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Abstract: Additive manufacturing (AM) enables fabricating intricate objects with complex geometries
previously unattainable through conventional methods. This process encompasses various techniques,
including powder bed fusion (PBF), such as selective laser sintering (SLS) and multi-jet fusion (MJF).
These techniques involve selectively melting powdered polymer material, predominantly utilizing
engineering thermoplastics layer by layer to create solid components. Although their mechanical
properties have been extensively characterised, very few works have addressed the influence of
additive manufacturing on fracture behaviour. In this context, we present our work demonstrating
the presence of anisotropy in fracture behaviour due to the build orientation as well as the PBF
methods. To evaluate this anisotropy, the fracture behaviour of polyamide 12 polymer manufactured
by SLS and MJF were investigated with experiments and numerical modelling of Mode I compact
tension (CT) specimens. Experiments were monitored by digital image correlation (DIC) and infra-
red thermography (IRT). Additionally, the fractured surfaces are analysed using scanning electron
microscopy. Comparative analyses between SLS and MJF technologies unveiled dissimilar trends in
mechanical strength, build-orientation effects, and fracture properties.

Keywords: additive manufacturing; fracture behaviour; mechanical strength; digital image correla-
tion; cohesive zone modelling; polyamide 12

1. Introduction

Additive manufacturing (AM) of polymers, also known as 3D printing, uses layer-
by-layer material deposition to build complex geometries that are difficult or impossible
to produce using traditional manufacturing methods. One of the categories of AM is the
power bed fusion (PBF), which includes techniques such as selective laser sintering (SLS)
and multi-jet fusion (MJF) [1,2]. In PBF techniques, the powdered material is spread evenly
over a build platform, and a laser or other heat source selectively melts and fuses the
material together layer by layer, until the final part is formed. The SLS technique uses
a high-powered laser to selectively melt and fuse layers of powdered polymer material
together, typically nylon, to create a solid part. In MJF, a thin layer of powdered polymer
material is spread over the build platform. Then, an inkjet array is used to selectively apply
a fusing agent onto the powder bed [3]. The fusing agent is designed to absorb energy from
an IR heat lamp, which then selectively melts and fuses the powder in the areas where the
fusing agent was applied. After the first layer is completed, another layer of powder is
spread on top, and the process is repeated until the part is fully built layer by layer. MJF
holds significant promise for a wide array of industrial applications, as it can produce parts
in a fraction of the time compared to other manufacturing techniques. It is clear that powder
bed techniques present numerous merits, including expedited design-to-production cycles,
high resolution, intricate geometry fabrication without additional support, and economical
small-scale part production and excellent mechanical properties.

A comparative study of SLS and MJF is essential because although both technologies
are compatible with thermoplastics such as polyamides, their preparation and performance
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of the materials differ. By investigating these methods, informed decisions tailored to
the specific application requirements can be obtained. As the fields of prototyping and
end-use part production expand, understanding the strengths and limitations of SLS and
MJF in areas like mechanical properties, thermal stability, and isotropy is critical. This
comparison can highlight which process better suits innovative applications in industries
such as aerospace, healthcare, and automotive.

Among the thermoplastics used in engineering, polyamides (PA), polyimides (PI),
polyetherimides (PEI), and polycarbonates (PC) are the most commonly used materials [4,5].
Of these materials, polyamide-12 (PA12) is the primary choice, constituting over 90% of
polymeric PBF components due to its ease of processing, cost effectiveness, low density,
and impact resistance [6]. The improved AM techniques and process optimisation have
seen the role of AM shift from mere prototyping to encompass end-use applications in a
wide range of industries, from aerospace to medical device manufacturing. It is crucial
to study the mechanical properties of components fabricated using AM if they are to
be used in demanding applications where high mechanical strength and durability are
required. In these applications, any deficiencies in mechanical properties could have
serious consequences, such as product failure or even injury. Mechanical testing allows us
to evaluate the quality and integrity of the printed part, which is essential in ensuring that
it meets the intended application requirements.

The stiffness and strength of additively manufactured polymers are influenced by
factors such as the type of polymer material, the build direction, the printing parameters,
and the post-processing methods. Several researchers have conducted extensive mechanical
characterization of PBF specimens, including standard tests like tension, compression,
flexural, and shear loading [7,8]. These investigations also encompass the influence of
varied processing conditions and build orientations on the mechanical properties [9-13].
The build direction can have a significant effect, as AM involves building up the part layer
by layer, which can cause variations in the material structure and orientation depending on
the direction in which the layers are printed.

