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On the difference in material structure and fatigue properties
of polyamide specimens produced by fused filament fabrication
and selective laser sintering

S. Terekhina' - T. Tarasova® - S. Egorov? - L. Guillaumat” - M. L. Hattali?

Abstract

The present paper describes the influence of both flexure quasi-static and fatigue loading on polyamide 12 (PA12) specimens
fabricated by fused filament fabrication (FFF) and selective laser sintering (SLS) processes. Rectangular prisms (ISO 178:2010)
of polymer were printed and tested under sinusoidal three-point bending fatigue loading at a frequency of 5 Hz. The differences in
porosity, surface roughness, and degree of crystallinity are systematically measured and linked to the mechanical fatigue
properties. Fatigue analysis in the visco-elastic domain of the polymer is fully described, from fatigue behavior to energy
analysis. Here, we have shown that the fatigue properties of the FFF specimens are found to be higher than those of the SLS
specimens, despite their lower degree of crystallinity (more than four times). The presence of pores and their growth during
fatigue tests in the sintered PA12 specimen seem to be responsible. The fatigue loss factor analysis shows that at lower stress
levels, PA12 material reveals its characteristic slight visco-elastic dissipation and heating as its lifetime was exhausted. Also, the
obtained results of additively manufactured PA12 were compared with those of materials obtained by injection molding (IM) and
extrusion techniques. The quasi-static flexural properties of PA12 obtained by FFF and SLS processes reveal better character-
istics compared to IM and extruded specimens. However, the fatigue properties of the SLS-processed polymer are 24% and 40%
less than those of materials obtained by IM and extrusion.
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1 Introduction

Additive manufacturing (AM), or 3D printing of polymeric
materials, has been drawing increasing interest from industry,
as well as the research and academic communities [1, 2].
Nowadays, the AM processes continue to advance from rapid

< S. Terekhina
svetlana.terekhina@ensam.cu

T. Tarasova

t.tarasova@stankin.ru prototyping methods to fabrication techniques capable of pro-
ducing full-scale customized components for end-use in mar-

S. Egorov . .

s.egorov@stankin.ru ketable products. As a result of these improvements, various

industries such as apparel [3], biomedical [4-10], electronics
[11], automotive [12], and aerospace [13] are researching this
technique to produce parts. Among the different available AM
techniques such as stereolithography (SL), 3D printing (3DP),
digital light processing (DLP), Polyjet, or laminated object
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manufacturing, with the capability of competing with conven-
tional polymer-processing techniques. The FFF process con-
sists of heating a thermoplastic material slightly above its
melting point inside a nozzle. The viscous material is then
extruded out of a nozzle, deposited sequentially, and additive-
ly, according to the corresponding G-code, to manufacture
objects described by the standard tessellation language
(.STL file) [2, 16]. This is a less aggressive process compared
to injection molding where the plastic is melted and uniformly
blended using a screw extruder to inject the material at high
pressure into a mold. The SLS is a layer-by-layer production
by sintering powdered materials using infrared laser beams.
This process starts with a powder bed of polymer powder of a
specific layer height and temperature. A high-powered laser is
rastered across the surface to locally heat the polymer powder
[14, 15]. For both processes, the performance characteristics
of parts vary widely. For an accurate prediction of the behav-
ior of parts in the given conditions, they are subjected to pre-
liminary tests. In addition to quasi-static tests and dimensional
accuracy, which are widely reflected in the literature [17-21],
fatigue tests are necessary, giving the most complete picture of
the material behavior under life service. According to various
bibliographic sources, specimens of polymers undergo fatigue
bending, tension-tension fatigue, and others [2, 22].
Polyamides (PA), acrylonitrile butadiene styrene (ABS),
polylactide (PLA), and several other neat, filled and reinforced
plastics are among polymers under study [23-27]. Different
variable parameters associated with each type of printing tech-
nique affect the mechanical characterization of the specimens.
Several studies have reported some parameters which could
potentially affect mechanical properties and fatigue life of 3D-
printed parts [28-39]. We note that the most important param-
eters for the FFF process are (i) layer height, (ii) layer thick-
ness, (iii) raster orientation, (iv) extruder temperature, (v) gap
between raster, (vi) feed rate, and (vii) build orientation,
whereas in the SLS, these are (i) energy input, (ii) preheating
temperature, (iii) scan speed, (iv) scan spacing, and (v) layer
thickness. Several works have been done on the mechanical
behavior of additive manufactured parts, both on SLS and
FFF. Some works compare these processes with the results
of tests of cast specimens [40, 41]. However, to our knowl-
edge, no research has addressed the comparison of FFF and
SLS technologies among themselves on the fatigue character-
istics of the obtained specimens.

