher YS and US values obtained in their work to the presence of the
high-temperature δ-ferrite phase. The ferritic phase causes a refinement of the microstructure and
a consequent reduction of crack propagation [37]. The higher tensile properties associated with the
presence of δ-ferrite are also correlated to the internal strain hardening that arises during the AM
process caused by the different coefficient of thermal expansion of the two phases.

The high mechanical properties of AM AISI 316L were also ascribed to the high dislocation density
of the as-built material [85]. Saeidi et al. observed a reduction in hardness of LPBF AISI 316L as a
consequence of an annealing heat treatment. The microstructural analyses did not reveal any change in
the microstructure but only a substantial reduction of the dislocation density at the cell boundaries and
surrounding the non-metallic inclusions. The dislocation networks were then considered responsible
for the high mechanical properties of as-built AM parts [85].

Several authors also highlighted that the plastic region of DED AISI 316L samples is relatively
flat, indicating that these samples have a low strain hardening ability with respect to conventionally
processed samples [39,84,86]. The strain hardening ability (HC) is generally calculated as [86]:

Hc =
(US−YS)

YS
(2)

By comparing the tensile data of DED AISI 316L steel samples reported in Table 4, it can be noted
that there is a wide variation in their mechanical properties. Vickers hardness values, for example,
vary between 190 and 370 HV, while the US values fall in the range 536–900 MPa. Nonetheless, the
strongest variations can be found in the YS and the ε values, which vary from 300 to 610 MPa and
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from 4% to 46%, respectively. These discrepancies are generally due to the AM building conditions,
powder quality, and tensile sample direction and geometry. Consequently, most of the considered
studies related to the mechanical properties of these materials were focused on the understanding of
the effect of the building conditions on the YS, US, and ε values. The main investigated aspects are
described and summarized here.

3.1. Building Parameters

It is well-known that the DED building parameters, such as laser power, scan speed, and powder
feeding rate are key factors that determine the quality of components. The identification of the most
suitable combination of these process parameters can assure not only the achievement of dense samples
but also can result in the formation of the desired microstructure and mechanical properties [31,87].
As a result, many authors have investigated the effect of combinations of process parameters on
mechanical properties of components. In the first rows of Table 4, data related to samples built with
different parameters are reported according to the paper of Ma et al. Considering that other DED
parameters and machine configurations, such as laser spot size and standoff distance, can also affect
the mechanical properties, data recorded in different research studies are not compared with each other.
In this way it is possible to underline the influence of process parameters on mechanical behavior of
DED parts without neglecting some factors specific to the system employed in each study.

As demonstrated by Ma et al., there is a clear correlation between the tensile properties of DED
AISI 316L steel samples and the delivered energy density. The lowest YS, US, and ε (300 MPa, 560 MPa,
and 31%, respectively) values were in fact obtained with the highest power and the lowest scan speed
(Table 4). The authors explained this effect through the correlation that exists between YS, PCAS, and
the width and length of the columnar grains. As previously described, these microstructural features
are strictly connected to the cooling rate and thermal gradient, generally controlled trough the building
parameters [49].

Similar results were obtained by Zhang et al., who studied the effect of the laser power and
scan speed on the hardness values and tensile properties of DED AISI 316L samples [83]. It was
demonstrated that in all the samples, the higher the laser power, the lower are YS and US, while the
opposite is true for the scanning speed (Table 4). This effect was also explained by the different cooling
rate of the materials under different building conditions. High power and low scan speed lead, in fact,
to the formation of larger melt pools and lower cooling rate. Low power and high scan speed, on the
contrary, lead to the formation of smaller melt pools that solidify with an extremely high cooling rate.
The authors did not report, however, any clear correlation between energy input and elongation.

3.2. Building Direction

The correlation between the building direction and tensile properties is a crucial aspect in the
determination of the mechanical properties of AM samples. The anisotropy of the microstructure and
the presence of some defects affect the stress–strain curve [49]. The main factors related to the building
direction that have an effect on the tensile properties can be listed as follows:

• Grain morphology
• Texture
• Elongated dendrites
• Lack of fusion defects

Guo et al. investigated the impact of the building direction of the mechanical properties and
showed that the highest mechanical properties (YS, US, and ε) were observed in the H samples (Table 4).
The authors attributed this difference to the superior metallurgical bonding of these samples along
the tensile direction. Horizontal samples have at least one layer in which the deposition direction is
parallel to the tensile direction. The consolidated scan tracks deposited along the direction parallel to
the tensile direction act, therefore, as fibers that reinforce the materials during the tensile tests [70].
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On the contrary, the V samples might contain some critical elongated defects perpendicular to the
tensile direction due to a lack of fusion between different layers, which can be detrimental during the
tensile test.

Similar results were obtained by Ziętala et al. and Zhang et al., who confirmed that the highest YS
and US were achieved in the H direction. These authors, however, observed higher elongation values in
the V samples (Table 4) [35,83]. The higher elongation of vertical samples was attributed by Zhang et al.
to the improved ductility due to the dendrites along the growth direction [83]. Yang et al. also analyzed
the tensile properties of DED AISI 316L samples (both vertical and horizontal) extracted from a more
complex geometry and also obtained lower YS and US in the vertical samples [84]. It is important to
underline that these data showed a large scattering, probably because of the different distribution of
defects due to the complex geometry from which samples were extracted.

