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1 Abstract

This paper describes the effect of dynamic tension/compression loading on
selective laser sintered components in polyamide. To gain more insight in the
fatigue phenomena, both thermal and microstructural studies were performed
on the fracture surfaces of the test specimens. The presented micrographs,
DSC curves, hysteresis loops and S/N-line facilitate an improved understand-
ing of the fatigue properties of selective laser sintered materials, polyamide
in particular. The results show that crack initiation starts from inclusions
in the material caused by unfused powder particles. The inclusions give rise
to the formation of semi-spherical depressions with raised edges. Ductile fa-
tigue striations were noted on the sides of these depressions indicating the
irreversible plastic deformation dominated by shear stress, which is typical
for fatigue failure. Consequently, microstructural analysis indicates that the
material density is a crucial factor influencing the fatigue life of SLS-PA12
components. The lower the density, the more unfused powder particles and
the higher the chance of crack initiation.

2 Introduction

Selective laser sintering (SLS) is an additive fabrication process in which
layers of preheated powder are spread and laser radiation is used to liquefy
(either partially or fully) and fuse the powdered material [1]. Sintered mate-
rial forms the part, whilst un-sintered material remains in place to support
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the part. During recent years, selective laser sintering has evolved from a
rapid prototyping (RP) technique to a promising rapid manufacturing (RM)
technique. Sintered parts in polyamide are increasingly being used for func-
tional applications in the automotive, aerospace and biomedical industry [2].
The SLS process offers a number of advantages such as high geometrical
freedom, short design to manufacturing cycle time, customized components
and a wide material range. However, to be competitive with conventional
production techniques, the mechanical properties of the components must be
sufficient to meet in-service loading and operational requirements.

A number of studies have been performed to optimize the mechanical prop-
erties using polymer blends [3, 4, 5, 6]. Also, the influence of various process
parameters such as energy density, cooling rate, scan pattern, layer orienta-
tion, delay time, etc has been analysed to find an optimal set of production
parameters [7, 8, 9, 10, 11]. Even though the mechanical properties of sin-
tered material are of significant importance, very little has been reported
in literature on the fatigue properties of sintered components in polyamide.
The knowledge of the fatigue properties of these sintered materials is lim-
ited and accurate fatigue life predictions are therefore not possible. In the
present work, a first attempt has been made to address this by analysing
the influence of a dynamic tensile-compression excitation on sintered com-
ponents in polyamide. To gain more insight in the fatigue phenomena in
sintered materials, both thermal and microstructural studies were performed
on the fracture surface of the test specimens. Furthermore the acoustic emis-
sion technique was applied to analyse surface acoustic elastic waves resulting
from internal material damage.

3 Materials

Selective laser sintering (SLS) was used to produce eleven cylindrical test
specimens from semi-crystalline polyamide 12 (PA12) powder particles. In
order to minimize scatter in the mechanical properties, all the specimens
were manufactured in one horizontal plane on the build platform of a CO2-
laser powered EOS P730 sinter station. The scan direction was chosen in
the longitudinal direction (x) of the component. This way, parts are built
up layer by layer in the z-direction. By doing so, maximum strength and
stiffness were achieved in the loading direction. To obtain process stability
and repeatability, a mixture of 50% used and 50% virgin powder was used
[12].
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Table 1: Process parameters for injection moulding of PA12 granules

Parameter Value

Laser beam diameter 0.65 – 0.7mm

Particle diameter 60 – 90µm

Powder bed temp. 170◦C

Frame temp. 140◦C

Layer thickness 0.12mm

Energy density 0.031J/mm2

Cooling time 12h

Orientation Loading direction

Figure 1: Geometry of the cylindrical test specimens in PA: values in mm
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Table 1 and Figure 1 show the most important process parameters and the
geometry of the test specimen, respectively. In a subsequent stage of this
research project, the same parts will be subjected to fluctuating bending and
torsion stresses [13]. Therefore, the geometry of the test specimen was chosen
according to ISO1143 (torsional stress fatigue testing) and ISO1352 (rotating
bar bending fatigue testing). Because of the additive fabrication process,
stress concentrations are more pronounced in the outer surface layers. For
that reason, the toroidal test specimens have a fillet radius equal to ten times
the inner diameter.