This research aims to evaluate which of the two SLS or
FFF processes, with a set of parameters chosen in this
article, corresponds better to the fatigue resistance. In our
analysis, we discuss, in every case, how the obtained de-
gree of crystallinity, porosity, and roughness affects fa-
tigue behavior. Our results are compared to the conven-
tional manufacturing process methods, such as extrusion
and injection molding, to see whether or not it might be
suitable for industrial applications.

2 Materials and manufacturing processes
2.1 Materials

Two commercially available polyamides 12 (PA12) were
used in the study: (i) thermoplastic filaments STYX-12™
produced by Formfutura (Netherlands) used for the FFF pro-
cess, and (ii) thermoplastic powder PA2200, supplied by EOS
GmbH (Germany) used for the SLS process.

Based on polyamide PA12, the STYX-12™ is an industrial
nylon filament that combines excellent mechanical, chemical,
and hygroscopic properties with printability. The STYX-12™
has a very low water absorption compared to other nylons.
This combination of properties has resulted in high-
performance and industrial-grade nylon which can be printed
on a wide range of FFF/FDM 3D printers. However, it is
recommended to dry the material before each printing. In that
case, the filament was carried out at 60 °C in a vacuum oven
for 6 h. This time is required to stabilize the weight loss of the
filament.

The PA2200 is a mixture of 40% new and 60% one-time-
recycled industrial-grade powder material that exhibits high
strength and stiffness, good chemical and long-term stability,
and high detail resolution. Their important properties are con-
nected with human body interaction. It manifests biocompat-
ibility so it can be used within the human body. In compliance
with the EU Plastics Directive 2002/72/EC, it can also be used
for food contact [42—44]. The material properties of given
polymers are summarized in Table 1.

To note that, in general, the mechanical and fatigue prop-
erties of the nylon were negatively related to their moisture
content: it reduces strength, stiffness, and natural frequency,
while increasing energy absorption and ductility in the mate-
rial. The moisture in nylon acts as a plasticizer that reduces the
entanglement and bonding between molecules, therefore in-
creasing their volume and mobility and thus decreasing the
glass transition temperature (Tg), which makes nylon easier
for further crystallization. Practically, the best way to mini-
mize the moisture uptake is to select plastics with a low ab-
sorption rate (as in our case for PA12) or design products in
ways that prevent excessive absorption. In this context, all the
produced specimens were stored in the dry atmosphere of a
desiccator prior to testing.

2.2 Manufacturing processes

The SLS process was conducted on the EOS Formiga P100
machine (EOS GmbH Electro Optical Systems, Krailling,
Germany). There is an important number of parameters that
significantly influence the geometry and mechanical proper-
ties of the obtained specimens. Some of them are controllable,
such as laser energy density, location in the chamber, layer
thickness, chamber temperatures, orientation of the specimens



Table 1 Material properties of

PA12 polymers given by the Material

PA12 (PA2200, SLS) PA12 (STYX-12™, FFF)

manufacturer
Chemical formula

[-NH~(CHp)1,-CO-],

Grain size (um)/diameter (mm) 56 1.75
Melting temperature: 7y, (°C) 172-180 250+10
Tensile modulus when 3D printed (MPa) 1700 1400
Tensile strength when 3D printed (MPa) 48 60
Coefficient of thermal expansion (x10° K™ 109 100
Water absorption (% weight increase, saturated) 1.33 1.6
Density (g/cm’) 0.45 1.02

in the building envelope, scanning strategy, and velocity,
while other factors, such as temperature gradients in powder
and contraction at cooling, can be considered noise.
Therefore, the decision to take these and not other parameters
are difficult. Based on a set of mechanical tests conducted, the
optimum process parameters are mentioned in Table 2.
Rectangular bending specimens, according to the ISO
178:2010 [45], were printed on-edge (XZ plane) build orien-
tations with PA2200 powder (see Fig. 1b).