The focus of the current work is fracture properties since most of the published liter-
ature focusses on the quasi-static compressive and tensile properties of PA12-based PBF
samples, and there is limited literature on the fracture properties. Therefore, it is essential
to study the fracture properties of additively manufactured polymers to identify weak-
nesses, assess the impact of printing parameters, and develop designs that can withstand
mechanical stresses to ensure product reliability and safety. The fracture toughness in addi-
tively manufactured samples is different from studies of homogenous materials because
of the layer-by-layer manufacturing and the difference between the interface of powder
in each layer and the particles between adjacent layers, which give AM parts anisotropic
properties on multiple size scales [14]. A comparison of the fracture behaviour of SLS
and injection moulding PA12 parts showed different trends in the energy at crack growth
initiation for varying thickness of the specimen [15]. Researchers used compact tension
(CT) and single edge-notch bending (SENB) tests to measure the fracture toughness of
AM specimen [16-21]. Cano et al. [17] conducted fracture tests using CT specimen of
laser-sintered PA12 and PA12 reinforced with glass beads at different temperatures and
with load applied perpendicular and parallel to the layered structure, and they found that
the fracture behaviour was controlled by microstructural defects such as adhesion faults
between layers and a poor adhesion between the glass beads and the matrix. Mode I and
mode II fracture tests performed on SENB specimens obtained through the SLS process
of polyamide PA2200 material showed that process energy and build orientation had a
huge influence on the fracture toughness, with almost an order of magnitude difference
caused by varying laser power and scanning velocity [19]. Brugo et al. [18] assessed key
issues in crack propagation of SLS-printed PA12 samples, focusing on build directions and
the method of pre-cracking, and reported that the CT specimen built with layers parallel
to the crack plane exhibited low fracture toughness, as there was a preferential pathway
for the crack to propagate. Lingua et al. [20] implemented a micro-stereoscopic digital
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image correlation (DIC) of a CT specimen manufactured using fused filament fabrication
in order to obtain full-field displacement and strain measurements in the vicinity of the
propagating crack and used this data to identify the meso-structure-related local phenom-
ena. Stoia et al. [22] presented both theoretical and experimental findings concerning the
mixed mode I/1II fracture characteristics in SLS-printed polyamide using semi-circular
bending (SCB) specimens with crack orientations set at different angles. It was reported
that the trajectory of cracks predominantly followed the path along the weaker plane,
exhibiting an interlayer-to-intralayer fracture transition, which resulted in a zig-zag pattern
of crack propagation.

In terms of manufacturing processes and their effect on mechanical properties, there
is some literature comparing the properties of PA12 polymers manufactured using SLS
and MJF technologies [23]. Cai et al. [6] reported that even though the polymer powder
feedstock used in both SLS and MJF exhibited near identical thermal features, phase con-
stitutions, functional groups, and chemical states, there was an appreciable difference in
the trend of mechanical strength and build orientation. They observed a clear drop in
strength when changing the printing direction from the XY plane to the Z axis for the SLS
parts, whereas a similar effect was not evident for the MJF parts. It was hypothesised that
this variation was due to the different sintering approach of the two technologies, with
MJF resulting in a better sinter quality between the layers. It was also possible that the
volume distributions of the pores and their morphology could be a factor in the anisotropy.
Calignano et al. [24] studied the tensile properties of specimen in different orientations
and reported that the modulus and strength of PA12 manufactured by SLS appeared to
be higher than that obtained from MJF. Xu et al. [11] also reported that SLS parts have
better mechanical performance and a higher degree of crystallinity compared to parts man-
ufactured using MJF, which may be attributed to the instant heating capability of the laser
source. It was also reported that although semicrystalline polyamide manufactured using
SLS and MJF had similar surface roughness and glass transition values, there was a marked
difference in fracture properties found from puncture tests, and the inhomogeneities from
the manufacturing process resulted in MJF samples having a lower deformation energy
absorption [25].

In this paper, the fracture properties of additively manufactured polyamide from two
powder bed fusion techniques, namely SLS and MJF, are assessed using a combination of
experimental characterisation using compact tension tests and numerical simulation using
the finite-element model with cohesive zone elements.

2. Materials and Methods

The fracture toughness measurement method is defined by the ASTM E1820 Standard
using a compact tension (CT) specimen, which is a single edge-notched plate loaded in
tension. The geometry and the dimensions of the samples are shown in Figure 1 and were
adapted from CT specimen of composites proposed by Pinho et al. [26]. The purpose
of this test method is to load a pre-cracked specimen to obtain stable crack propagation,
which results in a continuous value of relationship between fracture toughness and crack
extension. This allows to determine the fracture resistance of materials and can be used
for material comparison, selection, and quality assurance. A 0.4 mm wide pre-crack
(highlighted in red) was machined using a diamond wafering blade, and a sharp notch was
cut at the end of this slit using a 0.1 mm thick Japanese micro saw. The samples for the SLS
were manufactured using the EOS Formiga P110. Commercial polyamide powder PA2200
(PA12, melting temperature 176 °C) with D50 particle diameter of 58 um was supplied by
EOS, and the built-in factory processing parameters were used for the manufacturing. The
laser is a 30 W laser, but the laser power in the chamber is approximately 21 W during
sinter, as it is not run at full power. The layer thickness is 100 um, and the powder bed
temperature is 170 °C. The default settings for scanning speed (2500 mm/s) and hatching
distance (0.25 mm) were used, resulting in a surface energy density of 3.36 J/cm?.
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Figure 1. (a) Geometry of compact tension sample and (b) different build directions for additive
manufacturing.