In this case, the vertical samples had a drastically lower elongation value, which was attributed to
the delamination phenomenon that was clearly detectable by the fracture surface analyses (Figure 13).
The fracture surface analysis indicates that the V and H samples showed different deformation
characteristics. The vertical samples had a very reduced necking and displayed a fracture surface
characterized by some features, such as unmelted particles and smooth areas, that indicate an incomplete
fusion during the building process. The horizontal samples, on the contrary, have a strong necking
phenomenon and display the typical ductile fracture surface characterized by fine dimples with a size
comparable to the PCAS.

Figure 13. SEM micrographs of the tensile fracture surface: (a,c) vertical; (b,d) horizontal [84].

In general, based on these results, it can be concluded that the highest YS and US are generally
achieved in the horizontally built samples, and the effect of building direction on the elongation value
is still controversial. This discrepancy can be probably related to the other building conditions, as well
as the porosity and inclusion content, together with the effect of other strengthening phenomena.

In the case of horizontal samples, however, further studies are needed to investigate the effect of
the distance from the substrate on the tensile properties. Wang et al. demonstrated that YS and US
of DED 304L stainless steel increase as the distance from the substrate decreases due to the different
microstructures that solidify based on the cooling rate [31].
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3.3. Powder Quality

It is well known that powder quality plays a fundamental role in the quality of the AM processes
as it influences not only consolidation phenomena and consequently porosity contents, but also
microstructure and alloy composition.

Saboori et al. studied the effect of powder recycling on the quality of DED AISI 316L parts [37].
In their comparison, the authors found that the mechanical properties of DED AISI 316L samples
built with fresh and recycled powders were different (Table 4). The main difference was found in
the elongation values that resulted in being very low for the samples built with the recycled powder.
This reduction in ε was mainly attributed to the presence of large non-metallic inclusions, which
were found to be Mn and Si-based oxides (Figure 14a,b). As demonstrated from the comparison with
Figure 14c,d, the inclusions were observed on the recycled particles, suggesting that the oxidation
might arise on the particles that are partially heated by the laser beam and exit from the protected
atmosphere generated by the shielding gas.

Figure 14. A summary of the tensile fracture morphologies of AISI 316L stainless steel samples
produced by DED using (a) fresh powder and (b) recycled powder. SEM images of (c) fresh and (d)
recycled AISI 316L powders [37].

This marked effect of the oxide content and powder quality on the final mechanical properties
of the DED AISI 316L samples suggests that the production of samples in a protective chamber may
enhance the quality of the recycled powder, with the deposition allowing the production of parts with
higher mechanical properties.

3.4. Building Atmosphere

A close look at Table 4 highlights that DED AISI 316L samples can be built in different atmospheres,
such as argon or nitrogen. Furthermore, the protective atmosphere can be generated in two main ways.
The first is the use of a simple shielding gas that locally protects the molten material from oxidation,
while the second involves the usage of a protective chamber filled with an inert gas.

Aversa et al. recently compared the mechanical properties of DED AISI 316L built using a N2

shielding gas or using a N2-filled build chamber. The results showed that very high mechanical
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properties can be obtained in both conditions and that the use of the Glove Box (GB) allows the
achievement of higher YS, US, and ε (Table 4). This effect was attributed to the reduced size of the
oxides and the higher N content of BC samples, which have a strengthening effect [64].

The inert gas composition may also have an effect on both the processability of the alloy and its
microstructure and mechanical properties. These effects have not yet been investigated in the AM
field but were recently studied and reported in the welding literature [88]. In the case of AISI 316L
production by DED, it is important to consider that nitrogen is a γ-stabilizer and therefore reduces
the high-temperature δ-ferrite phase content which, as previously stated, plays a vital role in the
determination of mechanical properties of the final parts. Furthermore, N is an important alloying
element for austenitic stainless steel and using it as protective gas might increase the mechanical
properties of DED AISI 316L [89].

3.5. Heat Treatment

It is well-known that as-built AM samples and components are characterized by the presence of
high residual stresses due to the complex thermal history to which the material is subjected while being
processed. Because of this reason, AM components usually undergo specific post-heat treatments that
allow the reduction of internal stresses and the homogenization of microstructures.

However, to date, only a small number of studies have been carried out on the effect of the
stress-relieving/annealing heat treatments on DED AISI 316L properties [78,90]. The main tensile tests
results are summarized in Table 5. The data show that, typically, the YS and US of DED AISI 316L
parts are reduced as a consequence of heat treatments. This reduction was mainly attributed to the
decrease in the δ-ferrite content [78] and to the reduction of the dislocation density [85]. Furthermore,
it is also interesting to underline that a higher strain hardening was observed in heat-treated samples;
this can also be due to different dislocation contents.

Table 5. Tensile properties of DED AISI 316L samples in the as-built and heat-treated conditions.

P (W) V (mm/s) Conditions YS (MPa) US (MPa) ε (%) Hc Ref.

360 8.5
As-built 405–415 620–660 32–40 0.49–0.63 [78]

1150 ◦C 2 h Air quenched 325–355 600–620 42–43 0.69–0.91

380 - As-built - 720 56 [90]
1060 ◦C 1 h Vacuum treated 605 78

Despite the differences in the mechanical properties, the fracture surfaces of as-built and heat-treated
samples are usually very similar (Figure 15). Morrow et al. reported, for example, a ductile fracture surface
characterized by the presence of micrometric dimples for both as-built and heat-treated samples [90].
Moreover, in both samples, extremely fine Mn/Si oxide particles can be detected in the dimples.