The specimens of the FFF process were manufactured on
the open-source Spiderbot 3D printer (Fig. 2a). A software,
Simplify3D version 4.1, was used for slicing the .STL files
into machine-readable g-code. Rectangular specimens
intended for standard quasi-static flexural and fatigue mechan-
ical analysis were directly fabricated, the dimension of which
is 100 x 20 x 4 mm®. Figure 2b shows the STL file of the
bending test specimen conforming to the ISO 178: 2010
[45]. Tt is well known that the part build orientation and raster
orientation are parameters with great influence on the mechan-
ical properties of the printed material. They present a syner-
getic interaction between them, i.e., the part build orientation
modifies the raster orientation. Consequently, for simplifica-
tion reason, all specimens were printed with the raster orien-
tation of 0°, i.e., unidirectional (see Fig. 2b). After conducting

Table 2 Fixed SLS process parameters used to print PA12 specimens

SLS printing
parameters of PA12
Laser power, W 30
Layer thickness, mm 0.1
Laser velocity, mm/s 1500
Scan spacing, mm 0.25
Laser beam diameter, mm 0.29
Building chamber temperature, °C 171
Removal chamber temperature, °C 150
Sintering temperature, °C 185
Preheating time, h 3

many experimental trial runs and based on our published data
and literature review [46, 47], we have chosen to print the part
in XZ plane build orientation (on-edge), which presents the
best mechanical properties compared to XY (flat) and YZ
(upright) plane build orientations.

Table 3 summarizes the important printing parameters used
in the FFF process.

3 Experimental procedure

Before testing, the melting temperature and crystal weight
fraction X, of PA12 were measured by using differential scan-
ning calorimetry (DSC) (DSC 404 F1). All specimen dimen-
sions were measured by a set of digital Vernier calipers, and
their surface roughness was scanned by a Bruker mechanical
Profilometer (Dektak-XT). Specimen densities were calculat-
ed based on Archimedes’ principle, and 2D porosity size and
morphology were analyzed through the ImageJ 1.53a soft-
ware. These data were used to ensure that all test specimens
were in similar conditions and for interpretation results.

3.1 DSC

The thermal properties of PA12 polymers were analyzed by
differential scanning calorimetry (DSC) on a DSC404 F1 ma-
chine (Netzsch, German). Test specimen fragments (length
and width ~1 mm, thickness ~200 um) were carefully cut
by scissors from the bottom supportive layer of specimens
used in quasi-static mechanical tests. Each sample weighed
8-10 mg. A heating/cooling rate k of 10 °C/min from 25 to
350 °C in argon atmosphere was chosen according to ASTM
D3418 [48]. This data was used to generate a graph of the heat
flux versus temperature. Three specimens were tested. The
melting temperature (7,,) and crystal weight fraction (X)) of
the specimen were measured after the additive process. The X
was determined by

(AHmfAHcc)

X pr—
¢ AHy,

(1)



Fig. 1 a SLS printer: EOS (a)
FORMIGA P100; b rectangular
bending specimens, according to
the ISO 178:2010 printed on-edge
(XZ plane) build orientation with
PA2200 powder

where AH,, is the area under the melting endotherm, AH, is
the area under the cold crystallization/recrystallization curve,
and AH,,, is the heat of fusion for 100% crystalline sample
(245 J/g for PAI12 [49]).

3.2 Determination of porosity

Density is obtained by weighing the cut PA12 specimens be-

fore and after impregnation with diiodomethane (CH,I,) [50]

and determination of their volume from the Archimedes force:
ma

p= P 2
Ma(CH,1L,) ™ MH,0(CH, L) (H.0) ( )

where m,, mych, 12), and my,o(ch, I2) are the specimens
weighed in air, dilodomethane, and water with dilodomethane
respectively; py,o) is the density of water. Note that the im-
pregnation with dilodomethane, which is a compound immis-
cible with water, prevents water from penetrating the open
pores of the specimens. Thus, the truly measured porosity is
expressed by

Fig. 2 a FFF open-source
Spiderbot 3D printer; b printing
direction configuration for the
FFF process, using Simplify3D

(b)

~—

Porosity = <1—ﬁ) 100 3

s

where p; is the density of the initial material (ppa12 prr = 1.02,
ppaiz sLs = 0.45).