The samples for MJF were manufactured using an HP Jet Fusion 5210 machine, which
has an effective build volume of 350 mm (X) x 255 mm (Y) x 350 mm (Z) and a building
speed up to 5058 cm3/h. The powders have particle size of 60 um and layer thickness of
80 pm. The specimens were printed using the “Advanced’ print mode and a mixture of the
virgin/used HP PA12 powders with a ratio of 30:70, as recommended by the manufacturer.
The IR lamps have PWM (pulse width modulation) power control, which modulates the
power according to the head position. For this study, two build orientations of specimens
for each materials were manufactured, namely XY and Z types. It can be seen from
Figure 1b that the difference between these two specimens resides in the orientation of the
additive manufacturing printer. As the build direction is along the z-axis, the layers of
the XY specimens are contained in the plane of the thickness (4.5 mm), whereas for the Z
speciments, the layers are contained in the plane of the width (60 mm).

2.1. Experimental Setup

The experimental setup of the compact tension test is shown in Figure 2. The test ma-
chine used was a Shimadzu AGS-10kNXD. Two cameras, namely a high-resolution optical
camera (iMetrum Flexi IM-CAM-036) and thermal camera (Telops Fast Mk3), were placed
approximately 50 cm in front of the sample to measure the opening displacement (OD) and
the crack growth. The crosshead displacement rate was set to 0.5 mm/min to conduct the
test in quasi-static conditions, and the test was stopped before complete breakage (when
the load variations started to become very low). As the tests were conducted in quasi-static
conditions, the frequencies of acquisition of both cameras could be quite low. Indeed, for
the optical camera, the frequency of acquisition is 1 frame per second (fps) and for the
thermal camera is 10 fps. The higher acquisition rate was used for the thermal camera
because the peaks of heat released during crack propagation were very short.

Typical images from the optical and thermal camera are shown in Figure 3. The crack
location and opening displacement can be measured from the digital image correlation
(DIC) analysis of the optical camera images. The DIC technique determines displacement
and strain fields by comparing images taken before and during tests. Pixel subsets are
matched between images to find undeformed points’ locations in the deformed image,
revealing their displacement. Specimen surfaces were painted with a speckle pattern using
a spray cannister to create random pattern. To precisely locate the crack tip, it is important
to have an accurate measurement of the strain field and high spatial resolution at the
same time. To achieve this, a facet size of 25 pixels, grid spacing of 11 pixels, and contour
smoothing of 9 facets was set. Moreover, to measure the opening displacement (OD), which
is defined as the distance between the centres of the two holes in the sample, with the
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thermal camera, two circular reflectors with a diameter of 4 mm were put in place on both
sides of the notch, and the centres of the fixing parts were marked with a white point.
The thermal camera image shows the surface temperature measured from the specimen,
assuming an emissivity of 1. The crack tip location is visible as a ‘hotspot” at the point of
crack propagation.

3- Optical camera 4- Light source

Figure 2. Experimental setup for compact tension testing.
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Figure 3. Typical images from optical camera and thermal camera during compact tension tests.

2.2. Numerical Model

To quantify the differences in the manufacturing methods, i.e., SLS and MJFE, and their
printing direction on the failure initiation (peak load) and propagation (absorbed energy), a
simplified numerical modelling method is introduced in this section. The key interest is to
be able to model at the continuum length scale with sufficient accuracy to predict the peak
load and the associated failure propagation. This is because modelling with particle-based
methods, although accurate, is computationally expensive, especially when extended to
large models.

The numerical model used in the current work is shown in Figure 4, and the di-
mensions are same as in Figure 1. This modelling was performed in the commercial
finite-element solver LS-Dyna using explicit time integration. The analysis was performed
with quasi-static loading conditions such that the inertial effects were minimal. The contin-
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uum was discretised with linear elastic solid elements. In the region in front of the pre-crack,
a layer of linear cohesive elements was pre-inserted. Cohesive zone modelling (CZM),
implemented through these cohesive elements, models the non-linear traction-separation
behaviour in an energy-regularised manner such that displacement discontinuities are
modelled explicitly in the mesh during crack propagation. Due to the nature of loading
and the specimen design, crack branching was not expected, and thus, an adaptive crack
modelling method was not required.

Constrained nodal
rigid body._

'
-

. Mesh size of 0.25 mm
- near the CZM region

Pre-crack

Pre-inserted layer of CZM
along the expected crackpath

Figure 4. Numerical modelling of compact tension test using cohesive zone modelling.

To simulate the loading applied at the notch in the experiments, displacement bound-
ary conditions were applied at the centroid of the notch, and the equivalent values were
transmitted to the nodes at the periphery of the notch using constraint equations. This was
performed using the *CONSTRAINED_NODAL_RIGID_BODY keyword in LS-Dyna, and
only the translational degrees of freedom were constrained. In experiments, the contact area
of the loading pin may not be equal to the circumferential area of the notch. To understand
this effect, the contact area was varied using the constraint equations, and its effect on
failure load was studied. However, the effect was negligible, and therefore, a full contact
area, as shown in Figure 4, was assumed.