 

Figure 15. Fracture surfaces of AISI 316L stainless steel: (a) as-built and (b) heat-treated. Arrows mark
a few of the many examples of fine particles observed resting inside ductile dimples throughout the
fracture surface [90].
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Other more specific mechanical properties of DED 316L were also recently investigated by
several authors. Xue et al. and Ganesh et al. studied, for example, the DED 316L impact and
fatigue performance of as-built parts [91,92]. Their main finding is that DED samples have a
Charpy impact energy and fatigue crack growth rate similar to conventionally manufactured samples.
Furthermore, crack propagation in DED samples is transgranular and accompanied by a strain-induced
martensite formation.

4. Conclusions

As one of the most employed AM technologies, DED offers excellent potential for the production
of complex shape components, which are arduous to produce through conventional processes. AISI
316L is a well-known austenitic stainless with high corrosion resistance, as well as good mechanical
properties, which make this alloy an excellent candidate for several sectors, such as the automotive
and petrochemical industries. This review article summarizes the latest research carried out to
evaluate microstructures and mechanical properties of AISI 316L stainless steel processed by DED.
The correlation between the DED process parameters, thermal history, and microstructure of AISI 316L
materials is discussed in detail. It is found that most previous works have aimed to determine the
optimal process parameters for the DED production of AISI 316L components. These efforts have been
taken in order to improve the density and mechanical properties of AISI 316L components produced
via the DED process through the control of their microstructure. However, it should be highlighted
that, in spite of this research effort, a number of challenges remain that should be considered and
addressed in further investigations. The main challenges are associated with the correlation among
DED process parameters, thermal history, microstructure, and mechanical characteristics of the DED
AISI 316L parts. To date, investigations of DED AISI 316L materials have demonstrated that:

• Optimization of process parameters is a vital step that should be carried out carefully in order to
achieve defect-free components with desired final characteristics.

• DED process parameters markedly affect the cooling rate, thermal gradient and, accordingly,
thermal history and porosity content of the parts. It is well known that the quality of DED parts is
chiefly determined by the process parameters, as well as the starting powder (particle size and
chemical composition).

• Regarding the process parameters, the most important are laser power, scan speed, powder
feed rate, building atmosphere, and deposition pattern. All these parameters influence the
microstructure. The very high cooling rates of DED processes, with values around 103–104 ◦C/s,
involve the formation of columnar and cellular structures based on the direction of thermal flux.
It was reported that the columnar structures are dominant throughout the specimens, while the
cellular structures are predominant in the last deposited layers.

• It is found that, the finer the PCAS, the higher the cooling rates. The high cooling rates
generate very fine dendritic structures, as well as high dislocation densities, resulting in higher
mechanical strength.

• The microstructure is composed of austenite γ and δ-ferrite, which is typically formed with the
sub-grain structures enriched in Cr and Mo (δ-ferrite stabilize elements).

• Oxide formation is an undesired feature that affects the production of AISI 316L by the DED
process. It is found that the presence of oxides can negatively affect the mechanical properties,
even though an inert gas atmosphere is employed.

• The aforementioned microstructure features lead to materials with higher strength and lower
ductility values with respect to conventionally processed AISI 316L stainless steel.

• Anisotropy in the tensile properties of DED components is widely detected; typically, the specimens
produced along a direction parallel to the building platform present higher YS and US than
specimens built perpendicular to the building platform. This can be attributed to different
microstructure and thermal history, although there is a lack of extensive studies.
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• Grain morphology, texture, elongated dendrites, and lack of fusion defects are found to be the
main factors associated with the perpendicular building direction that have an effect on the tensile
properties of DED AISI 316L components.

• Variations of the chemical composition associated with the recycling of the starting powder can
influence microstructure and mechanical properties. In particular, the recycling of the powder can
result in a higher oxide concentration (Mn and Si oxides) and, consequently, in a lower ductility of
the final DED AISI 316L parts.
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Abstract: Due to the high level of light absorption and light scattering of dark colored powders
connected with the high refractive indices of ceramic particles, the majority of ceramics studied via
stereolithography (SLA) have been light in color, including ceramics such as alumina, zirconia and
tricalcium phosphate. This article focuses on a lithography-based ceramic manufacturing (LCM)
method for β-SiAlON ceramics that are derived from silicon nitride and have excellent material
properties for high temperature applications. This study demonstrates the general feasibility of
manufacturing of silicon nitride-based ceramic parts by LCM for the first time and combines the
advantages of SLA, such as the achievable complexity and low surface roughness (Ra = 0.50 μm),
with the typical properties of conventionally manufactured silicon nitride-based ceramics, such as
high relative density (99.8%), biaxial strength (σf = 764 MPa), and hardness (HV10 = 1500).

Keywords: additive manufacturing; silicon nitride; high performance ceramics; photopolymerisation;
lithography-based ceramic manufacturing