3.3 Analysis of porosity

The pictures of the cross-section and lengthwise-section speci-
mens were imported into ImageJ 1.53a, and the surface area of
the pores was measured through the Analyze Particles option.
The first step consisted of using thresholding. Raw images were
converted to binary images (Fig. 3), in which the object pixels
are white and the pixels representing the pores are black.

Then, the Analyze Particles option was applied (Fig. 3).
This command counts and measures objects in thresholded
images. It then outlines the object using the wand tool, mea-
sures it using the Measure command, fills it to make it invis-
ible, and then resumes scanning until it reaches the end of the
image or selection.

(b)




Table3  Fixed FFF process parameters along with their nominal values

Printing parameters
of PA12

Color filament Colorless
Print speed, mm/min 1900
Movement speed, mm/min 5400
Toeas °C 100
Theads °C 245
Extrusion width 0.67
Layer height, mm 0.2
Nozzle diameter, mm 0.5
Extrusion multiplier 1
Overlap, % 40
Number of contours 3
Infill percentage, % 100
Raster orientation, ° 0

3.4 Roughness characterization

The roughness surface of studied specimens was analyzed by
a Bruker mechanical Profilometer (Dektak-XT). 3D topogra-
phy profiles are recorded. Forty profiles are scanned along the
x-direction. Their length is 2 mm. Each profile has been posi-
tioned in the central part of the specimen and on the top sur-
face opposite the bed printer.

3.5 Mechanical characterization
3.5.1 Quasi-static flexural tests

Quasi-static flexural mechanical property tests were conduct-
ed in the three-point-bending mode according to the ISO
178:2010 [45]. The tests were carried out to establish an elas-
tic flexural modulus (Ey), an elastic limit stress (o ¢), and an
ultimate flexural strength (oy.¢) (Fig. 4a).

The distance between the two support pins was L=
80 mm. The ratio L/h was equal to 20, which allows
ignoring the shear stresses during testing. The tests were
carried out on an electro-mechanical testing machine
(Zwick) under the displacement-controlled condition at
a constant rate of 100 mm/min (Fig. 4b). At least five
specimens were tested.

3.5.2 Fatigue flexural tests

Three-point bending cyclic tests were performed on an in-
house built flexural fatigue test machine designed at the
LAMPA laboratory (Fig. 5). The same specimen dimensions
and span length as for the quasi-static testing were used. The
fatigue tests were displacement-controlled with various strain
ratios 7 defined by

Emax
r=— 4
- (4)

Fig. 3 Analysis of pore size by
the Analyze Particles option in
Imagel
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Fig. 4 a According to the ISO a
178:2010 standard, the sample
dimensions for three-point

bending testing were defined as

R; =5 mm, R,, =2.5 mm,

L =80 mm, h =4 mm, and

3

1 =100 mm and b Zwick testing 1 _|
machine: 1—specimen, 2— \\ B
support, 3—displacement sensor, ;

and 4—punch

n7 7

L2

with e, and e , respectively, the maximal strain applied
during the fatigue tests and the average elastic strain measured
during quasi-static tests. Note that to have maximum reduc-
tion of the visco-plastic behavior of materials during the fa-
tigue tests, all the specimens tested were conducted in their
visco-elastic domain.

Since there is currently no material standard for additive
manufactured parts, the recommendation from a similar ma-
terial standard for the flexural fatigue properties of plastics
was used [51]. The tests were performed with a frequency of
5 Hz. Figure 6 shows the temperature variation at the center of
the specimen as a function of cycle number for both processes
at different loading ratios. It should be noted that a fast in-
crease in temperature at the beginning of the test is followed
by a stabilization corresponding to the equilibrium between
the generated thermal energy as a result of the dissipative
processes, called the self-heating, and the thermal energy
convected and radiated to the environment. The phenomenon
of self-heating refers to the internal friction (damping) of the
material on a molecular level. Thus, the heat resulting from the
dissipative processes causes the increase of the temperature of
the loaded structure [52].

Fig. 5 Experimental set-up of fatigue test: 1—frequency controller, 2—
engine, 3—eccentric, 4—load cell, 5—support, 6—displacement sensor
LVDT

The temperature of the specimen was not significantly af-
fected by this frequency; the observed change in temperature
was much smaller than the recommended maximum temper-
ature rise of 10 °C for all applied ratios r [53] (see Fig. 6). The
tolerable threshold was taken as a temperature rise less than
10 °C relative to ambient conditions.