The continuum was modelled with elastic—plastic behaviour using piecewise-linear
plasticity. The material properties for the PA12 were mentioned in Xu et al. [11] (see Table 1).
The behaviour of the fracture process zone ahead of the crack-tip was modelled with the
fracture properties shown in Table 2. The cohesive zone modelling (CZM) was performed
using a bi-linear cohesive law [27,28]. Among the fracture properties, mode I fracture
toughness is the critical parameter since the failure initiation and propagation happens
with only the opening of crack and without sliding and is derived from the experimental
results presented in this manuscript. It is worth mentioning that the mean values from the
experiments were used in the numerical modelling.
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Table 1. Continuum material properties of SLS and MJF.
Printing Type Density (kg/m?3) Elastic Modulus (MPa) Poisson’s Ratio
SLS 990 1760 0.35
MJF 930 1420 0.33
Table 2. Cohesive zone material properties calculated from Jmax.
Printine Tvpe Penalty Stiffness Stress at Softening Fracture Toughness
& 1yp (N/mm?3) Initiation (MPa) (KJ/m2)
SLS XY 10° 43.61 11.01
SLSZ 10° 43.61 27.59
MJE XY 10° 40.10 459
MJF Z 10° 40.10 7.34
3. Results

Figure 5 shows the force vs. displacement curves of three samples from each material
configuration: SLS XY and Z. The curves for both the SLS XY and Z specimens follow a
linear loading phase till peak load. The crack length stays the same during this loading
phase. This is followed by the first load drop due to crack extension. The force vs. opening
displacement curves for XY specimens and Z specimens show that there is a significant
effect of the build orientation. The peak force for the Z specimens reaches nearly 550 N
instead of about 350-400 N for the XY specimens. Moreover, these curves show that the
opening displacement at this peak where the crack began to grow is reached at 3.5 mm for
the XY specimens and around 6 mm for the Z specimens. Therefore, it appears that the
SLS XY additive manufacturing process presents values of force and displacement about
50% lower than the Z orientation. It can be hypothesised that this difference is due to
the three different fusion stages involved in the SLS process, namely single-track fusion,
fusion between tracks, and fusion between layers. During the first stage in the sintering,
the laser scans a single track on the powder bed, causing the fusion of powder particles
and the formation of sintering necks between them. In this stage, the sintering necks
between neighbouring particles are dense and compact due to the simultaneous melting
and coalescence of the powder particles. In the second stage, a parallel track is fused,
similar to the previous one, but with a reduction in the area of sintering necks between
the two tracks. This reduction is attributed to the cooling of the previous track during the
fusion of the new track. The weak bonding strength between tracks could be the reason for
the lower strength in the XY build direction of the SLS specimens.

A similar analysis was performed for the MJF XY and Z specimens and is shown in
Figure 6. It appears that the difference between the build orientations is less significant
even if the Z specimen is marginally stronger than XY. Indeed, the maximum of loading is
reached around 350 N for the XY specimens and around 400 N for the Z specimen. Moreover,
the displacement values corresponding to the peak force are also quite comparable. This
similarity can be explained by the MJF process, where there are only two fusion stages,
namely fusion between areas and fusion between layers. This contrasts with the point
fusion mode of SLS, and therefore, the duration necessary for fusing an area or layer in
MJF is notably diminished.

It can be hypothesised that this faster sintering results in a significant decrease in
temperature disparities between adjacent areas or layers and enhanced sinter quality.
Indeed, it is around 2.5 mm of opening displacement for the XY specimens and around
3 mm for the Z specimens.

There is still a significant build-orientation effect, and it appears that the MJF Z additive
manufacturing process presents values of force and displacement about 20% higher than
the XY orientation. This is supported by the porosity analysis of u-CT images presented
by Lee et al. [29], where it was reported that the Z orientation had much lower porosity
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compared to the XY build orientation. A similar trend of porosity was reported for SLS
process [30], and it is expected that the increased performance of the SLS Z orientation may
be attributed to the pore volume and distribution, as in the MJF AM samples.

A comparison of all four configurations in Figure 7 shows the difference of the manu-
facturing process and the build direction for the additively manufactured CT specimen.
Each curve in Figure 7 was obtained by averaging the samples corresponding to the manu-
facturing process and orientation shown in Figures 5 and 6.

SLS XY - Experimental data

600
——SLS XY - 1
——SLSXY-2
500 SLS XY - 3
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Opening displacement (mm)

(@)
SLS Z - Experimental data

——SLS Z-1
——SLSZ-2
SLSZ-3

600 r

500

400
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Figure 5. Force vs. opening displacement curves for SLS (a) XY and (b) Z.
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Figure 7. Comparison of force vs. displacement for different orientation and manufacturing process.

