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Abstract

Purpose — This paper aims to investigate and explain the dual fracture behaviour of PA12 specimens sintered by selective laser sintering
(SLS) as a function of wall thickness and build direction with a powder mixture 30:70. To achieve this objective, research related to
chemical, thermal and structural behaviours as a function of the input variables was carried out to describe and explain why ductile-fragile
behaviour occurs during fractures under uniaxial tension manufactured via a methodology of material analysis and manufacturing
processes.

Design/methodology/approach — The factorial design 32 relates the fracture of PA12 tensile specimens to the horizontal, transverse and vertical
build directions at 2.0, 2.5 and 3.0 mm thicknesses, respectively. Fractographic images revealed the fracture surfaces and their dual ductile-fragile
behaviour related to the specimens’ measured crystalline, thermal, surface and chemical properties.

Findings — The study showed that thermal property variables differ depending on the input variables. The wall thickness variable affected this
morphology the most, showing the highest percentage of the ductile area, followed by the transverse and vertical directions. It was determined that
the failure in the vertical direction is due to crystalline gradients associated with the layer-by-layer construction process. The pore density may be
closely related to generating ductile and brittle areas.

Originality/value — In this paper, fracture characterisation is performed based on the mechanical, chemical, structural, thermal and morphological
properties of PA12 manufactured by SLS. In addition, a heatmap of porosities in cross-sections is constructed using a machine learning model
(k-means) related to dual fracture behaviour. This research revealed significant differences in the fracture type according to the build direction. In
addition, thin-section fractography provides a more detailed explanation of the fragile behaviour of the vertical direction associated with crystalline
changes due to the direction of the sintering layers.

Keywords Additive manufacturing, Selective laser sintering, Dual brittle-ductile fracture, Build direction, Wall thickness, Polyamide 12,
Mixture 30 virgin, 70 recycled

Paper type Research paper

1. Introduction depending on the part size and amount of recycled material.
Among the most commonly used materials is polyamide 12, a

Additive manufacturing is currently one of the most relevant material with good mechanical strength (Martynkovd, 2021;
research fields in engineering and science (Charoo, 2020; Yap, Amado-Becker ez al., 2008)
- .

2015; Olakanmi, 2013; Hejmady ez al., 2022). Its versatility
allows it to be applied in biomedical, energy, automotive and
aeronautical applications (Hashmi and Meena, 2023). There
are many additive manufacturing processes, including selective
laser sintering (SLS) (Cai, 2021; Balemans et al., 2018; Van
Hooreweder et al, 2013). This technique allows the

Current research on this process focuses on defining, clarifying
and establishing parameters for design guidelines applied to this
type of additive manufacturing. However, some parameters
related to the mechanical strength in these guidelines are general,
and detailed information about the design thickness and
mechanical properties is lacking as a function of the build

manufacture of nonparametric parts in production batches direction (Materialise, 2024; Proto3000, 2024; 3D Systems,

2024). Research, such as Sasmita et al. (2019), Kelly (2019),
The current issue and full text archive of this journal is available on Emerald Tasch ez al. (2018), Fan (2021), Majewski and Hopkinson
Insight at: https:/lwww.emerald.com/insight/1355-2546.htm (2011), Jaksch er al. (2023) and Sindinger et al. (2020), have
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shown that wall thickness and build direction significantly affect
mechanical properties such as the ultimate tensile stress (UTS),
elongation at break (Eab), elastic modulus (EM) and fracture
type. Some of these investigations indicate that the parameters
associated with breakage, including fracture type, exhibit random
behaviour that cannot be fully explained.

Some authors have reported different fracture behaviours for
PA12 manufactured by SLS. For example, Mehdipour ez al. (2021)
reported fragile behaviour and defects in the fractographies;
however, spherulites remain in the fracture zone in all build
directions. The authors observed an anisotropic behaviour and
suggested that the fracture behaviour was due to poor interlayer
fusion. The brittle behaviour of the entire fracture of the specimen
fabricated by PA12 via SLS was also observed in the research of Liu
et al. (2019). In contrast, Puttonen ez al. (2021) reported the dual
fracture behaviour of PA12 for the first time, with the specimens
manufactured in the Z (vertical) and x-axis (horizontal) directions
exhibiting brittle and ductile sections in the fracture zone. It is
suggested that the fracture nucleated in the ductile zones, particularly
in the spherulites of the material. In addition, the hypothesis that the
fracture nucleates in the zones surrounding the surface defects was
also proposed. During crack generation, ductile behaviour begins to

Table 1 Combination table for the experimental design

N° Condition Buil direction Wall thickness
1 H2 Horizontal 2.0
2 H2.5 Horizontal 2.5
3 H3 Horizontal 3.0
4 H2 Transverse 2.0
5 H2.5 Transverse 2.5
6 H3 Transverse 3.0
7 H2 Vertical 2.0
8 H2.5 Vertical 2.5
9 H3 Vertical 3.0

Source: Table by authors

Figure 1 Boxplot of the XRD curves

Volume 30 - Number 8 - 2024 - 1537-1555

appear and brittle behaviour predominates as the crack progresses
(Amstutz et al., 2021, 2022; Messiha ez al., 2022).

