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Available online 14 March 2016 and armours, ropes and fishing lines [1]. UHMWPE parts cannot be produced easily by many conven-

tional processes because of its very high melt viscosity resulting from its very long chains [2]. Additive
Manufacturing (AM) is moving from being an industrial rapid prototyping process to becoming a main-
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Additive manufacturing stream manufacturing process in a wide range of applications. Laser sintering of polymers is one of the
UHMWPE AM techniques that is most promising process owing to its ability to produce parts with complex geome-
Laser sintering tries, accurate dimensions, and good mechanical strength [3]. This paper reports attempts to laser-sinter
Laser power UHMWPE and assesses the effects of laser energy density on the flexural properties of the sintered parts.
Flexural properties The properties of the UHMWPE sintered parts were evaluated by performing flexural three point bend-

ing tests and were compared in terms of flexural strength, flexural modulus and ductility (deflection).
Part dimensions and relative density were evaluated in order to optimise the laser sintering parameters.
Thermal analysis of samples was made by differential scanning calorimetry (DSC) for the virgin powder.
Results show that flexural strength, modulus and ductility are influenced by laser energy density and flex-
ural strength and modulus of 1.37 MPa and 32.12 MPa respectively are still achievable at a lower laser
energy density of 0.016 ]/mm? (Laser power of 6 W). Part dimensions and bulk density are also influenced

by laser energy density.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction e Vat Photopolymerisation
e Material Jetting
1.1. Polymer laser sintering ¢ Binder Jetting
e Material Extrusion
Additive Manufacturing (AM), or 3D printing as it is more com- e Powder Bed Fusion
monly referred to, is defined by the ISO Technical Committee 261 e Sheet Lamination
on Additive Manufacturing, in cooperation with ASTM Commit- ¢ Directed Energy Deposition

tee F42 on Additive Manufacturing Technologies, as “a process of
joining materials to make parts from 3D model data, usually layer
upon layer, as opposed to subtractive manufacturing and formative
manufacturing methodologies” [4]. There are over twenty different
recognised AM technologies based on the additive principle, but the
method of layers consolidation may differs from one to another.
Seven AM process categories were adapted by the ISO/TC 261 and
ASTM/F42 [4]:

AM is moving from being an industrial rapid prototyping tech-
nique to becoming a mainstream manufacturing process and a
more demanding technology used by industry and consumers.

In Laser Sintering (LS), which is a powder bed fusion process,
parts are built layer by layer using laser to sinter powdered mate-
rial directly from three-dimensional (3D) computer aided design
(CAD) models (Fig. 1). LS has the ability to produce parts with
complex geometries, accurate dimensions, and good mechani-
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E-mail address: y.khalil@sheffield.ac.uk (Y. Khalil). both externally and internally. These internal structures are highly

http://dx.doi.org/10.1016/j.addma.2016.03.002
2214-8604/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


dx.doi.org/10.1016/j.addma.2016.03.002
http://www.sciencedirect.com/science/journal/22148604
http://www.elsevier.com/locate/addma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.addma.2016.03.002&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:y.khalil@sheffield.ac.uk
dx.doi.org/10.1016/j.addma.2016.03.002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

68

Volume Density (%)

Y. Khalil et al. / Additive Manufacturing 10 (2016) 67-75

Scanning Mirrors

Power
Delivery Piston

Power
Delivery Piston

Fig. 1. Schematic of laser sintering machine [6].
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Fig. 3. Particle size distribution of UHMWPE (GUR 2122) powder.
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regular and reproducible interconnected porous network that
could provide excellent applications such as bone implant [5].
The principle of polymer LS can be summarised as follows:

e A LS machine lays down a thin layer of polymer powder in part-
build area

e The powder is heated up with laser to fuse the powder with the
previous layers

e After the laser has finished tracing one cross section of the model,
a new load of powder is applied on top by roller or blade mecha-
nism

e The process is repeated until the whole geometry is completed

LS build parameters include laser power, laser speed, scan spac-
ing, powder layer thickness, number of scans, part bed temperature,
feed bed temperature, build size, roller speed, time between layers,
and heating-cooling rates [3].