While the initial stiffness of the linear region is similar for the different processes,
the peak force for crack initiation and the crack propagation response is different for each
configuration. The SLS process appears to have a higher peak force for both XY and Z
build directions in comparison to the MJF process. The improved interlayer adhesion of
SLS achieves higher strength, while the anisotropy of the MJF process is much reduced.
This is perhaps due to its high-energy laser selectively fusing powdered material, creating a
denser and more homogeneous structure, while the uniform heating of the IR lamps of the
MJF process reduces the anisotropy effects. However, it should be highlighted that in SLS,
most of the thermal energy absorbed by PA12 comes from IR, as the bed temperature is
maintained just below melting. The laser only brings the enthalpy needed to melt the poly-
mer. It should also be noted that even though both SLS and MJF techniques use polyamide,
the polymer grades are potentially different in terms of average molecular weight and
polydispersity. This can itself result in different bulk mechanical properties, and care should
be taken while interpreting the comparison of different manufacturing techniques.

3.1. Crack Length Measurement

One of the challenges faced by researchers in fracture mechanics is the accurate
estimation of the crack tip location in polymer materials, where large plastic deformation
and severe necking at crack tip makes crack growth measurement difficult. However, the
high resolution of the optical camera (2464 x 2065 pixels) allows to locate the crack tip
position from the optical image. Figure 8 shows the crack extension measurement using
optical and thermal images. The way to measure the crack length is to take the x coordinate
of the notch tip on the first optical image and to estimate the x coordinate of the crack tip
during crack propagation. These measurements were realised with the Image]J software
v1.54D. The crack tip position can also be followed from the thermal images obtained
during the test. The thermal images obtained from the Telops FAST M3K photon detector
camera show hotspots at the location of the crack tip depicting crack propagation. The
crack extension can then be measured from the identified location of the hotspot.
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Figure 8. Crack extension measurement from optical images and thermal images for SLS Z sample
(Dashed lines indicate crack location).

One of the other techniques used to measure the crack tip location is the digital image
correlation (DIC) technique. The DIC technique is based on the comparison of a reference
image (undeformed) and a deformed image. The surface of the object is covered in random
speckle patterns and is divided into small, overlapping subsets or regions. Each subset
contains a number of pixels, and the displacement of these pixels is tracked throughout the
deformation process. A correlation algorithm measures the similarity between the reference
subset and the subset in the deformed image. Common correlation algorithms include
cross-correlation and normalized cross-correlation. These algorithms evaluate how well the
pixel patterns in the two subsets match. To obtain continuous and smooth displacement
and strain fields, interpolation techniques are often applied to the discrete subset data.

For this test, just one camera is sufficient because all the deformation is on the plane of
the sample. The measured coordinate fields can be used to calculate quantities of interest,
such as displacements, strains, strain rates, and velocities. As an example, Figure 9 shows
the shear strain component (yxy) on the surface of an SLS Z specimen obtained using
commercial DIC software MatchID v2021.1.

Strain component g,,

0.02 I

0.0125
0.005

-0.0025

Figure 9. Typical shear strain contour from DIC analysis.
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The interesting thing about this DIC analysis is that the crack tip can be easily localised
by looking the strain component (yxy). Near the crack tip, as one moves around the crack in
a circular path, the shear strain undergoes a sign change. This sign inversion is associated
with the presence of a stress singularity and is a characteristic feature of linear elastic
fracture mechanics. It is important to note that these singular behaviours are characteristic
of idealized linear elastic materials and assumptions. In real-world situations, especially
for materials exhibiting plastic deformation or other complex behaviours, the actual stress
and strain fields may deviate from these idealized patterns. In fact, it is remarkable that the
line of the crack tip propagation is an axis of anti-symmetry for the strain because values
of strain are opposed on both sides of this line. Moreover, the line passing through the
crack tip and perpendicular to the load axis appears also as an axis of anti-symmetry for
the strain. This is a good way to follow the crack evolution and a good way to study the
repetitions of the stress on the surface of the materials because, by the Hooke’s law, the
strain and the stress have the same sign. Therefore, the sign of the stress is changing on
both sides of the crack tip.

Figure 10 shows a typical crack length vs. time graph from the compact tension tests
of a polymer. The growth of the crack over time under applied loading can be observed
from this curve. Initially, the crack length remains relatively stable as the test specimen
undergoes initial loading. There is no noticeable crack propagation until reaching the time
550 s, when we can see the crack initiate and the lengths increase. As the test progresses,
the crack length starts to increase gradually due to the applied stress. The slope of the crack
length vs. time curve reflects the crack growth rate, which might vary based on factors like
material properties, loading conditions, and environmental effects.