It is well known that the density of selective laser sintered components has an
important influence on the mechanical properties [14]. Regions in the mate-
rial which are not fully consolidated have a lower mass/volume ratio leading
to lower absolute strength at stiffness values. Also, stress concentrations are
more likely to occur in these regions, leading to crack initiation and failure.
Even with the above mentioned measures it is very difficult to produce parts
with exactly the same densities. After sintering, the build platform will cool
down for 12 hours before the parts are removed. Parts in the middle of the
platform will experience a lower cooling rate than parts on the outside of the
platform. This in one reason for a variation in density that is inherent to
the production process. To take the influence of the density into account,
the densities of all the parts were determined. Initially this was done by
weighing them with a very precise balance and by dividing this value with
the volume measured in the CAD software. After the fatigue experiments,
the Archimedean principle was used to determine the density of the different
test specimens more accurately. A special coating was used to prevent the
absorption of ethanol during these measurements. Equation (1) shows the
basic formula to determine the density of a solid using the Sartorius YDK01
density kit [15]. Equation (4) was used to account for the effect of the coating
on the test specimens. Table 2 gives the explanation of the used symbols.

ρ′ =
W ′(a) · [ρ(fl) − 0.0012g/cm3]

0.99983 · [W ′(a) − W ′(fl)]
+ 0.0012g/cm3 (1)

ρ =
W (a)

V
and V = Vt − Vc Vt =

W ′(a)

ρ′
(2)

Vc =
Wc

ρc

Wc = W ′(a) − W (a) (3)

ρ =
W (a)

W ′(a)
ρ′

−
W ′(a)−W (a)

ρc

(4)
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Table 2: Symbols for density calculations

Parameter Value

ρ density of specimen (g/cm3)

’ with coating

W (a) weight of specimen in air (g)

W (fl) weight of specimen in ethanol (g)

V volume of specimen (cm3)

Vc volume of coating (cm3)

Wc weight of coating (g)

ρc density of coating = 1.33 g/cm3

ρ(fl) density of ethanol = 0.78899 g/cm3

4 Experimental setup

4.1 Fatigue analysis

A closed loop servo-hydraulic test rig was used to apply a fluctuating ten-
sion/compression load to the specimens. No mean stress was applied (R =
−1). The force and the displacement were monitored using a calibrated force
cell and an extensometer respectively. For the temperature measurements,
two devices were used: a thermocouple and an infrared camera. The ther-
mocouple was attached to the critical area of the test specimen. To allow for
sufficient heat conduction, a small amount of oil was placed between the ther-
mocouple and the polyamide. The thermal camera was used to monitor the
heat dissipation during testing. The emissivity of the nylon test specimens
was found to be 0.96.

Using the results of tensile tests, three load cases with stress amplitudes
of 23.6, 18.9 and 17.7MPa were chosen for the fatigue experiments. Five
specimens were tested at the first stress level. Three specimens were tested
at the second and third stress level. All tests were performed with fixed
stress amplitude and a fixed test frequency of 3Hz. No artificial cooling was
applied. The fatigue tests were performed in a conditioned test lab with
room temperature of 20.8 ± 0.3°C and relative humidity of 50 ± 5%. To
obtain reproducible results, the specimens were stored for 48 hours in the
conditioned room before testing them. Careful attention was given to a
proper alignment of the test specimens in order to avoid secondary bending
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stresses.

4.2 Thermal analysis

After failure, one fracture surface of each test specimen was subjected to a
thermal analysis and the other to a microstructural analysis. For the thermal
analysis, the Differential Scanning Calorimeter (DSC) technique was used.
With a sharp snap-off blade knife 6 ± 0.5mg of material was cut away from
the fracture surface. Then the DSC2920 apparatus from TA-instruments was
used to subject the material to a temperature scan going from -30°C to 300°C
and back with a heating and cooling rate of 10°C/min. The temperature,
time and heat flow was monitored during this experiment.

4.3 Microstructural analysis

The microstructure of the fracture surface was analysed with a XL30ESEM
vacuum electron microscope from Philips. The specimens were coated with a
very thin layer of gold to reflect the electrons in order to get a clear contrast
and to prevent damage to the microstructure.