1.2. Ultra high molecular weight polyethylene (UHMWPE)

UHMWEPE is an engineering thermoplastic polymer that has
remarkable properties of excellent abrasion resistance, self-
lubrication property, fatigue resistance, impact resistance, high
chemical stability, resistance to low temperature, and biocompat-
ibility [7,8]. A conventionally processed UHMWPE has a density
of 0.939 g/cm3 and flexural strength and modulus of 14.4 MPa and
713 MPa respectively [9]. It is widely used in military, industrial,
medical and consumer applications. UHMWPE is found in many
applications to fabricate various products including pipes, pan-
els, bars, shuttles, gears, artificial bones, body armour. However,
UHMWEE is difficult to process by conventional melt processes
such as injection moulding because of its high molecular weight
which results in a very high melt viscosity [1,2,10].

A few attempts have been made to process UHMWPE using
laser sintering technique. Rimell and Marquis [11] attempted to
fabricate linear continuous UHMWPE (GUR 4120 and GUR 4170)
solid layers for clinical application by using a non-commercial LS
machine. However, they were unable to produce LS parts due to
high degree of shrinkage and curling developed during the laser
sintering process. However, Goodridge et al. [5] have successfully
produced multilayer parts from UHMWPE (GUR 4170) using the
commercial Vanguard Laser Sintering machine from 3D Systems.
Goodridge et al. carried out a number of attempts to obtain suit-
able parameters for laser sintering of UHMWPE by using a range
of laser power, bed and feed temperature and scan count. A pre-
cise laser power and bed and feed temperatures were required to
fabricate UHMWPE parts due to its very narrow processing win-
dow. Goodridge et al. reported that the UHMWPE multilayer parts
were produced only at a laser power of 13 W with a bed temper-
ature of 135°C, feed temperature of 125°C, and double laser scan
count. They investigated the mechanical properties of the sintered
parts using three point bend tests (with support span length of
20mm) and tensile test. The result shows that the LS parts have
an average flexural strength of 0.52 +0.2 MPa with a modulus of
18.67 4.3 MPa and Ultimate Tensile Strength (UTS) and Young’s
modulus were just above 0.2 MPa and 1.5 GPa respectively.

In this work, UHMWPE LS parts were successfully manufac-
tured using various laser power. Sintered parts were manufactured
with significant sintering between particles and layers and also
good mechanical properties. Powder characterisation of raw pow-
der has been carried out. Flexural and physical properties of the
laser-sintered parts were compared and the resultant differences
were discussed.

2. Material characterization methods

The UHMWPE powder used in manufacturing laser-sintered
parts was GUR 2122 from Ticona, Celanese (Germany) with
a reported average particle size of 130+20um. GUR 2122
UHMWPE is a linear polyolefin with a molecular weight of around
4.5 x 106 g/mol. It has a unique morphology that produces a low
bulk density of 0.20-0.25 g/cm3 (Celanese GUR® 2122 UHMWPE
datasheet).

2.1. Thermal analysis

APerkin Elmer DSC 8500 was used to characterise the UHMWPE
powder for the melting and crystallization behaviour at heating and
cooling rates of 10 °C/minin nitrogen atmosphere. The start and end
temperatures were 25 °C and 220 °C respectively and the weight of
the sample was 6.3 mg in a sealed aluminium pan.

2.2. Particle size

Particle size was determined using Mastersizer 3000 (Malvern
Instruments, UK), which uses laser diffraction to measure the size of
particles. In this method the intensity of light scattered is measured
as a laser beam passes through a dispersed particulate sample. The
sample was characterised by dry powder dispersion method using
air as a media. The distribution of the particle size was determined
at a feed pressure of 3bar and the run was selected to perform
10 measurements from the available sample. The size distributions
were reported by the cumulative volume diameter at 10%, 50% and
90%.

2.3. Scanning electron microscopy (SEM)

Microstructure of the UHMWPE powder was examined using
a scanning electron microscope (Philips XL-20, Holland) at an
accelerating voltage of 10 kV. In order to prepare a sample for exam-
ination, a sample holder with an adhesive tape mounted on, was
dipped in the powder and then was shaken up to remove the excess
leaving a small number of particles. Sample was gold sputtered
before the examination.

3. Material characterization results
3.1. Thermal analysis

The DSC curve for un-sintered UHMWPE powder is shown in
Fig. 2. The melting temperature of the UHMWPE is around 141°C
and the peak for solidification is around 117 °C. This temperature
was used to assist with the determination of the build temperature
of the powder bed (i.e. processing window). UHMWPE processing
window appears to be extremely narrow and could show a signif-
icant issue for commercial processing. Approximate temperatures
of part bed and removal chamber were determined by monitoring
the flow of the powder over the build area while the blade spreads
the powder across the powder bed.