ime 1833 |
Aa 15.67

Time 1350
Aa 10.77 |

1000
Time (s)

0

500 1500 2000

Figure 10. Crack length vs. time for typical SLS Z sample.
3.2. Data Reduction

The fracture parameters can be determined using either a linear elastic fracture me-
chanics (LEFM) approach or non-linear fracture mechanics (NLFM), depending on the
mechanical response of the materials. LEFM is suitable when the material exhibits linear
elastic behaviour, and the cracks are relatively small compared to the specimen’s dimen-
sions. NLFM is chosen for non-linear materials or when large plastic deformations occur
near the crack tip. The strain energy release rate is a measure of the energy required to
propagate a crack in a material and is a critical parameter for understanding the fracture
behaviour of materials. The area method is often employed for mode I (opening mode)
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fractures and is based on relating the dissipated mechanical energy AU to the newly gen-
erated free surface area due to crack tip advancement Aa. It is evident that the PA 12is a
ductile material, and therefore, the first idea was to modify the manner of measuring the
area under the force displacement curve typically used in brittle materials to characterise a
ductile fracture, given as follows:

Gie (1)

_ 1 %f;ﬁy(x)dx—%xiﬂ .
2BN

0 a; — 4o

One of the critical requirements of fracture toughness measurements based on LEFM
is that plane strain conditions are satisfied. The fracture toughness Kjc, which represents
the material’s resistance to crack propagation under small-scale yielding, can then be
calculated. In this case, the specimen thickness must be large enough to ensure that plastic
deformation near the crack tip is confined, providing a conservative estimate of toughness.
This condition ensures the toughness value is independent of thickness. We adopted the
J-integral, which is an energy-based, path-independent contour integral used in elastic—
plastic fracture mechanics (EPFM) to characterize the crack driving force in materials that
exhibit non-linear (plastic) behaviour at the crack tip. The J-integral method is a widely
used technique in fracture mechanics to calculate the strain energy release rate and is
often employed to characterize fracture properties of materials, including polymers. The
J-integral provides a path-independent measure of the energy release rate around the tip
of a crack and is particularly useful in situations where the stress and displacement fields
are complex. For polymers, which may exhibit ductile or tough behaviour, the J-integral
method can be applied to determine critical values like the critical strain energy release rate
(Ge) or the critical stress intensity factor (Kp.). It assesses fracture resistance and material
toughness by accounting for both elastic and plastic deformation near a crack tip. The
J-integral is applicable in cases where significant plastic deformation occurs, extending
fracture analysis beyond the limitations of LEFM. The J-integral can describe crack growth
in both thin and thick specimens, making it useful when plane strain conditions are
difficult to achieve, such as in ductile materials or thin specimens. This agrees with
other researchers who have used J-integral as characterisation parameter to study fracture
properties. Because of this, the normalisation method was applied to determine the J-R
curves and the | integral value.

The J-integral can be divided into elastic and plastic components, and understanding
their contributions is essential for characterising the fracture energy of polymers. The total
J-integral is the sum of the elastic and plastic contributions:

iy = Jeriiy + Jpigiy - 2)

The elastic part of the J-integral represents the energy associated with the elastic
deformation of the material around the crack tip. In polymers, which can exhibit significant
elastic behaviour, this component accounts for the energy stored in the material due
to reversible elastic deformation during crack propagation. The elastic contribution is
related to the linear elastic region of the stress—strain curve, where the material undergoes
reversible deformation:

K (1-+2)

e ©)

Firstly, the stress intensity factor K is evaluated using the following equation:

Koy = (%0 @
(i) BVW w )’
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where .
(24 x)(0.886 + 4.64x — 13.32x% + 14.72x% — 5.6x*)

(1-x)?

The plastic part of the J-integral represents the energy associated with irreversible,
plastic deformation around the crack tip. In polymers, which often display viscoelastic
and time-dependent behaviour, plastic deformation can involve not only yielding but also
aspects of viscoplasticity. The plastic component is crucial for characterizing the fracture
resistance of polymers, especially in cases where significant plasticity occurs during crack
propagation. Polymers may exhibit strain hardening or softening behaviour, affecting the
magnitude of the plastic contribution to the J-integral. The plastic part of the J-integral, is
evaluated in the function of the plastic displacement v, and the plastic area:

flx) =

)

(Pm + P(H)) (%zo‘) - v,,m,l))

Apiiy = Apii-1) + , where (6)

2

Ypi(i) = @) ~ P Crey )
Y (216 +12.22( ) 220.27(”#)2;0.29(@)3 ) 8
LL() = EB - 4+2061 (5 ) —9.93(5) an ®)

_ Npii—1) \ Apii) — Apiti-1) ai) = ai-1)
Ty = l]pl(il) +< bo) ) B 1_Vpl(ifl)ﬂ : )

In having the data and value of the crack length and evolution, the following step is
to evaluate the strain energy release defined by the equation seen previously. It should
be noted that the toughness values calculated using the J-integral will not necessarily
correspond to KIC when plane strain is not present. However, this method acts as a means to
compare the fracture toughness of the different processing methods and build orientations.