1. Introduction

The history of silicon nitride (Si3N4) ceramics began about 150 years ago, with Deville and
Wöhler developing silicon nitride synthetically in 1857 [1], even though naturally occurring nierite
minerals, such as α-Si3N4 and β-Si3N4, have been found during later, detailed analyses of particles of
meteoritic rock [2]. Silicon nitride currently plays a dominant role in the field of nonoxide ceramics,
and exhibits a combination of excellent material properties, such as high toughness and strength at high
temperatures, excellent thermal shock resistance and good chemical resistance, which is unmatched
by other ceramics [3]. Due to these superior material properties, silicon nitride ceramics became
popular in the 1950s, e.g., for use in thermocouple tubing [4]. Owing to these properties, in particular
thermal conductivity and thermal and corrosion resistance, silicon nitride-based ceramics can also
be used as base material for thermal conductors, gas turbines, and ball bearings [5]. Apart from
technical applications silicon nitride-based ceramics have also been used as material for medical devices
(e.g., spinal cages). It was shown that the material shows good osseointegration and stimulated cell
differentiation as well as osteoblastic activity which resulted in accelerated bone ingrowths compared
to poly (ether ether ketone) (PEEK) [6]. Furthermore, silicon nitride was also evaluated regarding
its anti-infective behavior when used for implants. Webster et al. compared the bacterial growth on
calvarial implants in rats of silicon nitride to implants made of either titanium or PEEK [7]. They
observed bacteria in 88% of the PEEK implants and 12% of the titanium implants whereas no bacteria
were present adjacent to the silicon nitride implants. Similar results have also been observed by

Appl. Sci. 2020, 10, 996; doi:10.3390/app10030996 www.mdpi.com/journal/applsci95



Appl. Sci. 2020, 10, 996

Ishikawa et al. in tibial implants [8]. These properties, together with its excellent biocompatibility and
mechanical strength, make silicon nitride to a very attractive material for biomedical engineering [9].
The combination of load-bearing ability and induction of cell differentiation makes it superior to
classical bone replacement materials like calcium phosphates. Additionally, the bactericidal behavior
could drastically reduce infection associated implant failures or necessary revision surgeries, which
have quadrupled in the last 20 years [10].

The solid phase sintering of pure silicon nitride ceramics is generally not feasible due to
decomposition processes and low diffusion coefficients. Based on that reasoning, sintering additives are
needed to allow for consolidation by sintering. The first sintering aid investigated for the densification
of Si3N4 ceramics was magnesium oxide (MgO). Subsequently, other materials such as alumina (Al2O3),
yttria (Y2O3), zirconia (ZrO2) and ceria (CeO2) were used to further promote densification. Overall, the
yttria–alumina (Y2O3-Al2O3) system is the most widely applied sintering aid system [11]. An effective
method for increasing the creep and oxidation resistance of silicon nitride is the addition of large
amounts of sintering additives to the silicon nitride structure in the grain boundary phase, the formed
mixed crystals being known as SiAlONs [12,13]. SiAlON ceramics are the solid solution of silicon
nitride and the sintering additives alumina (Al2O3), yttria (Y2O3) and aluminum nitride (AlN). In the
early 1970s, the formation of this solid solution that has the same structural form as silicon nitride has
been reported in Japan and in the UK parallel [14]. Since the SiAlON powders contain the sintering
aids, the sintering additives were not blended additionally in this work.

Conventional methods for manufacturing intricate ceramic bodies demand difficult and costly
production steps. As a result, the manufacturing industry becomes less interested in creating highly
complex geometries due to the high price of the molds, the extended production times, and the
challenging consolidation behavior. However, with the introduction of additive manufacturing (AM),
there was new potential to create elaborate shapes which had been impossible to achieve using
conventional techniques. AM refers to a class of technologies in which a three dimensional (3D)
object is manufactured directly from a computer aided design (CAD) model. It is defined by ASTM
F2792—12a (Standard Terminology for Additive Technologies) as “the process of joining materials to
make objects from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing,
such as traditional machining” [15].

Ceramic AM technologies can be divided into two groups: direct and indirect methods [16].
Typical steps involved in indirect methods include casting of ceramic suspension into a temporary
mold, which is fabricated via conventional 3D printing (3DP), followed by the subsequent solidifying
and sintering process. The main advantages of indirect methods of AM are the absence of delamination
processes and the isotropy of characteristics; however, problems arise when discarding the mold,
creating a possible dilemma when using indirect methods. Direct methods, on the other hand, allow
for more freedom in terms of complexity, and have less processing steps due to the fabrication of
ceramic materials, layer-by-layer, directly onto the building platform. Depending on the raw materials,
direct methods can also be divided into powder-, suspension-, precursor-, melting-, and reaction-based
processes. Powder-based processes, such as binder-jet 3DP and selective laser melting (powder bed
fusion), use ceramic particles in a powder bed to build 3D objects. The advantage of powder bed fusion
is the possibility to manufacture ceramics parts without requiring any subsequent sintering process,
however, the fabricated parts can be porous and the thermal distortion can cause warping of fabricated
objects [17–19]. In the suspension-based processes, ceramic powders are formed with the aid of a
matrix of monomers, polymers, photopolymers, or solvents. Stereolithography (SLA), laminated object
manufacturing (LOM), robocasting and fused filament fabrication (FFF) are the typical examples of
processes depending on the type of binder [20–23]. The process is completed by removing the organic
components through evaporation or decomposition and subsequent densification by sintering.

Among these techniques, SLA is still the most prominent AM method due to the high resolution
of the surface, facilitating the production of an increasing number of different types of materials.
Precursor-based processes rely on the conversion of inorganic polymers into ceramics through pyrolysis.
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The limited thickness of these materials due to the extremely high volume loss during the pyrolysis
step is the main challenges here [24]. Melting-based processes can only be used with low melting point
ceramics such as glass. Melted glass is deposited through a nozzle and then cooled to room temperature
in order to obtain transparent materials with superior material properties [25]. Reaction-based processes
(e.g. plaster-based 3D inkjet printing), in contrast, generally require thermal post-processing treatment
to obtain the desired final materials. Recently a modified technique has been reported involving a
chemical reaction of ceramic particles with an ink to fabricate ceramic bodies without requiring any
further thermal post-processing treatments such as sintering [16].