At least three specimens per loading configuration were
tested. The experimental program is summarized in Table 4.

4 Results and discussion
4.1 Microstructure characterization
4.1.1 DSC

DSC is a technique used to study the behavior of polymers
when they are heated and/or cooled. It can provide valuable
information about the thermal transitions, crystalline melting
enthalpies, cold crystallization/recrystallization, and degree of
crystallinity of a material corresponding to its behavior during
the process. The properties of plastics are significantly influ-
enced by their degree of crystallinity (X;). The higher the X, the
stiffer and stronger, but also more brittle, a printed part is.

——SLS r=54%
44 /S FFF r=54%

dT, °C

— - -SLS r=86%

- - —FFF r=86%

0 20000 40000 60000 80000 100000

N, cycles

Fig. 6 Temperature evolution of the central part of the specimen
measured by a thermocouple at several loading ratios



Table 4 Experimental conditions for fatigue tests Table 5 Average values of 3 DSC analyses

Material Process T, °C AH,,Jlg AH.Jg X, % T, °C

PA12 (FFF/SLS)  €pmax. % 09 15 21 24 FFF 132+1 25+02 13.8402 5405 253+12
r, % 32 54 75 86 SLS 53+2 56+04 - 23+£0.1 190+3.5
No. of specimens tested 3 3 3 3

Therefore, to understand and compare both studied processes, it
is necessary to know the thermal properties of PA12 specimens.

Figure 7a, b show a DSC graph of heat flux (mW/mg)
versus temperature (°C) for studied specimens.

The spectrums show a typical melting endotherm permitting
to obtain and calculate the melting temperature 7},, and crystal
weight fraction (X;). Indeed, the printed specimens show clear
evidence of cold crystallization (at ~ 180 °C), a process associ-
ated to crystallization of the amorphous segments in the poly-
mer above the glass transition temperature (Fig. 7a). It could be
supposed that the FFF filament was quenched by the manufac-
turer to facilize the FFF printing process. Table 5 summarizes
the obtained results that reveal the degree of crystallinity of the
SLS specimens to be more than four times higher than that of
the FFF ones. Only 5% of crystallinity is obtained in the latter.

Fig. 7 An example of typical
DSC data for PA12 material after
a FFF process and b SLS process

DSC/(mW/mg)

TGXO

In addition, the melting temperature was 253 °C and 190 °C for
the FFF and SLS processes respectively. Note that Fig. 7b
shows a limitation of DSC analysis concerning the glass tran-
sition temperature (7,,) determination. The latter is not clearly
seen in the DSC curve if the polymer has a large crystalline
region, as in this case.

4.1.2 Porosity

In addition to the intrinsic weakness originating from the
layer-by-layer structure, porosity is a major concern when it
comes to both SLS and FFF printed parts. Both printed PA12
specimens possessed quite a high level of porosity, the biggest
size of which was hundreds of microns. The average porosity
and density of PA12 are summarized in Table 6.

(a)
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Table 6  Average porosity and density of specimens for both processes

FFF process SLS process
Porosity (%) 10.6 + 1.7 11.8 £ 1.8
Density (g/cm’) 0.9032 + 0.04 0.8905 + 0.07

The obtained results show that the porosity seems to de-
pend on the process. The porosity of FFF specimens is 10%
less than obtained by SLS. To evaluate the porosity size of the
specimen, statistical analysis was carried out. Therefore, the
carefully polished cross-section observations realized on opti-
cal microscopy (Carl Zeiss Imager.M2m) are analyzed by
ImagelJ 1.53a. The experimental result is fitted by a
Gaussian function (normal distribution) to find modal pore
sizes. For SLS specimens, the statistics of the pores show that
the porosity size varies between ~ 12 and ~ 250 um with two
populations of an average size of ~33 pum, and ~ 143 pum
(Fig. 8a). This distribution indicates heterogeneity of porosity
size within a specimen. As shown, there are few pores whose

a
80 T T T T T
70 4 m  SLS process |
e
<
=
@
=
=
9
1
=
0 50 100 150 200 250
Pore size (um)
b
120 T T T T