Figure 11 shows the J-R curve, which is the value of J-integral in the function of the
crack length Aa of the (a) SLS specimens and (b) the MJF specimens. A comparison of the
Jmax of the four configurations is also shown. Comparing the two manufacturing processes,
it appears that the SLS process has higher fracture values than the MJF process. Indeed,
by looking at the average value of J-integral for the six samples of SLS process and for the
six of the MJF one, it appears that the SLS presents values of the J-integral higher than
30% compared to that of MJF. A comparison of the build orientation for the SLS-printed
samples shows that Z specimens have a Jmax of about 27 kJ/ m?2, which is more than double
the Jmax of the XY specimen (about 11 kJ/m?). A similar comparison of the MJF-printed
specimen shows that the specimen built in XY orientation has a Jmax of 60% the value of the
Z specimen (4.6 kJ/ m? vs. 7.3 kJ/m?). However, the orientation effect is less pronounced in
the MJF samples compared to the SLS samples.

A more precise comparison of the value of the J-integral between the additive man-
ufacturing processes shows that for the XY build orientation, the SLS process produces
samples with a value of the J-integral higher than 60% compared to the MJF process (see
Figure 12). A similar comparison for Z models also shows that the SLS process has higher
fracture properties than the MJF process. Indeed, the value of the J-integral for the SLS
samples is about four times superior to the value of the MJF process.

It is possible to conclude based on the J-integral that the SLS additive manufacturing
process presents higher fracture toughness than the MJF, and the Z build direction presents
better results than the XY for both PBF processes. The better performance of the SLS
manufacturing process may be attributed to the higher percentage of crystallinity observed
in the SLS-printed samples, and it is well established that there is strong anisotropy in
the stiffness and strength of additively manufactured polymers due to the layer-by-layer
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fabrication of AM methods [6]. This significantly influences structural design, as the
weakest direction might govern the overall strength, necessitating orientation strategies
during printing to optimize performance and to ensure reliability and safety. A higher
ultimate tensile strength often correlates with better fracture toughness in AM polymers,
as strong inter-layer adhesion can enhance both tensile strength and resistance to crack
initiation and growth. However, the relationship is not strictly linear; factors such as the
presence of defects and pores, the degree of bonding between layers, and the inherent
material properties also play crucial roles.
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Figure 11. J-R curves for (a) SLS and (b) MJE.
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MJF-XY MJF-Z SLS-XY SLS-Z

Figure 12. Mean value of Jmax from calculation of the J-integral for samples printed in different
build orientations.

It was hypothesised that the post-condensation reaction in SLS resulted in higher
molecular weight, which influenced the strength and fracture properties [31]. The higher
fracture energy of SLS Z samples is an interesting outcome. Since the laser diameter stays
the same regardless of the process parameters, it may result in various outcomes when
changing the layer thickness and the hatching distance. Indeed, if the layers are thin, heat
penetrates further into the powder bed.

In addition, if the hatching distance is large, it may result in a lower inter-track
boundary temperature. Another explanation might be related to the contours (outlines)
that are generally made with different processing parameters to the infill. By default, the
laser power is reduced to 16 W, and the scanning speed is slower (1500 mm/s) for the
lower and upper skins. Because their number is always fixed regardless of the height or
width of the sample, this results in a higher infill/shell ratio in the direction of the higher
dimension. The difference in the properties of the MJF specimens built in Z orientation
is perhaps due to better densification at the interlayer boundary thanks to the action of
the fusing agent [31]. Another potential explanation for the higher fracture properties in
the Z direction could be the porosity and the pore network anisotropy. However, further
research is required to evaluate the different hypotheses.

Numerical modelling was performed for the SLS and MJF cases in XY- and Z-direction
printing and compared against the experiments in Figures 13 and 14.

The elastic stiffness, peak load, and the failure propagation were predicted in good
agreement with the experiments. Following the failure propagation and crack extension,
the continuum was split into two halves, resulting in a drop in the load. The post-failure
region was modelled with minimal numerical oscillations due to a combination of fine mesh
discretisation and the absence of dynamic effects. Based on the results, it can be inferred that
the SLS manufacturing with Z-direction printing gives the maximum peak load and energy
absorption. Though unexpected, the printing direction introduces significant influence on
the failure. This may be partly due to the planar specimen design.

In the Z-direction specimens, the crack propagation was normal to the build direction,
and therefore, it can be inferred that breaking the sintering bonds requires the maximum
load. In the XY-direction specimen, such a crack alignment was not obtained, and therefore,
the failure occurred earlier.
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Figure 13. Predictions obtained from the numerical modelling for SLS XY (a) and Z (b) configurations
and comparison against experiments.

This observation from the numerical modelling is similar to the experiments, and
therefore, by understanding the failure direction for different loading conditions, this
method can be used to obtain the optimal manufacturing method. The orientation of layers
can create planes of weakness where cracks can initiate and grow more readily. Parts built
with layers oriented perpendicular to the expected crack path tend to have higher fracture
toughness, as the crack must traverse multiple layers, each acting as a barrier to crack
propagation. Conversely, parts built with layers parallel to the crack path may have lower
fracture toughness due to easier crack propagation along the layer interfaces.
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Figure 14. Predictions obtained from the numerical modelling for MJF XY (a) and Z (b) configurations
and comparison against experiments.

