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Abstract

White Polyamide 12 (PA12) is the most usable material for additive manufacturing. PA12 parts
manufactured by Selective Laser Sintering (SLS) process are chemically stable, environmentally
friendly, and have reasonable mechanical properties. As a result, PA12 powder has been used for rapid
prototyping purposes and manufacturing of end-user products. Although, the mechanical properties of
PA 12 manufactured by SLS technology have been the focus of many investigations, so far, the effect
of build orientation on the tribological properties PA12 parts have not received sufficient attention in
previous research. Therefore, this study is devoted to investigating the dry sliding friction and wear
characteristics of PA12 parts manufactured by SLS technique at three different orientations (X, Y,
and 7). For this purpose, the coefficient of friction (COF) and the approximate contact temperature of
PA12 pins loaded against a stainless steel disc are measured using a Pin-on-disc test apparatus. The
experimental results revealed that under dry sliding conditions, the COF, frictional heat, and specific
wear rate of PA12 specimens oriented along the Y-axis are significantly smaller than those oriented
along X and Z axes. Furthermore, the transfer film observed on the steel disc surface acts to decrease
the COF and wear rate of Y-oriented test specimens. On the other hand, the results showed that at the
steady-state wear stage, PA12 specimens oriented along X and Z axes experienced a combination of
abrasive wear, adhesive wear, and sometimes surface fatigue wear. The results from this study can
help designers to orient the active rubbing surface of PA12 during SLS process in the proper way to
reduce the COF, frictional heat, and wear rates of PA12 objects.
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1.Introduction

Polyamide 12 (PA12) is the most frequent-
ly used powder in selective laser sintering
(SLS) process due to the resulting me-
chanical and functional properties of 3D
printed objects. The particle size, melting
temperature, surface energy, and fluidi-
ty make PA12 powder a suitable materi-
al for additive manufacturing which is a
layer-by-layer object building technique.
Hence, despite the recent developments

in thermoplastic powders, around 95% of
laser sintered objects are made of PA12
(1. Hence, increasing research have been
carried out in the last two decades to in-
vestigate the mechanical properties of
PA12 parts manufactured by SLS process
21, Also, the effects of SLS fabrication pa-
rameters (laser power, scanning speed, and
scan spacing) on the geometry, density,

tensile, compressive, and flexural proper-
ties of SLS parts were the focus of a rea-
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sonable number of researches*-”. Recently,
a handful number of research works have
addressed the effect of build orientation on
the mechanical properties of PA12 com-
posite objects manufactured by SLS 4891,
Most recently, artificial intelligence tech-
nique was used to predict the mechanical
properties of SLS objects in an attempt to
produce objects with customized mechani-
cal properties ['%.

The drastic increase of using PA12 end-us-
er products in application where it rubs
against a metallic/polymeric counter sur-
face calls for further research on the trip-
ological properties of PA12 surfaces man-
ufactured by SLS. As a result, the dry/
lubricated sliding parameters that affect
the tribological features of PA against oth-
er surfaces were analyzed !'!!, and several
attempts were carried out to enhance the
surface roughness of PA12 parts manufac-
tured by SLS technique!'*'. Since the SLS
objects are known to exhibit anisotrop-
ic mechanical properties, the tribological
properties of PA12 objects are expected to
be orientation dependent. Despite the an-
ticipated significant effect of build orienta-
tion on the tribological properties of laser
sintered PA12, very few research studies
were found in open literature on the aniso-
tropic wear properties of PA12 [1516],
Therefore, the present work is devoted to
investigating the effect of build orienta-
tion of the friction and wear properties of
laser sintered PA12 parts rubbing against
a stainless steel disc. The study aims at
measuring the COF, frictional heat, and the
specific wear rates of PA12 pins manufac-

tured by SLS technology at different build
orientations (pins are oriented along X, Y,
and Z axes). Furthermore, the PA12 tribo-
surfaces are to be examined by Scanning
Electron Microscopy (SEM) to investigate
the dominant wear pattern at each orienta-
tion.

2.Experimental Methods

2.1. Samples preparation

The samples were fabricated from Poly-
amide 12 powder (PA 2200) on a commer-
cial SLS machine. Each test specimen is a
rod of 4 mm diameter and 25 mm length.
During manufacturing, the rods are orient-
ed along the X-axis, Y-axis, and Z-axis,
and the build direction is along the posi-
tive Z-axis. A set of three test specimens
was manufactured along each orientation.
Once the fabrication process is complet-
ed, the parts are taken off the support and
cleaned with sandblasting to remove any
sticking powder. During manufacturing of
the test specimens, scanning vector was
along the X-axis of the SLS machine (par-
allel to the machine front face).