4.4 Acoustic analysis

Four acoustic emission (AE) sensors were used to monitor the elastic acous-
tic waves resulting from damage in the material. Before testing, the wave
propagation speed vp was determined by Equation (5) using the pulse-echo
method on a 35mm long SLS-PA12 cylinder with a diameter of 12mm. The
time of flight of the wave tv and the transducers delay time td were measured.

vp =
0.035

tv − td

= 2100m/s (5)

During the fatigue experiments, two sensitive sensors were placed close to the
specimen and two conventional sensors were placed on the outer parts of the
clamps. Only the signals that reach the inner sensors first were processed.
Additional hardware and software filters were used to exclude mechanical and
electromagnetic noise. The resulting signals were analysed with the Vallen
AE system.
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Figure 2: Temperature accumulation of the outer material surface during
fatigue testing, semi-logarithmic scale

Figure 3: IR-camera temperature measurements during fatigue testing

5 Results and discussions

5.1 Fatigue analysis

Since no artificial cooling was applied and a fixed test frequency of 3Hz was
used, the temperature rise in the material plays an important role in the
fatigue life of the test specimens. Figure 2 shows the increase in surface tem-
perature (measured with the thermocouple) as a function of the number of
load cycles. Each curve represents the mean values of the different specimens
that were tested under the same conditions.

Load case 1 results in a continuous increase of temperature. Each load cy-
cle causes the temperature to rise. Starting from 24°C, a rapid growth in
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temperature was noticed until failure occurs after 4126 cycles at a surface
temperature of 65°C. The IR-camera confirmed these measurements. Figure
3 shows the IR-image at 0% (A), 95% (B) and 100% (C) of the lifetime of the
specimen. After fracture, the temperature in the middle of the specimen was
measured to be 85.7°C. Load case 2 causes the temperature to rise from room
temperature to 24°C after 10000 loadcycles. Between 10000 to 60000 loadcy-
cles, quasi-isothermal conditions are reached with a temperature variation of
24°C ± 1.9°C. Then, the temperature increases to reach a maximum of 64°C
at 76000 cycles. If the temperature of the semi-crystalline PA12 reaches the
glass transition region (load cases 1 and 2), the amorphous polymer chains
will soften. As a result, these chains will reorient themselves (crystallization)
and by doing so the stiffness will decrease leading to larger deformations at
the same stress level. These deformations cause localized stress peaks at the
inclusions in the material, leading to microcrack initiation, crack growth and
final failure. Load case 3 results in quasi-isothermal conditions. A small
variation (± 1.2°C) in surface temperature is noticed but there is no tem-
perature rise. The temperature stays below the glass transition region and
so the stiffness of the material does not change in time. Consequently, the
fatigue life of these components is much higher.

A convenient way to analyse the mechanical behaviour is to plot the stress
as a function of strain for each loadcycle. The hysteresis loops for the three
load cases are shown in Figure 4. For the sake of clarity, only the first,
middle and final loadcycle were analysed for each loadcase. The area under
these hysteresis loops equals the energy loss during a given loadcycle which is
partitioned into the energy dissipated as heat and the energy used to fracture
the specimen.

Initially, the energy losses are almost zero and the hysteresis loops are repre-
sented by a straight line for all three loadcases. In the middle of the fatigue
life of the components, a small amount of energy loss is noticed for load
cases 1 and 2. When the temperature reaches the glass transition region, the
energy loss will increase even more as indicated by the area under the final
hysteresis loops. Also, the decrease in material stiffness is clearly visible.
The scope of the stress-strain loops decreases as the area under the loops
increases.

Furthermore, the origins of these curves have shifted to the right, indicating
that there is a continuous increase of strain in time when loading at constant
stress amplitude. This behaviour is called cyclic creep or ratchetting. The
hysteresis loops for load case 3 do not show this behaviour. The temperature
of the material does not reach the glass transition region, leading to a con-
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Figure 4: Hysteresis loops for loadcase 1, 2 and 3
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Figure 5: SN fatigue curve for SLS-PA12, semi-logarithmic scale

stant stiffness in time. No energy losses are present. Finally, it is important
to remark that all the hysteresis loops are symmetrical. Consequently, the
mechanical behaviour of the SLS-PA12 specimens is identical in tension and
compression.

The results of the fatigue experiments are presented in Figure 5 as an SN-
curve using a semi-logarithmic scale. It is remarkable that the SLS-PA12
specimens experience such a long fatigue life when temperature rise is avoided.
This is only possible if the stress amplitude is kept below 18.9MPa. Although
more than 9600 powder particles are present in the critical cross section of
the specimens, at least 1.6 · 106 loadcycles can be endured without any signs
of crack initiation or crack growth.