The existing research on dual fracture in Polyamide 12 by
SLS is limited, and the fracture behaviour is not yet fully
understood. Therefore, this study aims to develop a hypothesis
that directly relates the mechanical, chemical, morphological,
structural, thermal and morphological property criteria to
clarify the fracture behaviour, which guides the failure analysis
of this material.

2. Experimental approach

2.1 Experimental design

The experimental design was a 32 three-level full factorial
design (Douglas, 2001) with two factors or independent
variables: build direction and wall thickness. Each factor has
three levels: vertical, horizontal and transverse build
directions, as well as wall thicknesses of 2.0, 2.5 and
3.0 mm, respectively. Table 1 shows the combinations for
each factor and level.

The number of replicates was calculated with 8 = 0.09, a =
0.05 and an expected standard deviation of 0.6 MPa for eight
replicates per combination. A total of 72 tension tests were
performed on the manufactured specimens. A total of 432
specimens were manufactured, with 48 specimens per
condition. The specimens were numbered for each condition;
eight were randomly selected for tensile testing, while one was
randomly chosen from the remaining 40 specimens for the
chemical, structural and thermal tests.

Uniaxial tensile specimens were fabricated on a commercial
EOS Formiga P110 Velocid machine with the manufacturer’s
recommended criteria following ISO 257-Type I guidelines.
The samples were manufactured with a CO, laser power of
30 W, a scan speed of 5 m/s, a layer thickness of 0.12 mm and a
build rate of 1.21/h. An EOS PA12 mixture of virgin and
recycled powder (30:70) was used, and the scanning strategy of
the machine was predetermined. This mixture is used
commercially to manufacture parts, but it is not frequently
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reported in the literature, so it is necessary to provide fracture
criteria to users to improve the failure analysis of components
manufactured by SLS.

2.2 Statistical analysis

The Anderson—Darling and Levene tests were used to evaluate
the assumptions of normality and homoscedasticity. ANOVA
tests were applied to assess significant differences. A g-norm
transformation was used to determine the normality of the data.

Table 2 ANOVA associated with the diffraction angles of the alpha phase

Factor Normality Homoscedastic Fvalue p-value

Diffractionangle  0.766 0.927 BD: 1.65 BD:0.268
Th:0.016 Th:0.984

Notes: T-H is the transverse vs horizontal direction; V-H is the vertical vs
horizontal direction; V-T is the vertical vs transverse direction. BD is the
building direction, and Th is the thickness. *Significant differences; **Very
significant differences

Source: Table by authors
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Due to the number of replicates, the stress tests evaluate the
interaction between variables, while the difference between
means is only evaluated in the structural and thermal
characterisations. The characteristics of the mechanical
properties were developed in Garcia ez al. (2023).

2.3 Spectroscopy infrared spectroscopy

Infrared spectroscopy (FT-IR) spectra were obtained using a
Shimadzu IRAffinity-1S spectrophotometer using the
attenuated total reflection technique. The measurement
conditions were a spectral resolution of 8cm ™!, 64 scans per
spectrum and a wavenumber range between 200 and
400cm™ .

2.4 X-ray diffraction

The powder crystalline structure was determined using a
Philips diffractometer with a 30 kV voltage and 20 mA current,
operated in the Bragg-Brentano configuration with K alpha
signals from the copper anode (y = 0.1542 nm), between 260
values of 5°-50° and a step of 0.02°.