3.2. Particle size

Fig. 3 summarizes the UHMWPE particle size below 10%, 50%,
and 90% of the particle diameters taken from the particle size dis-
tribution result. The average particle size of UHMWPE used in this
work was 125 pm. 10% of the UHMWPE particles were larger than
293 pm, while almost 10% of the particles were less than 46.2 pm.
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Fig. 4. SEM micrographs of un-sintered UHMWZPE powder magnifications: (a) 339x and (b) 1356 x.

Table 1
Laser sintering parameters.

Scan speed (mm)/s) Scan spacing (mm) Powder bed temperature (°C)

Removal chamber temperature (°C) Layer thickness (mm) Laser count

2500 0.15 142

135 0.1 2

Fig. 5. Schematic of the orientation of the parts in the build bed.

3.3. Scanning electron microscopy (SEM)

SEM examination of UHMWPE powder shows that the particles
are non-spherical in shape with highly agglomerated structure of
smaller particles showing a cauliflower appearance (Fig. 4).

4. Parts manufacturing and characterization methods
4.1. Laser sintering

Before the sintering of the test samples of UHMWPE parts, a
range of processing parameters were attempted, using a commer-
cial laser sintering system (EOS P100, Germany), so that suitable
parameters can be obtained for processing the parts. Combinations
of laser powers of 13, 17, 18, 23 and 29 W and laser scan speed
at 1500 and 2500 mm/s with a range of powder bed temperatures
from 130 to 145°C at five degree intervals and removal chamber
temperature at 125, 130 and 135°C were attempted in the initial
trials. Laser count of 1 (single scan) and 2 (double scan) and scan
spacing of 0.15 and 0.25 mm were attempted too. At a bed temper-
ature of 142°C and removal chamber temperature of 135°C was
found to be suitable in terms of powder spreading and multilayers
sintering. However, powder removal and cleaning of the parts were
diffecult. Therefore, low levels of laser powers of 6, 8, 10 and 12W
were attempted and were found to be suitable in terms of easiness
of powder removal, cleaning, spreading of powder and reducing
the effect of curling.

Rectangular parts (L=80mm x W=10mm x T=4mm) were
built in x-y orientation with the long axis parallel to the x-axis,
width parallel to the y-axis and thickness parallel to z-axis (i.e. build
direction) as illustrated in Fig. 5. L, W and T were the length, width
and thickness of LS parts respectively.

Laser powers of 6, 8, 10, 12 W were selected for processing in
order to examine the effect of laser power on the flexural properties
of the fabricated UHMWPE parts. All other parameters were kept
constant as listed in Table 1. After building, all the parts were left
in the machine for an hour and then were removed and left for
cooling in the laboratory atmosphere for 24 h. Then the parts were
air blown to remove the un-sintered powder.

Results from other work indicated that the microstructure,
physical, mechanical properties and quality of the laser sintered
parts are fundamentally affected by laser power, laser speed and
scan spacing which are directly related to the amount of energy
applied on the powder surface in the part bed. These parameters
are seen as a function of energy density and for the purposes of this
work, the incident energy density is taken to be [12]:

Energydensity(J/mm?) = Laserpower/(Scanspeed x Scanspacing)(1)

4.2. Density

The bulk density (pgux) of LS parts was determined using a
volumetric method. The mass of the samples was determined by
weighing the samples using a digital balance and the volume of
the samples was determined using Vernier calliper measurement
of dimensions as follows:

Ppulk = Mass/Volume 2)

The samples for density measurements were prepared by cut-
ting the flexure test samples along the width with a razor blade
in to approximately 10 mm length. Apparent density (papparent) Of
sintered samples was determined using Helium Gas Pycnometer
(Micromeritics AccuPyc II 1340, USA).

Density may also be expressed as relative density, which is
defined as the ratio of the bulk density of the parts to the density
of the material composing the parts (i.e. true density or theoretical
density of the powder). A part which has 85% relative density will
have 15% porosity. The relative density (pgejative) Was determined
as follows:

Prelative = (PBulk/PTrue) x 100 (3)

In this study, the true density of the UHMWPE powder measured
by helium gas pycnometer was 0.954 g/cm?3.
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4.3. Part dimensions