Fig.1 Orientations of manufactured test specimens
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Fig.2 Pin-on-disc test apparatus
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2.2. Pin-on-disc test apparatus

Friction and wear properties of PA12 were
examined using pin-on-disc test-rig, see
Fig.2. The test specimen (in the form of
rod) is inserted in the pin-holder and load-
ed against the rotating Stainless Steel disc
by means of second-class lever. The pin-
on-disc TM 260 apparatus is designed in
such a way that the load on test specimen
is twice the applied dead weight, and the
friction force is measured by means of a
double-bending beam force sensor. The
rotation speed of the Stainless Steel disc
is controlled by means of a drive unit with
a gear reducer to give a maximum slid-
ing speed of 0.5 m/sec. The experiments
were carried out in dry sliding mode. The
contact temperature was measured using
infrared temperature sensor. The active tri-
bosurfaces of pins are coated with a thin
gold coating before investigation by the
scanning electron microscopy (SEM).

3.Results and Discussions
The experiments were carried out in room
temperature, and relative humidity was

around 15%; thus, dry sliding condition
was maintained. The circular end of the
test specimen was loaded against the stain-
less steel rotating disc. In the following re-
sults, the disc is rotating at 120 rpm, the
load on the pin (test specimen) is 50 N, and
the experiment is run for 30 minutes. As
the pin diameter is 4 mm and the diameter
of the sliding track is 40 mm, the average
pressure (P) on the pin is about 4 MPa and
the sliding speed is 0.25 m/sec. With such
levels of contact pressure and dry sliding
speed, the test specimens are considered to
be in a heavily loaded operating condition.
The average value of surface roughness
parameter (Ra) of the steel disc was 0.3m.
The measured COF of PA12 test speci-
mens built along the three different orien-
tations is given in Fig.3. Several important
remarks can be drawn from Fig.3: (1) at
the running-in stage, the COF of X- and
Z-oriented test specimens remains almost
constant for about 6 minutes then increases
rapidly toward the end of this stage, (2) at
the steady-state wear stage, the COF of X-
and Z-oriented specimens increases slowly
where the COF of X-oriented specimen is
always higher than that of Z-oriented spec-
imen, (3) the parts built along the Y-axis
exhibits a significantly lower COF com-
pared with other orientations.

The behavior of the COF of X- and Z-ori-
ented specimens suggests that abrasive
wear dominates the first few minutes of dry
sliding contact, then the real area of contact
increases and, consequently, a combination
of adhesive and abrasive wear exists; this
results in the rapid increase of the COF at
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the end of running-in stage. On the other
hand, the gradual increase of the COF for
Y-oriented specimens may be attributed to
a dominating adhesive wear throughout all
stages of dry sliding condition.

The results from Fig. 3 are further ex-

plained when connected with the variations
of approximate contact temperature at the
different build orientations, shown in Fig.
4. It is noticeable from Fig.4 that the meas-
ured contact temperature of specimens
built along the X- and Z- axes are higher
than that of the specimen built along Y-ax-
1s (a difference of about 10 oC was noticed
after 30 minutes of dry sliding). This result
is in accordance with the fact of mutual ef-
fects of the COF and contact temperature;
higher COF results in high flash tempera-
ture (manifested by the measured contact
temperature) which in turn softens the sub-
strate layer causing further increase in the
COF.
As a result of the performance character-
istics outlined in Figs 3 and 4, the specific
wear rates are as shown in Fig.6. The spe-
cific wear rate (Ks) in (mm3/N.m) is cal-
culated as !'7l;

AV
(PxL)

K =

where AV is the wear volume (mm3), P the
applied load (N), and L is the sliding dis-
tance (m).

Figure 5 shows clearly that the parts built
along the Y-axis direction, which exhibits
low COF and low contact temperature, has
the lowest specific wear rates compared
with those having high COF accompanied

Fig.3 Coefficient of friction of tested specimens
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Fig.4 Average contact temperature of tested specimens
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Fig.5 Average wear rate of PA12 after 30 minutes of
dry sliding against steel disc
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by high contact temperature (i.e., X- and
Z- oriented PA12 specimens). The results
from Fig.5 further emphasize the relation-
ship between specific wear rate, the COF,
and average contact temperature; higher
coefficient of friction causes a correspond-
ing increase in contact temperature which
in turn increases the plastic deformation
and shearing tendency of tribosurface lay-
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er resulting in an increase in wear specific
wear and vice versa 8],