Lithography-Based Ceramic Manufacturing Process

Lithography-based techniques are based upon the concept of photopolymerisation.
The lithography-based ceramic manufacturing process has been developed for highly filled and
highly viscous ceramic suspension. Figure 1 shows the schematic system of the LCM process.
A photosensitive formulation is cured in the required areas through selective light exposure to
light. In the case of lithography-based ceramic manufacturing (LCM), the suspension is cured via a
mask-exposure process using the concept of digital light processing (DLP). The optics used currently
generate a pixel size of 40 × 40 μm with a resolution of 1920 × 1080 pixels.

Figure 1. Schematic drawing of the Lithography-based Ceramic Manufacturing (LCM) process:
(1) building platform; (2) vat; (3) optical system; (4) light engine.

Once the three-dimensional structure is shaped, the part is called a green body, in which the
ceramic particles are now surrounded by a polymer network; however, the photopolymer only acts as
a binder in the ceramic green body [26]. For this reason, this composite material requires additional
thermal treatment through the processes of debinding and sintering. During the debinding step, the
polymer network is burned off and the subsequent sintering step causes densification by fusing the
ceramic particles together.

The LCM process is carried out using a printer composed of a building platform, a vat, an optical
system and a light engine (Figure 1). First, the vat is filled with the photocurable ceramic suspension
and the building platform then begins to move down into the suspension until the gap between
the building platform and the vat is a chosen distance, typically between 10 and 100 μm. This gap,
corresponding to the resulting thickness of the printed layer of the green body, is chosen according to
the optical properties and photoreactivity of the ceramic suspension as well as the needed resolution of
the printed part. Then, the photocurable suspension is cured selectively through a mask-exposure
process from the bottom of the transparent vat. The light engine is based on light-emitting diodes (LED)
with a wavelength of 460 nm. By repeating this process layer for layer, the green body is manufactured.

After printing of the green body, the LCM process also involves a thermal treatment which
comprises debinding (removal of binder) and sintering (densification of ceramics), comparable to
conventional techniques (see Figure 2) [26]. The removal of organic components is the most critical
step in the process. For this reason, a reduction of binder concentration or a high solids loading of
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ceramic particles is desired. During the debinding, the photocured binder is burned off, typically
under air atmosphere. Due to the evaporation or decomposition behavior of organic components at
different temperatures, a tailored temperature profile has to be used to obtain crack-free ceramics after
thermal post processing [27]. Here, thermogravimetric analysis and differential scanning calorimeter
are suitable tools to select adequate parameters. In contrast to oxide ceramics, nonoxide ceramics, such
as silicon nitride and silicon carbide, need an inert atmosphere during sintering step in order to avoid
oxidation. The interaction between ceramics particles at high temperatures induces densification via
sintering and, consequently, fully dense ceramics are formed [28,29].

Figure 2. Steps of the thermal treatment after green body fabrication: drying, debinding and sintering.

LCM has been demonstrated to be highly capable when it comes to the precision and mechanical
properties of the fabricated parts and has already been successfully applied to fabricate complex-shaped
ceramics from alumina, yttria-stabilized zirconia, tricalcium phosphate, mullite, silicon oxycarbide and
magnesia [30–35].

In this work, we report on the development of an LCM process for the production of highly
complex-shaped silicon nitride-based ceramics exhibiting mechanical properties at the same level of
conventionally manufactured materials. As processing of silicon nitride powders by stereolithographic
methods is highly challenging, both during the AM stage and during the consolidation stage, this has
to our knowledge not been achieved previously, our study thus being the first of its kind. Chung et al.
have published that the silicon nitride-based green bodies could be printed by digital light processing;
however, the sintered silicon nitride-based ceramics have a relative density of approximately 90%
which is significantly lower than the results obtained within this work [36]. In addition to this, the
published article has a lack of some analyses such as surface roughness of printed samples, stability
of the ceramic suspension, thermogravimetric analysis of the ceramic suspension. According to the
photos from Chung’ work, the resolution and complexity of the printed samples are also incomparably
lower than the results obtained within this work.

2. Materials and Methods

2.1. Suspension Characterization

In the LCM process, the layer thickness is one of the crucial parameters for the shaping process.
For this reason, light penetration tests were conducted to quantify how far light can penetrate into a
given ceramic suspension. The ceramic suspension was exposed to the same level of maximum light
intensity (47.1 mW cm−2) for five different time periods, resulting in distinct energy doses through a
cylinder with a diameter of 10 mm. The number of tested suspension samples was 3 for each of the
energy doses. The thickness of the polymerized layer was then measured using a micrometer screw.
Once the thickness of the polymerized layer was determined, the lateral over-polymerization was
also measured for all polymerized layer with an aid of a light microscope. The difference between
target value and actual value was noted as over-polymerization. Griffith et al. have shown that the
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scattering efficiency term (Q) is proportional to the difference of refractive indices (n) between the
ceramic particles and photocurable matrix.

Q = ß Δn2 (1)

Δn2 = (nceramic − nsolution)2 (2)

The penetration depth is inversely proportional to the refractive index, and the term β is relevant
to the particle sizes and wavelengths [26]. The refractive index of silicon nitride powder is 2.0167 [37],
whereas the refractive index of organic binder is 1.4630 (± 0.0005).