Table 3 Diffraction angle as a function of build direction and thickness compared to related research

Build Present Yaoetal. Caietal. ElMagrietal. Rossoetal.  VanHooreweder
Phase direction Thickness (mm)  investigation (°) (2020) (2021) (2022) (2020) etal. (2010)
Gamma v 2.0 V2.0 — 21.42 21.2 21.0 21.0 21.2

Vv 25 V25— 2138

Vv 3.0 V3.0 — 21.49

H 2.0 H2.0 — 21.48

H 25 H2.5-21.64

H 3.0 H3.0-21.48

T 2.0 T2.0-21.57

T 25 T2.5-21.46

T 3.0 13.0-21.47

Source: Table by authors

Figure 2 Infrared spectrum of specimens as a function of the build direction and wall thickness of PA12 through SLS
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2.5 Scanning electronic microscopy 2.6 Calorimetry differential scanning
The fracture of the specimens and surface morphology A Mettler Toledo differential scanning calorimeter (1-500/
were determined using SEM on a Vega 3 Tescan 227) was used for thermal characterisation. The temperature
instrument operated at 15kV and 10mA with a gold range was between 25°C and 200°C with a heating and
metallised specimen. cooling rate of 10°C/min in a N, atmosphere. The fusion

Table 4 FTIR functional groups of the PA12 specimens manufactured by SLS

Present Yuetal.
investigation Caietal. Martynkova et al. (2022) Ma et al. (2020)

Functional group (em™) (2021) (cm™") (2021) (cm™") (em™) (Ning, 2020) (cm™)
N-H Stretching 3,286.7 3,292 3,290 3,295 3,298

N-H Stretching 3,093 - 3,094 3,076 3,098

CH2 Stretching 2,846 2,846 2,916 - -
Amide | Stretching 1,654 1,637 1,638 - -
Amide Il Bending 1,578 1,558 1,561 1,533 1,557

CH2 Scissoring 1,485 1,458 1,459 - -

CH2 Twisting 1,365 1,367 1,368 - -

Amide IlI Stretching 1,275 1,269 1,268 - -
CO-NH - 1,159 1,159 - -
CO-NH - 1,120 1,062 - -
CO-NH Bending 962 949 948 - -

CH2 Rocking 720 710 721 - -
AmidE IV Bending 632 - 621 678 626

Source: Table by authors

Figure 3 (A) Exothermic curves of specimens of PA12 (B) Endothermic curves of specimens of PA12 (C) Crystallinity distribution as a function of build
direction (D) Crystallinity distribution as a function of thickness
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enthalpy and crystallinity percentage were calculated using
Origin Pro software.

2.7 Surface rougness

Surface roughness was measured using a Zeiss LSM 700
confocal laser microscope with a 100X lens and 455 nm laser,
and a PinHole with an Aury unit opening was used. The surface
roughness was measured on the side of the specimen where the

Volume 30 - Number 8 - 2024 - 1537-1555

marks associated with the build direction and the wall thickness
were present.

2.8 Thin cutting microtome

The crystallinity of the specimens was observed under a Carll
Zeiss polarised transmitted light microscope. A wave polariser
with a quarter-wave retarder was used. A Microtome with
macro search HP35 high-profile blades was used for sample

Table 5 Thermal properties, namely, the crystallisation temperature (Tc), melting temperature (Tm) and crystallinity (PC), of specimens manufactured in PA12

by SLS
Present research Taschetal. (2018) Ferreira et al. (2020)

Combination Tc (°C) Tm (°C) PC (%) Tc(°C) Tm (°C) PC (%) Tc(°C) Tm (°C) PC (%)

V2.0 182.51 156.68 33.042 - - 0.6 mm- 35 - 176.3.5 16.9

V25 179.78 150.88 35.006 0.8 mm- 33

V3.0 182.23 153.66 31.320 28.3 mm- 36

H2.0 182.61 156.41 34.619 2.0 mm- 32

H2.5 182.64 153.79 35.467 4.0 mm- 31

H3.0 182.53 153.73 36.753

T2.0 179.63 156.73 31.210

T25 179.84 153.68 32.801

T3.0 176.87 155.61 28.578

Source: Table by authors

Table 6 ANOVA associated with the crystallinity percentage

Factor Normality Homoscedastic F Value p-value Post hoc

PC 0.85 0.72 5.58 BD: 0.043" TusH —47e %"
Th: 0.624 VvsH— 0.40

VvsT— 0.50

Notes: T-H is the transverse vs horizontal direction; V-H is the vertical vs horizontal direction; and V-T is the vertical vs transverse direction; *Significant

differences. **Very significant differences
Source: Table by authors

Figure 4 (A) Surface of specimen manufactured by SLS. (B) The presence of particles near the fracture site of PA12

Source: Figure by authors’
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cutting. Samples of 10 um thick specimens were taken from
specimens in the fracture zone.