So far, only the average values of the temperature, lifetime and stress-strain
were plotted for all the specimens that were tested under the same conditions.
Figure 6 shows the densities and cycles to failure for all the test specimens
that were tested using load case 1. The correlation between the density
and the fatigue life of the specimens is clearly visible. The mean density is
0.986g/cm3 with a standard deviation of 0.01g/cm3. The mean fatigue life
is 4126 cycles with a standard deviation of 1402 cycles. It can be seen that
the density is a crucial influence factor for the fatigue life of the SLS-PA12
components.
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Figure 6: Comparison between density and cycles to failure, loadcase 1

5.2 Thermal analysis

The DSC technique was applied to study temperature transitions, melting
range and degree of crystalinnity of the SLS-PA12 specimens after the ten-
sile and the fatigue experiments were carried out. Material from the fracture
surface from both tensile and fatigue loaded specimens was analysed. The
DSC curves for SLS-PA12 material found in literature cover a temperature
range starting from room temperature to 250°C [16]. Overshoot in the heat
flow curve is always present at start and end temperatures, hence no conclu-
sions can be made for the material behaviour between 20 and 30°C. Since
this is a temperature range where the material is used most often, nitrogen
gas was used to cool the specimens to -30°C before any heat flow was ap-
plied. By doing so, the overshoot in the heat flow curves is not present in
the temperature range of interest. Figure 7 shows the result of these tests.

Melting is an endothermic reaction and, therefore, more heat flow is needed
when the melt temperature of the specimens is reached. This is characterized
by the negative peaks in the heat flow curves. The melting temperature of the
material subjected to the tensile test is equal to 186.23°C. This corresponds
very well with the findings of Savalani, M.M (Tm = 187.26°C) [17]. A distinct
difference in melting temperature is found for the material from the fatigue
test. On the other hand, the area under the heating curve, which represents
the heat of melting, is equal to 68.5J/g for both specimens. The percentage
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Figure 7: DSC curves for the tensile and fatigue experiment

Figure 8: Detail DSC curves
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of crystalinnity (C%) of the semi-crystalline material can then be expressed
as shown in Equation (6) [10]. The heat of melting for a 100% crystalline
specimen of SLS-PA12 is 209.3 J/g according to Gogolewski et al. [18],
leading to a crystalinnity of 33% for both specimens.

C% =
Heat of melting (sample)

Heat of melting (100% crystalline specimen)
(6)

It is clear that the crystalline structure of the two specimens is different. Al-
though the percentage of crystalline regions is the same, there is a difference
in quality, which is caused by the loading history. Once above the melting
temperature, the ’memory effect’ in the material is destroyed. The heat flow
curves coincide and no temperature difference is noticed upon reaching the
solidification temperature (140.6°C).

Figure 8 shows the heat flow curves for a temperature range between 0 and
100°C. Both the curves for the tensile and the fatigue experiments illustrate
an unstable region between 23.5 and 55°C. It is the authors’ opinion that
this region represents the glass transition region of the SLS-PA12 material.
When the semi-crystalline material reaches this glass transition region, the
stiffness and strength of the amorphous zones (67%) will decrease, leading
to larger deformations and temperature rise. This is exactly the kind of
material behaviour that was found by analysing the hysteresis loops for load
cases 1 and 2. When the surface temperature of the specimens reached 24°C,
an increase in energy loss and a decrease in stiffness were noticed.

5.3 Microstructural analysis

Figure 9 shows the fracture surfaces of a tensile and a fatigue test specimen.
The tensile test resulted in a brittle fracture surface (A) perpendicular to
the loading direction and dominated by normal stresses. The fatigue test
resulted in a ductile fracture surface (B) with signs of plastic deformation and
necking, dominated by shear stresses. From the micrographs of the tensile
specimen, one can clearly see the brittle fracture paths where deformation is
limited to a 0.25mm thick film C (100x), E (500x), G (2000x). Hardly any
signs of deformation can be distinguished. The micrographs of the fatigue
specimen show semi-spherical depressions with raised edges and drawn out
peak and fibrils D (100x), F (500x). On the edges of the depressions, ductile
fatigue crack striations were found H (5000x). They give an indication of
the irreversible, localized microplastic deformation that causes the fatigue
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crack to initiate and to grow [19]. Furthermore, the necking of the material
is noticeable in the upper material layers.