Frequency

50

100 150

Pore size (um)

sizes are over 225 pum. High porosity (11.8%; see Table 6) and
porosity size (> 100 pm) suggest that the laser power (LP)
parameter applied in our study is high (LP=30 W; see
Table 2). Caulfield et al. [54] reported that in the case of
polyamide, if the laser power increased beyond 15 W, the
surface quality seemed to deteriorate giving an increasingly
rougher texture and a porosity with a diameter of > 100 pm,
whereas for the FFF specimen, it shows that the porosity size
varies between ~ 15 and ~ 170 um with an average size of ~
52 um (Fig. 8b).

4.1.3 Roughness characterization

The obtained results of roughness Ra and the 3D topography
profiles are shown in Fig. 9. The results show that roughness
(Ra) depended on the process. The Ra obtained on the FFF
process is 43% rougher than that of the SLS process. This
could be explained by the circular form of the filament that
appeared on the surface.

Fig. 8 Cross-section pore size distributions for a SLS and b FFF processes. Each data was fitted using a Gaussian distribution to find modal pore sizes



-

Ra=22.2£1.1

100.211 um 'lx).u

-48.9813 um_
-

Ra=15.5£0.9

Fig. 9 3D topography profiles of specimen printing by a FFF process and b SLS process. Ra (1m) is the arithmetic mean surface roughness; it is by far
the most commonly used parameter in surface finish measurement and for general quality control

4.2 Influence of processes on quasi-static flexural
behavior

The plot of average stress against an average strain of five
specimens of each process is shown in Fig. 10. As can be
seen, the mechanical properties of both processes are
close. The averages of both elastic limit stress (o) and
maximum bending stress (o) associated with the FFF
process are approximately 3.2 MPa (or ~8%) and 2 MPa
(or ~3%) greater than the SLS process respectively. The
reason that can explain this behavior is related probably to
the porosity content in specimens obtained by both pro-
cesses (cf. Table 6 and Fig. 8).

However, the SLS specimens are stiffer than the FFF
ones due to their higher degree of crystallinity (cf. Fig. 7).
The same comparison was achieved with those of conven-
tional manufacturing processes (see Table 7). The flexural
modulus of PA12 specimens obtained by SLS is ~21%
and ~37% better than that of the PA12 manufactured by
IM and extruded processes respectively. It is also ~6.5%

ey
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Stress, MPa
(98]
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---PA12 FFF
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o+—r———— 7T
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Fig. 10 Comparison of average stresses versus average strain of PA12
specimens manufactured by SLS and FFF respectively

and ~25% better for FFF specimens. Besides, flexural
maximum stresses are similar to those obtained by IM
and extrusion techniques.

Note that all studied specimens were not failed after a sig-
nificant deflection (more than 10% strain) and, thus, are con-
sidered as “ductile.” Satisfactory repeatability is achieved for
all performed tests, with bending property scattering that does
not exceed 10%.

4.3 Influence of processes on fatigue properties
4.3.1 Fatigue behavior

The evolution of the mechanical properties of PA12 with
the number of cycles was studied in its visco-elastic do-
main. Figure 11 shows the average evolutions of the max-
imum load F,,, applied, with the number of cycles, nor-
malized by the initial maximum load Fi,..o for different
loading ratios. For the FFF specimens loading at » = 54%,
the evolution of stiffness is stable at first and then starts to
decrease constantly until ~4%, whereas at » =75% and
r =86%, it decreases continually during the overall fa-
tigue life until ~8% probably due to the appearance of
the damage mechanisms.

Table 7 Summary of quasi-static flexural test results compared with
those of conventional manufacturing processes

Material/ E¢, MPa Oap, MPa oy MPa g4 ¢ Ref.

process

PA12/IM 1748 +9 385+02 61+03 2.8

PA12/IM 1472+51 41.7+14 63+2 2.8

PA12/IM 1376 - 61 - [55]

PAI12/extrusion 1300 10-56 56 - [56]
900-1200 50 50-65 - [57]




Fig. 11 Evolution of the
normalized average maximal load
applied versus the number of
cycles for FFF and SLS
specimens
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For the SLS specimens loading at » = 54%, this corre-
sponds to slow stiffness degradation during the first 10*
cycles, followed by a rapid decrease, whereas at » =75%
and » =86%, the stiffness degradation starts to decrease
since the early cycles (~50 cycles). This is could be ex-
plained by the progressive evolution of the damage mech-
anisms. The latter is expressed by a semi-logarithmic qua-
si-linear law:

Frax/Fmaxo = 1-B log;y (N) (5)

Fig. 12 Micrograph of the
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where B is the slope that represented the degradation rate (1/N)
and N is the number of cycles.