The rheological measurements of photocurable suspension were performed on a rheometer (MCR
92, Anton Paar, Graz, Austria) at a temperature of 20 ◦C with a plate–plate arrangement. The plate–plate
measuring system has a diameter of 25 mm and the gap between plates was 0.5 mm. The viscosity was
measured three times for each linearly at shear rates between 5 and 50 s−1.

Finally, an evaluation of the typical materials efficiency was performed for the LCM process in
combination with the LithaNit 720 suspension that was employed in this work. For this reason, the
weight of the suspension was recorded both before and after printing. Furthermore, the exact mass
of printed samples in the green state was measured once the parts had been cleaned. The factor of
suspension was calculated by dividing the mass of the suspension for printing by the mass of the
printed parts after cleaning is a measure for the materials efficiency of the used LCM process. This
process was repeated three times in order to find a mean value and standard deviation.

2.2. Sample Preparation

In this study, the silicon nitride-based ceramic parts were manufactured using a commercially
available photocurable ceramic suspension LithaNit 720 (Lithoz GmbH, Vienna, Austria), which has
a solid loading of 40 vol. %. LithaNit 720 consists of a SiAlON powder blend and a photocurable
binder system.

After printing and cleaning of the samples, debinding was conducted in an air furnace (HTCT 08/16,
Nabertherm, Lilienthal, Germany), using a temperature profile as shown in Figure 3. Subsequently,
the debinded samples were transferred to the sintering furnace. Sintering was performed at 1750 ◦C
with a dwelling time of 5 hours under nitrogen atmosphere using a graphite-heated furnace (KCE HP
W 150/200-2200-100 LA). During sintering, the samples were embedded in a powder bed consisting of
a mixture of silicon nitride and boron nitride as sintering aids to ensure the separation of the sintered
ceramic parts and crucibles.

Figure 3. Complex temperature profile of silicon nitride-based green bodies: (a) debinding (b) sintering.

2.3. Sample Characterization

Thermogravimetric analysis (TGA 2050; TA Instruments, New Castle, USA) was performed to
quantify the mass loss during a thermal treatment as a function of temperature, using a cylindrical
sample with both a diameter and height of 6 mm. The specimen was heated from room temperature to
500 ◦C at a rate of 2 K/min in nitrogen atmosphere and air.

The surface roughness of the printed silicon nitride-based ceramics was analyzed by tactile
profilometry using a Surftest SJ-400 Profilometer (Mitutoyo, Kanagawa, Japan) according to ISO
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(International Organization for Standardization) 1997. Figure 4 depicts the orientations of the samples
on the building platform of the CeraFab machine (a) and the sintered ceramic samples (b). The sintered
ceramic parts have a main dimension of 14.66 × 2.00 × 5.54 mm (L ×W ×H). The aim of three different
orientations such as X, Y and 45◦ is to see the effect of the projector pixel pattern and to interpret the
results statistically. As such, the assessed samples were tested post-firing without subsequent surface
treatment such as grinding or polishing.

Figure 4. Samples for surface roughness measurement: (a) 3D model (b) sintered samples.

Density measurements were conducted for three cylinders with a diameter of 6 mm and a height
of 10 mm, following the Archimedean principle using a density determination kit (SI-234A, Denver
Instrument, Bohemia, NY, USA), allowing for determination of relative density (assuming a theoretical
density of 3.24 g cm−3).

The biaxial flexural test was used to characterize the mechanical strength of the brittle silicon
nitride-based ceramic samples according to ASTM (American Society for Testing and Materials) F394-78.
The samples had a diameter of 22 mm and a thickness of 2.5 mm. The number of tested samples per
batch was 7. Before testing the samples, the disc surfaces were polished. The tests were performed on
a universal testing machine (Instron Universal, MA, USA). As shown in Figure 5a, the specimen was
placed on supporting balls and the central force was applied by a fourth loading ball.

Figure 5. (a) Principle of biaxial flexural strength measurement; (b) orientation of the individual layers
for biaxial flexural strength disc, including the support structure (removed prior to sintering).

AM-produced parts often exhibit anisotropic mechanical strength [38]. In this investigation, each
biaxial flexural test disc was printed standing on its cylinder jacket. Thus, the orientation of the
individual layers is perpendicular to the direction of the load applied during the biaxial test, as can
be seen in Figure 5b. In this case, the load is applied in direction of the layer boundaries; thus, this
orientation typically gives the weakest possible strength values.

The hardness of the sintered silicon nitride-based ceramics was also tested with the same sample
design using a test load of 10 kgf, as according to Vickers (HV10). Ekström et al. have declared that
dense SiAlON materials have a hardness HV10 of approximately 1500 [39].

The microstructure of the sintered silicon nitride-based ceramics and their fracture surfaces were
evaluated using scanning electron microscopy, SEM (Quanta 200, FEI, USA). A light microscope (Opto,
Graefelfing, Germany) was used to determine the minimum wall thickness of sintered specimens.
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Thermal shock resistance is an important property for high temperature applied materials.
To simulate the required conditions, the printed samples were heated up to 800 ◦C with a dwelling
time of 3 hours and a heating rate of 10 K/min. At the end of the dwelling time, the three samples (test
bars with a dimension of 5 × 5 × 25 mm) were quenched in water at room temperature respectively.
The thermal shock resistance test samples were evaluated using light microscopy and SEM.