2.9 Porosity heatmap
Porosity images were obtained via cross-sectional
microtomography. The heatmap was created using the Python

Volume 30 - Number 8 - 2024 - 1537-1555

program with the OpenCV library. The k-means classification
machine learning algorithm from the Sckit Learn library was
used for cluster placement in the heatmap with a value of 50
clusters. This map was generated with artificial intelligence-
created contour lines associated with defect density and
diameter, showing a tendency for porosity in cross-sections of
the specimen.

Table 7 Surface and areal roughness as a function of build direction and wall thickness

Build direction Wall thickness (mm) Sa (um) SD (wm) Petzold et al. (2019) (um) Varotsis et al. (2021) (V. A., 2024) (um)
Vertical 2.0 19.9 1.03 20.0-26.5 3.2-18
2.5 20.7 0.34
3.0 20.7 0.71
Horizontal 2.0 19.6 1.39
2.5 21.0 0.63
3.0 20.7 1.28
Transverse 2.0 20.0 1.28
2.5 21.3 0.76
3.0 20.8 0.53

Source: Table by authors

Figure 5 The data distribution is a function of the build direction and wall thickness of the PA12 specimens
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Table 8 ANOVA of the surface roughness of PA12 manufactured by SLS
F and p-values of the ANOVA test

Factor Normality Homoscedastic F Value p-value Post hoc

Surface 0.29 0.38 BD: 0.537 BD: 0.589 20vs2.5—97e %"

roughness Th: 7.415 Th: 0.002*** 2.0vs3.0 - 1.7 %"
Th:BD: 0.199 Bd:Th: 0.937 25vs3.0—1.0

Notes: T-H is the transverse vs horizontal direction; V-H is the vertical vs horizontal direction; and V-T is the vertical vs transverse direction; *Significant
differences. **Very significant differences
Source: Table by authors
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3. Results
3.1 X-ray diffraction

Volume 30 - Number 8 - 2024 - 1537-1555

material (Martynkova, 2021; El Magri et al., 2022). The
gamma phase is generated under rapidly cooled polyamide 12

Figure 1 shows the diffractogram of the specimens (Salmoria er al., 2009; Hiramatsu ez al., 1983). The laser passes

manufactured by SLS, which shows an average diffraction
angle of 21.49° associated with the gamma phase of the

through the powder during sintering, and point heating rapidly
cools the sintered section. This sintering process generates a left

Figure 6 Strain stress curves
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shoulder in the gamma phase spectrum, corresponding to the
remaining section of the alpha phase.

The angle distributions of the gamma signal as a function of
wall thickness and build direction are shown in Figure 1 in
boxplot graphs. According to the ANOVA test (Table 2), the
build direction and wall thickness did not affect the angle
associated with the gamma phase.

Table 3 compares the average angle of each condition with
those reported in some relevant papers. Similar behaviour was
observed for the mean value, indicating that even though the
powder is sintered under different machine parameters, mixing,
directions or thicknesses, its angle tends to remain close to 21°.

3.2 Infrared transform fourier

Figure 2 shows the IR spectra associated with the specimens as
a function of their build direction and wall thickness. The
signals associated with amide I (1654cm '), amide II
(1578 cm™ 1), amide III (1275 cm ™ !) and amide IV (632 cm™Y)
groups can be distinguished (Hejmady ez al., 2022).

Table 4 shows some related research on the composition of
nylon PA 12. Most studies show the same amide groups as
the present study, but some signals, such as those of amides
I and II, are weak. This difference in behaviour could be
attributed to differences in powder mixing, sample preparation
and equipment conditions.

3.3 Differential scanning calorimetry
Figure 3 shows the thermal behaviour of the specimens
manufactured by the SLS. Figure 3(a) shows the exothermic

Volume 30 - Number 8 - 2024 - 1537-1555

curves, and Figure 3(b) shows the endothermic curves of the
specimens. Shifts in the curves are observed under some
conditions, indicating that the melting and crystallisation
temperatures changed.

The values associated with crystallisation temperatures, melting
temperatures and crystallisation percentage are shown in Table 5.
The melting and crystallisation temperatures are inversely
proportional to the wall thickness. The melting temperature per
building direction was 181.5°C in the vertical direction, 178.78°C
in the transverse direction and 181.54°C in the horizontal
direction. The average crystallisation temperatures obtained were
153.74°C, 155.34°C and 153.65°C for the vertical, transverse and
horizontal building directions, respectively.

Figure 3(c)-(d) shows a boxplot of the percentage of
crystallinity. ANOVA revealed a significant difference between
the horizontal and transverse directions (Table 6). The
horizontal direction presents a higher percentage of crystallinity,
which could be associated with the higher sintering surface layer
with a lower cooling rate, which suffers a kind of intrinsic
annealing during the process.