SEM (Scanning Electron Microscope)
The active tribosurface of all PA12 pins
was coated with a thin gold film so as to
be suitable for investigation with the aid of
SEM. The scanning electron micrograph
of tribosurface of X-oriented PA12 speci-
mens after 30 minutes of dry sliding wear
test is shown in Fig.6. The scoring marks
(groove/ridge pairs) shown clearly on the
tribosurface along with free wear debris
are an evidence of abrasive wear. Further-
more, the existence of embedded hard par-
ticles indicates a mutual material transfer
between the counter surfaces; the hard
embedded wear debris may roughen the
counter surface causing further increase in
wear rate of the soft PA12 surface. Moreo-
ver, PA12 flakes on the tribosurface are ev-
idence of large plastic deformation (local-
ized adhesive wear). Hence, interpretation
of the tribosurface reveals that a combina-
tion of abrasive and adhesive wear domi-
nates the steady state wear stages.

The SEM of wear surface of Y-orient-
ed PA12 specimen is shown in Fig.7. As
was predicted from Fig.3, the large plastic
deformation of wear surface shown in Fig.
7 (b) is a clear evidence of sever adhesion
which seems to be the dominating wear
pattern throughout all stages of the inter-
actions between mating surfaces. It is im-
portant to point out that other forms of dry
sliding wear may exist side-by-side but, in
case of Y-oriented PA12 specimens, slid-
ing adhesive wear dominates.

Similarly, the SEM of wear surface of

Z-oriented PA12 specimen after 30 min-
utes of dry sliding against the rotating steel
disc is shown in Fig. 8. The wear pattern
shown in Fig.8 suggests that a combina-
tion of abrasive wear, adhesive wear, and
consequent surface fatigue wear may have
occurred. The surface micrograph shown
in Fig.8 may be explained as follows:
the increase in PA12 real area of contact
makes it prone to recurrent adhesion with
steel counter surface, and hence large plas-
tic deformation of PA12 surface layer ac-
companied by surface micro cracks may
occur. The surface micro cracks propagate
as the tangential shearing of surface layer
continues and, eventually, flakes of PA12
are separated from the surface. Later, the
separated flakes either stick to the PA12
face of transferred to the steel counter face
forming a transfer film which may act to
decrease the COF and subsequent wear
rates, see Fig. 9. The transfer film shown
in Fig.9 is partially continuous, however
the hardened wear debris may detach from
the disc face and then entrapped between
the sliding surfaces causing a three-body

abrasive wear pattern 1% 2%,

Fig.6 SEM of tribosurface of the specimen aligned
along X-axis (50 N and 0.25 m/s after 30 minutes).

(a) evidence of abrasive wear
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(b) evidence of transfer film Fig.8 SEM of tribosurface of the specimen aligned
' 3 along Z-axis (50 N and 0.25 m/s after 30 minutes).

Embedded

i b (a) existence of surface microcracks

Fig.7 SEM of tribosurface of the specimen aligned
along Y-axis (50 N and 0.25 m/s after 30 minutes).

(a) combination of adhesive and abrasive wear
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Fig.9 Microscopic picture showing wear debris and
transfer film on rotating steel disc (after Y- axis speci-
men experiment)

Friction and wear properties of oriented Polyamide 12 objects manufactured by SLS Technology “



Journal of Engineering and Applied Sciences, Vol. 8, Issue (2) November 2021

4.Conclusions
In the present study, the dry sliding fric-
tion and wear characteristics of PA12 parts
manufactured by SLS technology, con-
sidering the effect of object orientation in
the build chamber, were investigated. The
experiments were carried out to measure
the coefficient of friction (COF) and the
approximate contact temperature of PA12
pins loaded against a stainless steel rotat-
ing disc with the aid of Pin-on-disc test ap-
paratus. The following important findings
could be drawn out from the experimental
results:
The COF, contact temperature, and spe-
cific wear rate of PA12 specimens ori-
ented along the Y-axis are significantly
smaller than those oriented along X
and Z axes.
The transfer film observed on the steel
disc surface acts to decrease the COF
and wear rate of Y-oriented test spec-
imens.

For PA12 specimens oriented along X
and Z axes, abrasive wear dominates
the running-in stage while a combina-
tion of abrasive and adhesive wear pre-
vails the subsequent steady-state wear
stage.
The results from this study can help design-
ers and manufacturers to properly align the
active tribosurface during SLS process so
as to minimize the COF, frictional heat,
and wear rate. However, it should be point-
ed out that the application of introduced
results is limited to the cases of dry sliding
wear of PA12 against stainless steel at low

sliding speed and heavy loads.
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