Micrographs I and J in Figure 10 show embedded powder particles which
are not fused with the surrounding particles. For the tensile test specimen
(I), these powder particles become detached from the surface, leaving voids.
For the fatigue test specimen (J), the unfused powder particles give rise to
inclusions in the material. These inclusions are the driving force for fatigue
crack initiation, leading to crack growth and the formation of semi-spherical
depressions. As a result, unfused powder particles can be found at the bottom
of the depressions (J). This explains the large influence of the density of the
material on the fatigue life of the component. The lower the density, the
more unfused powder particles there are and the higher the chance for crack
initiation to occur, leading to crack growth in semi-spherical depressions and,
finally, ductile fatigue failure.

It is remarkable that fatigue initiation starts from inclusions in the material
and not from unfused powder particles in the outer material layers. Even
when high laser energy density values are used, the outer material layers will
always contain a lot of unfused powder particles. From micrograph K (100x)
and L (500x) in Figure 11 the porous material structure is clearly visible.
Most likely, the crack does not initiate from the material surface because of
the lower material temperature due to heat convection and heat radiation
from the outer material layers to the surroundings.

5.4 Acoustic analysis

Although four AE sensors were used in combination with hard and software
filters, it was very difficult to minimize the mechanical and electromagnetic
noise coming from the servo-hydraulic fatigue test rig. Therefore, a high
threshold value was used for the detection of AE-events in the measured
vibration signal. Only if the measured signal exceeds this threshold was
an AE-event registered. Consequently, no more than 6 to 10 events were
detected during the course of each fatigue experiment.

Because the position of the sensors and the wave propagation speed were
known, the location of the events could be calculated. By doing so, the mid-
dle of the specimen was positively identified as the critical region for fatigue
damage to occur. This proves the AE technique to be applicable for locating
the area where the SLS-PA12 material is most vulnerable to fatigue damage.
Further work needs to be done to analyse fatigue damage accumulation in
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Figure 9: Micrographs of the fracture surface from SLS-PA12 specimens:
tensile test (A, C, E, G); fatigue test (B, D, F, H)
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Figure 10: Unfused powder particles in the fracture surface from tensile test
(I) and fatigue test (J)

Figure 11: Unfused powder particles on the outer material surface: K (100x);
L(500x)
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SLS-PA12 components using AE events and to correlate the AE-events with
the fatigue striations found in the microstructural images. A possible way
to realize this is to include flat mounting planes for the sensors in the design
of the cylindrical test specimens. This way, the elastic surface waves should
travel only a short distance through one material. Furthermore, the environ-
mental noise is damped by the (nylon) material between the clamps and the
mounting planes for the sensors. As a result, thresholds can be lowered and
more events could be detected.

6 Conclusions

• Selective laser sintered components in semi-crystalline polyamide were
subjected to fluctuating tension/compression stresses.

• Temperature measurements show that for a test frequency of 3Hz, a
stress amplitude of >18.9MPa is needed to cause temperature accumu-
lation in the material.

• When temperature accumulation is avoided (σ < 18.9MPa) the com-
ponents experience a relatively long fatigue life (> 1.6 · 106 cycles).

• The glass transition region of the material was found to be between
23.5 and 55°C. Once the material temperature reaches the glass tran-
sition region, the amorphous polymer chains (67%) will soften. As a
result these chains will reorient themselves (crystallization) and by do-
ing so the stiffness will decrease, leading to larger deformations at the
same stress level. These deformations cause localized stress peaks at
the inclusions in the material, leading to microcrack initiation, crack
growth and final failure.

• The tensile test resulted in a brittle fracture surface (A) perpendicular
to the loading direction and dominated by normal stresses. The fa-
tigue test resulted in a ductile fracture surface (B) with signs of plastic
deformation and necking, dominated by shear stresses.

• The crack initiation starts from inclusions in the material caused by
unfused powder particles. The internal inclusions give rise to the for-
mation of semi-spherical depressions with raised edges. Ductile fatigue
striations were noticed on the sides of these depressions, indicating
the irreversible plastic deformation dominated by shear forces which is
typical for fatigue failure.
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• The material density is a crucial influence factor for the fatigue life
of the components. The lower the density, the more unfused powder
particles and the higher the chance for crack initiation to start.

• The acoustic emission technique has proven to be applicable for locating
the area where the SLS-PA12 material is most vulnerable for fatigue
damage.
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