To investigate the effect of energy density on the dimensions
of the LS parts, three different measurements (length, width and
thickness) of the parts were taken. Three individual measurements
of each dimension were taken and then an average value was gen-
erated for each part. Four LS parts were used for each setand then an
average value for the sample length, width and thickness for each
set was obtained. The dimensions were measured using Vernier
calliper and compared to the dimensions of the input drawing. In
this study, the linear and volumetric shrinkage of the laser-sintered
parts were as follows:

L-Shrinkage = (L, —L)/Lo (4)
W-Shrinkage = (W, —W)/W, (5)
T-Shrinkage = (T, —T)/To (6)
V-Shrinkage = (Vo —V)/V, (7)

where L, (Length), W, (Width) and T, (Thickness) are the nominal
size of the LS parts and L, W, and T are the actual size of length, width
and thickness respectively. Vo (Lo x Wy x Tp) and V (L x W x T) are
the nominal and actual volume of the sintered parts respectively.

4.4. Flexural properties

Flexural properties were examined by three-point bending tests
(Fig. 6). The bending samples were designed with a nominal dimen-
sion of 80 mm long, 10 mm wide and 4 mm thick. The flexural
strength was directly measured using the sintered parts without
any post processing other than bead blasting. Three specimens
for each set of parameters were tested and the average values
were reported. Flexural tests were performed on a Texture Anal-
yser TA500 (TM Lloyd Instruments, UK) fitted with a 500 N load
cell. All tests were performed at ambient temperature with a con-
stant cross-head speed of 2mm/min and span length of 40 mm.
After a significant deflection, the test samples take a V-shape, and
load begins to drop. If the sample has not already failed and the
load dropped to 40% then the test is stopped. In this study none
of the sintered parts were ruptured during the three point bending
tests but small cracks were observed on the bottom surface of some
samples, at the centre-span, but they were not significant.

4.5. Scanning electron microscopy (SEM)
Microstructure of the LS samples was examined using a scan-

ning electron microscope (Philips XL-20, Holland) at an accelerating
voltage of 15KkV. Samples were cut out parallel to and 2-3 mm

Fig. 7. Sintered part of UHMWPE fabricated using 10 W laser power.

Table 2
Densities of UHMWPE parts fabricated by LS.

Laser Power Laser energy Bulk density Apparent Relative density
(watts) density (g/cm3) density (%)
(J/mm?) (g/em?)
6 0.016 0.3353 0.9425 35.15
8 0.021 0.3682 0.9436 38.59
10 0.027 0.3748 0.9440 39.28
12 0.032 0.3550 0.9431 37.21

below the top surface, in the x-y plane, of the part and then were
mounted on a sample’s holder with an adhesive tape. All samples
were gold sputtered before the examination.

5. Parts manufacture and testing results and discussion
5.1. Laser sintering

UHMWPE multilayer parts were successfully manufactured
using various laser power (LP). Sintered parts were manufactured
with significant sintering between particles and layers and also
good mechanical properties (Fig. 7).

5.2. Density

In LS process, the powder particles are sintered together by heat
supplied by a laser and therefore the part density highly depends
on the density of the energy provided by the laser [13]. The influ-
ence of laser energy density on density of the sintered parts is
shown in Table 2 and presented in Figs. 8 and 9. LS parts have
achieved bulk density in range of around 0.34-0.38 g/cm3 which
is higher than the bulk density of 0.20-0.25 g/cm3 reported by the
manufacturer (Celanese GUR® 2122 UHMWEPE datasheet). The rel-
ative density of 35.15% was achieved with a laser energy density
of 0.016]/mm? (LP=6W) and the peak relative density value of
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UHMWPE parts.

39.28% was achieved when laser energy density was maintained
at about 0.027]J/mm? (LP=10W). However, the relative density
seems to be slightly decreased to 37.21% when the laser energy
density increased to 0.032]/mm?2 (LP=12W). On a high energy
density, thermal volatilization of polymer can be more severe and
the mass of parts decreased [14], which decreases the density of
the parts indicating an increasing of porosity. Further increase in
energy density would cause more reduction in density due to prob-
ably polymer degradation and expansion of the voids by trapped
gases. In general, low relative density of the UHMWPE fabricated
parts has been observed for all sintered parts which indicates a high
amount of pores developed by the laser sintering process.

5.3. Part dimensions

Results of the part dimensions measurements are shown in
Table 3 and presented in Fig. 10. The investigation shows that the
shrinking in the length and width was fluctuating with the increase
of the energy density of the laser. However, the volume of the
sintered UHMWPE parts was increasing with the increase of laser
energy density which was due to high growth in the thickness of
the parts (z-axis). Shrinkage in the length and width was evident
and only one single experiment result where a growth in the width
was observed at the highest energy density (i.e., 1.4% growth at

Table 3
Shrinkage of UHMWPE parts fabricated by LS with different energy densities.