Although the percentage of crystallinity did not show
significance as a function of wall thickness, it was observed in all
directions that the mean value increased from 2.0 to 2.5 mm
thicknesses, followed by a drop at 3.0 mm. The decrease in the
average crystallinity percentage at a thickness of 3.0 mm
suggested that the cooling time was insufficient for a large
portion of the mass to crystallise, resulting in a more significant
amorphous zone. This behaviour of the crystallinity percentage
as a function of thickness has been observed in other studies,

Figure 7 Fractured specimens after tensile testing in the (A) horizontal direction, (B) transverse direction and (C) vertical direction

Source: Figure by authors’
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such as that of Tasch ez al. (2018) and Sindinger ez al. (2020),
who reported that the average crystallinity percentage tends to
decrease as the wall thickness increases.

3.4 Surface roughness

Figure 4. shows a partial fusion of particles on the surface of the
specimens. These partially fused particles are possibly a
product of the remaining heat in the last sintering layers. These
particles were also observed in the fracture zones of the
specimens, possibly as crack nucleators, as was reported by
Caulfield ez al. (2007) and Khan ez al. (2021).

Figure 8 Fractography

| -
(b) -
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Table 7 shows the surface roughness values of the specimens,
with average values varying between 20 and 22 um. The
thickness of 2.0mm presents the lowest value in all build
directions. The roughness increases vertically by 3.86%,
decreases by 1.44% in the transverse direction and decreases by
5.32% in the horizontal direction. The roughness values do not
have a wide range because the roughness depends mainly on
the combination of powder and laser parameters (Wolf ez al.,
2020). Accordingly, the roughness values are close in the same
batch under mixing conditions and laser parameters.

Figure 5 evaluates the distribution of surface roughness data
for each of the conditions. The variation between the ranges is

200 ym

RN soherulite
A

Notes: (A) Horizontal direction; (B) transverse direction; (C) vertical direction. Fractography of the ductile zone;
(D) horizontal direction; (E) transverse direction; (F) vertical direction. Fractography of the fragile zone;
(G) horizontal direction; (H) transverse direction; (I) vertical direction

Source: Figure by authors’
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considerable. This behaviour could be associated with the thermal
gradients in the sintering chamber. Nelson and Rennie (2015)
showed that thermal differences depending on the location of the
part in the powder bed can influence the mechanical and surface
properties.

The ANOVA of the surface roughness (Table 8) showed
significant differences at a thickness of 2.0 mm, with the lowest
value compared to the other conditions. This behaviour is
associated with the fact that these specimens presented the
lowest mass, and therefore, their cooling was possibly faster,
causing a better fusion of particles on the surface.

3.5 Stress-strain curves

Figure 6 shows the stress—strain curves of the specimens
manufactured by SLS. The specimens manufactured in the
horizontal direction exhibited the highest ductility and UTS,
followed by those manufactured in the transverse direction.
These two directions present more ductile behaviour than the
vertical direction, representing values lower than 25% of the
deformation and the lowest mechanical resistance. In addition,
as the thickness increased, the ductility and UTS tended to
increase in all directions. The values and statistical significance
of the mechanical properties are mentioned in the following
publication (Garcia et al., 2023).

3.6 Fracture study

The fracture morphology showed a flat region with radial marks
associated with the sudden-fragile fracture process and a region
with microvoids related to the sudden-ductile fracture process
(Figure 7).

The behaviour of the specimens manufactured in the
horizontal direction [Figure 8(a)] showed high percentages of
ductile zones on the fracture surface. The radial marks coming
from the polymer surface (blue marks) are shown in the brittle
fracture zone. Compared with those in the horizontal direction,
the area and number of radial marks in the brittle fracture zone
associated with the specimens fabricated in the transverse
direction [Figure 8(b)] increased. The fractures of the specimens
in the vertical direction [Figure 8(c)] exhibited more brittle
behaviour than those in the other two directions. The fibrils
associated with the ductile zone in the vertical direction were
much shallower than those in the other build directions.

The ductile fracture zone concerning the build direction
[Figure 8(d)—(f)] revealed fibrils surrounding the microvoids with
partially fused particles, and fractured spherulites were identified
in the ductile zone. The brittle fracture zone concerning the build
directions [Figure 8(g)-(i)] showed more homogeneous
behaviour than the ductile zone; spherulites were observed along
the fracture zone in all directions, and no fibrils were observed in
the fractures of the manufactured specimens.