The thermal conductivity (λ) was calculated from the thermal diffusivity that was measured by
means of laser flash analysis (XFA 500, Gammadata Instrument AB, Uppsala, Sweden). Printed silicon
nitride-based discs (Ø 22 mm with a thickness of 2.5 mm) were placed in a vertical setup that had a
light source on the bottom side and a detector on the top side. The samples were heated up from the
bottom side with an aid of laser pulse and a detector saved the temperature during time on the top
side. The thickness of the three discs and the temperatures of the plates were used to calculate the
thermal conductivity.

The X-Ray Diffraction (XRD) spectra were collected using a diffractometer (X’Pert Pro, PANalytical).
The surface of the sample (10 × 10 × 1 mm) was polished to achieve a flat surface. The 2θ values
between 5◦ and 100◦ were measured with Cu Kα radiation (λ = 0.154 nm). The phases were evaluated
using a Rietveld refinement with HighScore software.

3. Results

3.1. Suspension Characterization

The optimal level of energy needed to print the samples was determined via the cure depth of the
photocurable suspension. The result of the cure depth test can be seen in Figure 6a. Due to the high
level of absorption and scattering of light by the silicon nitride particles, the cure depth is significantly
lower than that of other ceramic particles such as alumina or zirconia. The binder system, which is
a light-sensitive organic matrix, is based on an acrylate-based monomer system and contains some
additives, such as solvents and a photoinitiator [26,30]. According to Mitteramskogler et al., the curing
depth should be approximately three times thicker than the printed layers to avoid the cracks during
the thermal post-processing. Based on these results, all the parts generated in this study were printed
using a CeraFab 7500 system (Lithoz GmbH, Vienna, Austria) with a layer thickness of 20 μm and
an energy dose of 350 mJ cm-2. In addition to the cure depth, the lateral over-polymerization was
measured with an aid of a light microscope (see Figure 6b; E = 350 mJ/cm2). As it is a deviation from
the target dimensions, lateral over-polymerization should be avoided in order to print precise and
accurate structures [40]. Due to the pixel arrangement, lateral over-polymerization does not affect
tragically in that case because in that range the surface first begins to round itself.

Figure 6. Cure depth (Cd) with different energy doses (a); lateral over-polymerization measurements
(b) for silicon nitride-based ceramic suspension.

Figure 7 depicts the rheological behavior of the suspension at the relevant shear rates between 5
and 50 s−1. Stability of the suspension was also tested by means of rheological measurements. Fresh
suspension was tested (Week 0; blue dashed line) and the same suspension was also measured 8th
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weeks after production, both before (Week 8; red dotted dashed line) and after (Week 8*; red solid
line) re-homogenization with the aid of a centrifugal mixer. Although 8-week-old suspension has a
dissimilar rheological behavior to fresh suspension, centrifugal mixing helps to achieve very similar
properties to the fresh suspension and can still be printed using the very same process parameters.
In addition to this, all the measured viscosities have a standard deviation of less than 0.04 Pa.s.

Figure 7. Viscosity of the photocurable silicon nitride-based suspension as a function of the shear rate
for Week 0 and Week 8.

Finally, in terms of material efficiency, tests were performed for the three different printing cycles
resulting in a variety of geometries such as test bars (5 × 5 × 25 mm) and discs (Ø 22 mm with a
thickness of 2.5 mm). The amount of suspension, which was converted into shaped green parts was
measured to be 89% of the LithaNit 720 suspension that was fed into the printer, which means that
only approximately 13% of suspension was lost during the manufacturing of the samples (mainly due
to cleaning of the green parts). This high material efficiency sets LCM distinctly apart from any other
stereolithography process.

3.2. Sample Characterization

In order to gain insights into the debinding process and the effect of the debinding atmosphere,
thermogravimetric analyses of the LithaNit 720 materials were carried out. Figure 8 depicts the mass
changes of samples in air (blue dotted line) and in nitrogen (red solid line). The decomposition
of the organic binder was completed at approximately 350 ◦C–400 ◦C in the air, whereas binder
decomposition was shifted to 400 ◦C–450 ◦C in the nitrogen atmosphere, illustrating a difference in
weight loss behavior due to oxidation processes. Total mass losses were 35.3% and 34.8%, respectively.

Figure 8. TGA curves for LithaNit 720 green bodies during debinding as a function of atmosphere
(blue dashed line: air; red solid line: nitrogen).
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The density of the sintered ceramics was determined according to the Archimedean principle by
immersing in water with a measured density of 3.24 g cm−3, corresponding to a relative density of 99.8
(± 0.2)% (taking into account the theoretical density reported for silicon nitride-based ceramics). These
excellent densification values are comparable to conventionally produced silicon nitride-based ceramics.

Surface roughness was determined for a variety of surface orientations, as shown in Figure 9a.
Measurements were performed in five different directions for three different orientated samples
(namely X, Y and 45◦) and the Ra values were summarized in Figure 9b. Due to the minor effect of
the orientation on the building platform, the average values were noted for three different orientated
samples. The average roughness Ra was 0.50 (± 0.03) μm along the layer boundaries (4) and 0.70
(± 0.04) μm perpendicular to the individual layers in the printing direction (5). The surface roughness
value is a combination of the layer thickness, the angle of sample, and also the accuracy of the additive
manufacturing process. Surfaces of (1) 45◦, (2) top and (3) 60◦ show an average roughness Ra of 1.97
(± 0.11) μm, 0.76 (± 0.04) μm and 2.36 (± 0.12) μm, respectively. This can be explained by the staircase
effect, which is caused by the layer-by-layer part building and also the surface angles of ceramic parts
such as 45◦ (3) and 60◦ (1), resulting in a surface roughness greater than the roughness along other
sample orientations [41]. However, the Ra values observed in this study are lower than values typically
observed in nonlithographic AM methods [42], and are even lower than surface roughness values
reported for alumina ceramics generated by LCM [30].