In theory, stiffness degradation in the FFF process results
from crack propagation and/or degradation of filament depos-
ited. In our case, the optical micrograph of the lengthwise sec-
tion of the specimens loading at = 86% shows that the slight
degradation mechanism observed is attributed solely to the
growth of micro-delamination fatigue cracks at the interface
between layers at the level of the load applied (Fig. 12a, b).

For the SLS process, the bimodal statistics of the pores after
the process and fatigue loading at »=86% showed that the
porosity size varies between an average size of ~39 um and

lengthwise section distribution of Y
PA12 specimens: a after the FFF T
process, b after the fatigue test at -
r=86%

T : SRS o mm

_®)

5 :Illlcro- delamlnatl.ons

100 um .




~148 um to ~55 um and ~ 172 um respectively, and sug-
gested that the degradation mechanism occurred by pore
growth (Fig. 13a—d). Pores in PA12 specimens act as
stress concentrators that encourage localized damage
and can be sources of crack initiation and propagation.
The stress concentration factor varied significantly with
the pore location. Li [58] indicated that the stress/strain
concentrations reached their peaks when a pore of
200 pm in diameter was just buried beneath the surface,
as it was in our case.

The endurance diagram was plotted to determine the end of
life according to an Ny criterion for different loading ratios
(Fig. 14a). This criterion is satisfied when a 10% decrease in
the maximum applied load is observed. It was chosen because,
under three-point-bending fatigue with imposed displace-
ment, a breakage of the PA12 specimens has never been ob-
served. Besides, 3D printing creates anisotropic specimens, as
in the case of composites, and, therefore, the large dispersion
at the end of life.

The fatigue properties of PA12 obtained by FFF have never
reached the Ny, criterion at loading ratios applied contrary to
SLS specimens. Although the PA12 material obtained by the
SLS process is more crystalline when compared to PA12 ob-
tained by FFF, the latter has a higher overall fatigue life.
However, the operating range of the fatigue machine did not
allow a detailed conclusion about its fatigue properties. Lesser
[59] also observed a higher overall fatigue life of polyamide
compared to polyacetal despite a higher degree of crystallinity

Fig. 13 Micrograph of the a iz«
lengthwise section and pore size ‘
distribution of PA12 specimens: iz
a—c after the SLS process, b—d , A6
after the fatigue test at = 86% ‘

80 T T T

of the latter. Based on this data, a simple linear model of the
fatigue properties for the SLS specimens has been developed,
using the least-squares method. The function of the linear model
follows the form of Eq. (5) coupled with the N criterion. The
linear model plotted in Fig. 14a for the SLS is shown in Eq. (6):

(6)

The R-square value of the normalized model was greater
than 0.92. This means that 92% of the response variance is
accounted for by the linear model.

The value |1/B| was thus used to compare the fatigue
properties of the studied material and processes to those
of PA12 obtained by conventional processes [60—62]. In
fact, the materials with ratio |1/B| are the highest present
longer the end-of-life and smaller degradation rate. The
value |1/B| of pseudo-Wohler’s curves of studied process-
es was thus considered. The end-of-life properties in fa-
tigue of PA12 obtained by injection molding and extru-
sion are presented in Table 8. Figure 14b presents this
comparison. The |1/B| ratio is the smallest for laser-
sintered PA12 and is 24% and 40% less than IM and
extruded specimens respectively.

r = 1.4742-0.092 log,, (N19), with R? = 0.9297

4.3.2 Energy analysis

Quantitative characterizations of the hysteresis cycles of PA12
were conducted. Each of the stored hysteresis loops (Fig. 15)
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Fig. 14 a Endurance diagram for PA12 material for two considered
processes; b fatigue performances of the studied polymer compared to
other polyamide materials obtained by the conventional process

were digitally processed with a MATLAB® designed to
calculate:

* The maximum potential energy £, corresponding to the
total area under the force-displacement curve related to the
loading phase of the hysteresis cycle, and expressed as

1
=2 (di1—d;)

Epz2

TN

£ (1) + 1) (7)

Table 8  End-of-life properties in fatigue of PA12

Material PA12

Manufacturing  SLS IM [60, 61] Extrusion
method [62]

Fatigue test 3-point flexure, Tension-compression, Flexure,
mode f=5Hz f=3Hz f=10 Hz

[1/B], (Ny0) 109+14 14.28 £0.5 183

90

@ Restored energy
80 (3 Dissipated energy

f(di+1)
g(Ai+1)70 F == == == mmm o e e

60

Load

1

1
1 2 3 4 5 6 7
Displacement

Fig. 15 Illustration of hysteresis cycles (in blue—the first cycle and in
gray—the last cycle) and its main parameters in the fatigue test

* The elastic energy £ that is given by the area under the
curve corresponding to the unloading phase which is cal-
culated by

B =350 (=) (2(din) + () ®)

* The energy dissipated by the material £4 and correspond-
ing to the area of the hysteresis cycle which is given by

Ey = %Zi-’:l(dwﬁdi) ((f(di> +f(di))*(g(dt+1 +g(d))) (9)

* And the loss factor 7 defined as the ratio of the energy
dissipated to the potential energy and given by

o 2rE,

n (10)

Figure 16 presents the evolution of the average fatigue loss
factor 7 for polymer tested after FFF and SLS, and for differ-
ent loading ratios 7.

The small values of loss factor (less than 0.015) were
obtained for both considered processes. This is due to
the quasi-absence of the dissipative effect of the poly-
mer during the fatigue. However, in more detail, the
loss factor is relatively stable at first and then increases
slightly and continually at the end of the fatigue test
that is also considered as the sign of visco-elastic dissi-
pation and slight heating of polymer [63].
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Fig. 16 The evolution of the loss 0.02 +
factor with the number of cycles
corresponded to 10% of loss
stiffness and for different loading
ratios for PA12 after FFF and SLS
processes
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5 Conclusions

This work focused on the experimental analysis of the quasi-
static and cyclic flexural properties of PA12 obtained by FFF
and SLS. The following conclusions could be drawn:

1. Naturally, the mechanical and fatigue properties of the
3D-printed polymer specimens can vary according to
not only their porosity and pore characteristics but also
their surface roughness and degree of crystallinity. In our
case, the SLS specimens of PA12 are about 16% flexural
stiffer than the FFF ones due to their more than four times
higher degree of crystallinity. However, they have similar
elastic bending limit stress (o f) and maximum bending
stress (0max.), despite the difference of 10% in the poros-
ity content in specimens obtained by both processes. As
for the surface roughness, there is no evident effect on the
mechanical and fatigue properties, despite high roughness
(43%) of FFF specimens compared to the SLS ones.

2. The quasi-static flexural properties of PA12 obtained by
FFF and SLS reveal better characteristics compared to IM
and extruded specimens which is promising for the indus-
try of additive manufacturing.

3. At lower stress levels in the visco-elastic domain and ac-
cording to the N criterion of the end of life, the degra-
dation rate of the SLS deposited PA12 is 24% and 40%
smaller than IM and extrusion one because of high pore
content. Besides, the principal fatigue damage of SLS
specimens is due to the growth of pores with the loading

100 1000 10000 100000

N, cycles

ratio applied. Moreover, despite the almost amorphous
state of PA12 FFF specimens, its fatigue behavior is more
resistant than this one obtained by SLS in the considered
testing range. Only a few micro-delaminations were ob-
served in their cases that did not impact the fatigue
performance.

4. At lower stress levels, PA12 dissipates and heats slightly
at the end of the fatigue test. Further investigations need to
measure indirectly the local dissipated energy by FE com-
putations to strengthen the hysteretic analyses of polyam-
ide material.

It is necessary to mention that the predictive model of fa-
tigue life developed in this work was derived from microscop-
ic observations in two dimensions (2-D). To develop a more
accurate fatigue life constitutive equation involved in the in-
teraction between fatigue damage and porosity, it is necessary
to analyze the pores in three-dimensional microtomographic
images. This route is under exploitation.
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