Figure 9 shows a spherulite crystal with deformations in the
ductile zone of the fracture. These behaviours (Figures 8 and 9)
suggest that the spherulites underwent a deformation process
related to generating fibrils. In those build directions with a
high percentage of ductile fracture, a lower percentage of
transversally fractured spherulites was observed (fragile zone).
This behaviour indicates that the material undergoes a high
degree of sintering in this direction, so the correctly fused
spherulites are deformed into fibrils when the load is applied to
the specimen.

1546
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Figure 9 (A) Deformed spherulites in a matrix of fibrils (B) partially
deformed spherulites

Source: Figure by authors’

Table 9 shows that the percentage of the fracture ductile zone
increased by 3.05% and 6.4% for thicknesses of 2.5 and
3.0 mm, respectively, compared to the thickness of 2.0 mm in
the vertical direction. In the horizontal direction, there was a
difference of 12.9% and 17.6%, while in the transverse
direction, values of 2.5% and 19.4% were observed for the 2.5
and 3.0mm thicknesses, respectively, compared to the
thickness of 2.0 mm. The standard deviation was greatest in the
transverse direction, indicating that this direction had the most
significant percentage change.

Figure 10 shows the data distribution of the percentage of
ductile fracture in the specimens as a function of the build
direction and wall thickness. The data show a pattern as a
function of thickness, with lesser thicknesses representing a
more significant amount of ductile fracture zone. On the other
hand, the fractures that presented the highest percentage of

Table 9 Mean values and standard deviation (SD) of the fracture ductile
zone of specimens as a function of the build direction and wall thickness

Build direction  Wall thickness (mm) Ductile Fracture (%) SD
Vertical 2.0 27.6 3.74
2.5 28.6 2.90
3.0 29.5 3.74
Horizontal 2.0 55.4 12.8
2.5 58.6 14.0
3.0 67.3 8.46
Transverse 2.0 46.7 22.7
2.5 59.5 233
3.0 58.0 5.72

Source: Table by authors
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Figure 10 Boxplot of the percentage of ductile fracture in the specimens manufactured by SLS as a function of the build direction and thickness of the wall
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ductility were in the horizontal, transverse, and vertical
directions. The ranges vary significantly, particularly in the
T2.5 direction, associated with excessive ductility.

According to ANOVA, significant differences in the percentage
of ductile fracture were found, mainly associated with the build
direction (Table 10). Post hoc tests revealed significant differences
between the vertical transverse and horizontal directions.

The sintering construction layers were observed only in the

micrographs of the specimens manufactured in the vertical
direction [Figure 11(a)—(b)], suggesting an anisotropy in the
crystalline condition in the specimen cross-section related to
the build direction. The build layers presented a hue intensity
pattern possibly associated with crystalline changes between
the sintering layers, reflecting nonuniform melting in the cross-
sectional area of the specimen, which could explain the low
elongation percentage in the strain stress curves (Figure 6).
This morphological characteristic was not observed in the
horizontal [Figure 11(c)—(d)] or transverse [Figure 11(e)—(f)]
directions, which presented the most significant differences in
Eab as a function of build direction.
The fracture was characterised by thin sections (10 um)
obtained by microtomy. The specimens manufactured in the
vertical direction (Figure 12) exhibited a fracture zone parallel
to the sintering layers (Figure 10), and cracks were observed
near the fracture zone. Cracks occurred in the amorphous and
crystalline zones through spherulites in a transverse manner.

The fracture in the specimens manufactured in the
transverse direction (Figure 13) showed ductile deformation
with fibrils and an irregular shape of the fracture surface, which
may be associated with the loading not being in the same
direction as the build of the specimen. The presence of fibrils in
the fracture may be related to the correct fusion between the
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layers of the specimen, which explains why the fusion between
layers was lower in the vertical direction.

Fractures in the specimens manufactured in the horizontal
direction (Figure 14) exhibited more ductile behaviour than
those in the other two directions, which is reflected in their
morphology, which has a greater number of fibrils and
deformed zones and the irregular shape of the fracture is more
chaotic than that corresponding to the transverse direction.In
the fracture zone, two behaviours related to the quality of the
sintering process were observed between sections. The first
behaviour [Figure 15(a)—(b)] shows partially sintered particles
in the fracture zone. These particles are located on the outer
surface of the specimen, showing radial crystalline patterns.
The second behaviour [Figure 15(c)—(d)] is characterised by
more homogeneous radial spherulites associated with a correct
sintering process. These behaviours and the radial markings of
the fracture surface suggest that the crack is nucleated from the
most anisotropic crystalline point at the surface.