A comparison of the shear strain contours obtained from the numerical model and
experimental data is shown in Figure 15. The cohesive zone model demonstrates good
correspondence with experimental data obtained through digital image correlation (DIC),
showcasing its efficacy in predicting crack growth in additively manufactured materials.
The model accurately replicates crack initiation, propagation, and coalescence, aligning
closely with DIC-derived measurements. This robust agreement highlights the model’s
reliability in capturing the intricate mechanics of crack evolution. The synergy between
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cohesive zone predictions and DIC observations substantiates the model’s capability for
precise crack growth simulations, offering a valuable tool for researchers and engineers
in optimizing material design and structural integrity. This alignment underscores the
model’s applicability and fidelity in real-world scenarios.

FEM

DIC FEM DIC

(c) Aa = 10.8 mm (d) Aa = 15.7 mm

p— =

—-0.01 0.0025 0.005 0.0125 0.02
Shear strain

Figure 15. Comparison of shear strain contours from numerical model and experimental data.

3.3. Fracture Morphology

Scanning electron microscopy (SEM) analysis was conducted to study and compare
the fracture surface on the different specimens. Figures 16 and 17 show the failure surface
of one sample of each AM process with a magnification of x50. The overall appearance of
the fracture surface can provide information about the fracture mode. Common fracture
modes include brittle, ductile, and mixed-mode fractures. A smooth and flat fracture
surface indicates a brittle failure. Brittle fractures often exhibit minimal plastic deformation
before failure. In contrast, a ductile fracture shows a rough and irregular fracture surface.
The surface roughness is a result of the plastic deformation and the formation of various
microstructural features, such as necking, shear bands, and voids. The SEM images of
the compact tension samples show a multitude of irregularities, bumps, and depressions
on the fracture surface. This is indicative of ductile fractures involving significant plastic
deformation before final rupture. The formation and coalescence of microvoids on the
fracture surface are also a clear indication of ductile fracture [32]. SEM images reveal the
presence and distribution of these voids, providing insights into the ductile behaviour of
the polymer.
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Figure 16. SEM images of the crack surface of SLS (a) XY and (b) Z and MJF (c) XY and (d) Z samples
(Yellow arrows indicate irregularities post fracture).

Higher magnification images at 500 x magnification show evidence of the formation
of microvoids and fibrils, associated with crazing in the fracture surface. SEM images
show the presence of crazes, which are thin, thread-like structures indicating localized
plastic deformation, and the SLS-printed samples show more pronounced fibrils than the
MJF samples. For additively manufactured parts, the effectiveness of bonding between
layers is critical for the mechanical performance. However, there is no clear evidence in
the fracture surfaces of features related to interlayer bonding quality. For instance, poor
bonding may lead to delamination or separation between layers, but there is no sign of
delamination-type failure in the SEM images, suggesting good interlayer bonding in both
SLS and MJF processes.
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Figure 17. Fracture surface of (a,b) SLS XY and (c,d) MJF Z specimens.

4. Conclusions

This research focused on the examination of the fracture behaviour of polyamide
12 polymer obtained through selective laser sintering (SLS) and multi-jet fusion (MJF).
Samples were manufactured and tested in mode I compact tension (CT), with digital
image correlation (DIC) and infra-red thermography (IRT) monitoring the experiments.
Furthermore, scanning electron microscopy was employed to analyse the fractured surfaces.
A numerical model was developed in the commercial finite-element solver LS-Dyna using
explicit time integration. The analysis was performed with quasi-static loading conditions
such that the inertial effects were minimal. The continuum was discretised with linear
elastic solid elements, while a layer of linear cohesive elements was used to model the crack
path. The cohesive zone method simulates crack growth in AM polymers by modelling the
fracture process through cohesive laws that define the non-linear softening behaviour at
crack tips, and the continuum elements model the corresponding plasticity phenomena.

The following are the key outcomes of the project:

1. The layer-based manufacturing process leads to significant differences in fracture
toughness among additively manufactured samples, resulting in anisotropic proper-
ties across various size scales;

2. Comparative analyses of SLS and MJF technologies revealed distinct trends in me-
chanical strength, build-orientation effects, and fracture properties. In the present
work, SLS with build orientation in the Z direction was observed to give maximal
load-carrying capability and fracture energy dissipation;
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3. The finite-element approach with cohesive elements enabled the analysis of crack
initiation, propagation, and coalescence, providing valuable insights into fracture
mechanics and aiding in the design of more resilient polymer structures. The elastic
stiffness, peak load, and the failure propagation were predicted in good agreement to
the experiments.

This method of combined experimental and numerical analysis for understanding
the failure direction for different loading conditions can be used to obtain the optimal
manufacturing parameters. The understanding of build-orientation effects on the fracture
toughness properties presented in this paper allows for the strategic alignment of layers
to enhance resistance to crack growth, tailoring material properties to specific structural
requirements, and improving the overall integrity and lifespan of AM polymer structures.
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