Figure 9. (a) Directions of roughness measurement; (b) summary of surface roughness of
measured samples.

Due to the elimination of edge failures by multiaxial stress, the biaxial flexural strength has
advantages over uniaxial bending strength. Figure 10 shows the compressive load (N) of the tested
biaxial discs, which was 1011 (± 171) N. The biaxial strength was calculated as 764 (± 137) MPa. This
value can be converted into a three-point bending strength of about 950 MPa, which is the same
value as for conventionally manufactured iso-pressed silicon nitride-based ceramics 945 MPa [43].
Although the printing direction was the nominally weakest orientation, the mechanical properties are
very similar to conventionally iso-pressed silicon nitride-based ceramics. In addition to strength, the
hardness of the biaxial discs was also measured. The resulting value of HV10 1500 is comparable to
values reported for conventionally produced silicon nitride-based ceramics.
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Figure 10. Biaxial flexural strength of sintered silicon nitride-based ceramics.

After determining the biaxial flexural strength and hardness of the sintered silicon nitride-based
ceramic discs, fracture surfaces of the disc samples were investigated via SEM. Figure 11 depicts the
fractography of samples in different magnifications. No residual layer structures introduced during
the AM process were visible. Furthermore, no microcracks were observed, resulting in a smooth
fracture surface. As a result of the successful consolidation process, no residual porosity was found
(see Figure 11c).

Figure 11. Scanning electron micrographs of biaxial flexural disc fracture surfaces of sintered silicon
nitride-based ceramic specimens, in different magnifications with a scale bar of (a) 1 mm; (b) 200 μm;
(c) 20 μm.

In order to inspect the minimum wall thickness, a highly macroporous gyroid-type design was
printed. Figure 12 illustrates that sintered silicon nitride-based ceramics can be manufactured with a
wall thickness of 265 μm without visible crack formation. The scaffold designs with a wall thickness up
to 100–300 μm are commonly used for biomedical investigations [44]. For that reason, studies towards
further reduction of minimum wall thickness to well below 200 μm are currently underway.

Figure 12. Printed and sintered silicon nitride-based ceramics using the LithaNit 720 suspension:
(a) gyroids design, (b) and (c) light microscope images in different magnifications.
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The thermal shock resistance of the silicon nitride-based ceramics generated by LCM was
investigated by water quenching from 800 ◦C to room temperature. The microstructures of these
test bars can be seen in Figure 13a (before water-quenching) and Figure 13b (after water-quenching).
Despite the high thermal stress, no visible microcracks or other microstructural changes such as
oxidation were observed.

Figure 13. SEM micrographs of printed & sintered samples (a) before and (b) after thermal shock
resistance test (water-quenching from 800 ◦C).

Thermal conductivity of conventional SiAlON grades typically varies between 20–40 Wm−1K−1

for [3,43]. The thermal conductivity of the printed silicon nitride-based ceramic parts within this study
was measured as 28.2 (± 0.4) Wm−1K−1 using the laser flash method, which is a reasonable value for
industrial applications, such as high frequency circuit substrates with ultimate thermal requirements.

The XRD analysis of the silicon nitride-based ceramics is shown in Figure 14. According to
diffractogram by far the largest part of the sintered ceramic consists primarily of β-SiAlON. The sample
also contains traces of a pure Y2O3 and pure Si3N4. These findings are not surprising since yttria is the
most prominent sintering aid responsible for the formation of the glass phase. Due to the nature of
liquid phase sintering, it is possible to find traces of pure Si3N4.

Figure 14. XRD analysis of the sintered silicon nitride-based ceramics.

4. Conclusions

In the present study, a variety of silicon nitride-based ceramic parts with complex architecture
were manufactured for the first time using the lithography-based ceramic manufacturing (LCM)
method, achieving material characteristics comparable to materials obtained by conventional
ceramic manufacturing methods (Figure 15). After additive manufacturing using a newly developed
photopolymer-containing suspension, SiAlON ceramic bodies with a relative density of 99.8% were
obtained, exhibiting a biaxial strength of 764 MPa and a hardness of 1500 (HV10). The advantages
of LCM technology, such as the ability to fabricate highly precise and small complex ceramic
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parts, have the potential to entirely innovate the shaping of nonoxide ceramic materials in general
and silicon nitride-based materials in particular. This process enables the fabrication of highly
complex components (such as the ones shown in Figure 15, Figure 16), which cannot be obtained by
conventional processing techniques, such as insulators, springs, impeller, microturbines and cutting
tools. Additionally, due to the superb biocompatibility and good osseointegration and anti-infective
(bactericidal) properties, silicon nitride makes a perfect candidate for dental (Figure 16b), orthopedic
(Figure 16e) and craniomaxillofacial implants.

Figure 15. Printed and sintered silicon nitride-based ceramic demonstrators: insulator (a) and (e),
dummy design (b), screw (c), spring (d), cellular designs (f) and (g).

Figure 16. Printed and sintered silicon nitride-based ceramic demonstrators: (a) gyroids, (b) impeller
and (c) spinal implant (posterior lumbar interbody fusion (PLIF) cage), (d) cutting tools, (e) dental
two-piece implants with M1.6 inner thread and (f) de Laval nozzle.
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