3.7 Porosity

Figure 16 shows the heatmap as a function of the pore location
and diameter in the specimen cross-section as a function of the
build direction and part thickness. A random behaviour is
observed in the distribution of the pores. However, it was
shown that the tendency of accumulation is in the centre and on
the periphery of the cross-section. This behaviour, together
with the radial marks of the specimens, would indicate a
concentration of stresses in surrounding areas on the surface,
which would have repercussions on the nucleation of the
fracture from the surface of the specimen.
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Table 10 ANOVA of ductile fracture sections of PA12 manufactured by SLS

Volume 30 - Number 8 - 2024 - 1537-1555

F and p values of the ANOVA test

Factor Normality Homoscedastic F Value p-value Post hoc

% Ductile fracture 0.196 0.08 BD: 23.059 BD:8.6e-%" Build direction
Th: 2.577 Th: 0.315 TvsH— 0.86
BD-Th:0.393 BD-Th:0.679 VvsH—1.1e%"

VusT—28e%

Notes: T-H is the transverse vs horizontal direction, V-H is the vertical vs horizontal direction and V-T is the vertical vs transverse direction *Significant

differences **Very significant differences
Source: Table by authors

Figure 11 Thin section of the longitudinal section observed by (I) polarised microscopy (11) polarised microscopy with quarter-wave retardation
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Notes: (A) Vertical direction; (B) transverse direction; (C) horizontal direction

Source: Figure by authors’

3.8 Behaviour of specimens

The behaviour of the specimens as a function of the build
direction and thickness is shown in Figure 17. The
mechanical behaviour in the vertical direction tends to
remain constant. However, the pore diameter, cross-section
and percentage of ductile fracture present the most marked
changes. However, the pore diameter, cross-section and

1548

percentage of ductile fracture present the most significant
changes. Figure 17(a) shows the transverse direction, which
has different behaviours in terms of mechanical properties.
However, the variables that show changes are the same as
those in the transverse section except for the Eab. Finally,
there is a more significant change in the ductile fracture in
the vertical direction [Figure 17(c)].
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Figure 12 Thin section of fracture morphology in the vertical direction
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Source: Figure by authors’

Figure 13 Thin section of fracture morphology in the transverse direction
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Notes: (A) Polarised microscopy, 200X; (B) polarised microscopy with quarter-wave retardation, 200X
(C) Polarised microscopy, S00X: (D) polarised microscopy with quarter-wave retardation, S00X
Source: Figure by authors’

4. Discussion the build direction or wall thickness. Hence, it can be inferred
XRD and FTIR analyses, which examined the structure and that these factors do not impact the dual fracture behaviour.

chemical composition, showed that the functional groups and According to the thermal DSC analysis results, the
diffraction angle did not exhibit any notable changes concerning percentage of crystallinity in the samples varied based on the

1549



Analysis of failure behaviour of PA12 specimens Rapid Prototyping Journal
Alejandro Garcia Rodriguez et al. Volume 30 - Number 8 - 2024 - 1537-1555

Figure 14 Thin section of fracture morphology in the horizontal direction
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uild Direction

8 ™ el TR

Notes: (A) Polarised microscopy, 200X; (B) polarised microscopy with quarter-wave retardation, 200X;
(C) Polarised microscopy, 500X; (D) polarised microscopy with quarter-wave retardation, 500X
Source: Figure by authors’

Figure 15 Thin section of the longitudinal section observed by (B, D, F) polarised microscopy, (A, C, E) polarised microscopy with quarter-wave
retardation and (A, B) fracture with the presence of partially fused particles. (C, D) Fusion of particles in the failure zone

si

"f‘ .

Source: Figure by authors’
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Figure 16 Heatmaps of the porosity and gradient for specimens with different building directions and wall thicknesses
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build direction. Notably, the direction with the highest
crystallinity (horizontal) demonstrated superior strength and
ductility in fracture areas, suggesting that the specimen
sintering layer area and cooling rate within the chamber
significantly influence the type of fracture observed. This
behaviour is also suggested by Alzyod and Ficzere (2023) and
Griessbach ez al. (2010), who indicated that the mass influences
the residual stress of the part and the mechanical properties.

The stress—strain curves exhibit an initial increase in strain
hardening, followed by a decrease in stress until it reaches the
breaking point. This behaviour suggests that the ductile zone is
first formed, and as the maximum stress is reached in the restraint
zone, cracks appear that lead to the brittle zone. This phenomenon
could be attributed to the low deformation observed in the vertical
specimens after the point of maximum stress.

The presence of radial fracture marks in the delicate area
suggests that the fracture originated from the surface of the
specimen. This occurrence may be linked to the roughness of
the sample because the partially functionalized particles act as
stress concentrators, as noted by Caulfield er al. (2007) and
Khan ez al. (2021). Furthermore, the partially fused particles
exhibited a distinct crystal morphology from the properly

(>
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Pore density surface lines

fused mass, indicating that crystal gradients on the surface
could contribute to the development of external cracks. The
generation of fractures can also be attributed to defects.
Using the k-nearest neighbour machine learning model, we
identified porosity trends that would have been undetectable
to the naked eye. The model produced contour lines that
revealed pore probability and colour maps that showed
densities and trends in a geometric location in the cross-
section. According to Kiani ez al. (2020), defectology can
affect fracture morphology. In our study, the pore probability
map in the cross-sections of the specimens (Figure 16)
indicates an increase in defect density from the centre to the
corners of the specimens.

The brittle and ductile fracture rates are closely linked to
the mechanical strength and Eab. Directions with greater Eab
and UTS exhibited the most ductile zones. Researchers in the
field, such as Caulfield ez al., 2007 (Ferreira ez al., 2020) and
Hofland ez al., 2017 (Alzyod and Ficzere, 2023), have
suggested that brittle fracture is related to low strength due to
layer-by-layer construction in the vertical direction.
Figure 11(a)-(b) illustrates that anisotropic crystalline
conditions may result in low mechanical strength between
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Figure 17 Mechanical, thermal and superficial behaviour on the build direction and thickness function
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sintering layers, thereby explaining the flatness of the fracture
in the vertical direction. This observation was supported by
SEM imaging conducted by El Magri et al. (2022). The
differences in the ductile area shown in the ANOVA (Table
10) can be attributed to this fracture morphology, which
indicates low interlayer fusion, resulting in a low ductile
fracture zone with superficial fibrils. The depth of the fibrils is not
solely dependent on the build direction, as shown in studies by
Zehir et al., 2024 (Garcia et al., 2023), Tomanik ez al. (2021) and
the present research. The percentage of humidity and temperature
of the assay, as reported by Seltzer ez al. (2011) and Mielicki ez al.
(2014), can also affect the depth of the fibrils in the fractures.
However, because the samples were under controlled conditions
and at ambient temperature, the fibrils were deep in the ductile
direction, with no changes in the FTIR spectra. Therefore, the
fracture is not associated with the humidity or temperature of the
sample.

The size of the ductile fracture zone depends on the
degree of powder fusion, as suggested by Gumis et al
(2018). The deformed spherulites suggest that sections
containing fibrils underwent successful fusion between

layers, with the horizontal build direction exhibiting the
greatest ductility, followed by the transverse and vertical
directions.

In terms of wall thickness, only roughness is significantly
affected. However, this item is related to fracture. As the
thickness increases, the ductile zone also increases, which is
related to the increase in strength reported by Garcia et al.
(2013) and Rodriguez ez al. (2023).

5. Conclusions and recommendations

The build direction significantly impacts the properties of the
sample. It affects its crystallinity, mechanical properties and
ductile fracture rate, making it one of the most essential
variables in fracture behaviour. The build direction with the
highest deformation and ductile fracture area was horizontal,
followed by the vertical and transverse directions. Microtomic
slice fractography was used to analyse the crystalline behaviours
of the samples, including the correct fusion of spherulites,
partial fusion of particles, sintering lines and anisotropic
crystalline conditions.

1552



Analysis of failure behaviour of PA12 specimens

Rapid Prototyping Journal

Alejandro Garcia Rodriguez et al.

In the vertical direction, the brittle behaviour is related to
anisotropic crystalline conditions associated with layer-by-layer
construction that results in fractures perpendicular to the
layers. The study also revealed that the fibrils were obtained
after the deformation of the well-fused spherulites in the ductile
section; for the brittle section, the spherulites fractured
transversally.

This study used machine learning commands based on k-
neighbours to generate a map showing trends of porosity
concentrations and sizes in the centre of the specimen and at
the corners. This map is a powerful tool for showing
defectology behaviour in SLS-manufactured specimen
sections. The study revealed that the fracture of the specimens
nucleated from the surface was possibly due to the stress
concentration produced by the partially fused particles on the
surface and the porosity gradients near the corners.

This work can help identify the build direction through
morphology, strength and fracture behaviour, providing tools
for failure analysts to identify dual fractures in parts
manufactured by SLS with 30:70 powder mixtures. It can also
help understand how the build direction affects the fracture
behaviour, which can be studied with higher test temperature
conditions, wetting conditions and other surface parameters
such as orange peel or surface treatments such as shot blasting.
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