Laser Power Laser energy L-Shrinkage W-Shrinkage T-Shrinkage V-Shrinkage

(watts) density (%) (%) (%) (%)
(J/mm?)
6 0.016 7.9 9.8 —60.06 -32.95
8 0.021 9.1 6.0 —64.31 —40.33
10 0.027 8.1 7.4 -67.77 —42.75
12 0.032 7.5 -14 -72.17 -61.45
20.0
= — = —_—0
0.0
-6 L-Shrinkage
&£ -00 ~5-W-Shrinkage
@ -~ T-Shrinkage
£ AL =4+ V-Shrinkage
[ Y-
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. : ~
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Fig. 10. Average shrinkage of UHMWPE parts fabricated by LS with different laser
energy densities.

0.032]/mm?). The high growth was evident in the thickness with
maximum value of 72.17% at the highest energy density. The vol-
ume growth reached a maximum value, 61.45%, when the laser
energy density was 0.032]J/mm? (LP=12 W). The maximum linear
shrinkage was 9.1% and 9.8% in length and width, respectively.

Dimensional inaccuracy is a common occurrence when laser
sintering polymer materials and it is still a major challenge [15].
These typical dimensional variations are due to inhomogeneous
shrinkage during the building and cooling processes which leads
to distortion in the sintered parts caused by stresses [16].

Many factors may contribute to shrinkage but mainly including
materials, process parameters, and the geometries of parts pro-
duced [17]. On the other hand, growth in laser-sintered parts may
also occur due to thermal inconsistencies within the powder bed.
Goodridge etal.[5] highlighted the importance of pre-heating of the
powder to avoid the curling phenomenon and also to achieve uni-
formity across the powder bed when sintering UHMWPE. In their
study a Vanguard Laser Sintering machine from 3D System was
used. This machine has two powder feed chambers fitted with a
temperature controlled heater so that the powder can be heated
before being spread across the build area. In our study we used EOS
P100 machine in which there is no facility to pre-heat the powder
before the deposition over the build bed. Therefore, high thermal
gradients was expected when sintering UHMWPE and hence the
high shrinkage.

This shrinkage depends on the temperature, at which the part is
subjected to laser sintering. It is also affected by the length of time
the powder bed retains heat (i.e., cooling), as well as the thickness
of the powder layer [16].

It is widely acknowledged that part orientation is a significant
factor that influences the dimensional accuracy of the part to be
produced [17]. Part orientation has an effect on the material prop-
erties such as strength and shrinkage [18]. Goodridge et al. [5] has
successfully produced UHMWPE sintered parts reporting dimen-
sional accuracy of +£0.1 mm and the parts being built in vertical
orientation (i.e. length being in the z-axis direction). In our study
the parts were placed in x-y plane and the thickness being in z-axis
(Fig. 5). Hopkinson and Sercombe [19] investigated the accuracy
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Fig. 12. Effect of laser energy density on maximum flexural stress and strain of
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and the effect of part position on the shrinkage during indirect
laser sintering of aluminium powder. They found that error in z-
axis direction is more clearly apparent than in-plane errors. This
phenomenon is called “Z-growth” which occurs as a result of the
heat from the laser penetrates beyond the down facing surface to
bond undesirable particles.

5.4. Flexural properties

Flexural strength was measured to examine the importance of
LS energy density (i.e. laser power). The average effect of laser
energy densities upon the flexural properties is shown in Table 4
and presented in Figs. 11 and 12.

The change trend of flexural strength is similar to the bulk den-
sity in Fig. 8. Higher laser energy density (ED) increases the flexural
strength of the UHMWPE parts. With increasing bulk density the
flexural strength increases. The maximum value of the flexural
strength is 2.12+0.05MPa at an ED of 0.027]J/mm?2 (LP=10W).
Results show that flexural strength is influenced by laser energy
density and good flexural strength is still achieved with an ED of
0.016]/mm? (LP=6W). A slightly lower strength is observed at ED
0f0.032]/mm? (LP=12 W), due to a decrease in bulk density (Fig. 8).
Fig. 13 clearly shows that the flexural modulus increased systemati-
cally with the increase of energy density. The peak flexural modulus
value of 46.86 + 3.07 MPa was achieved when laser energy density
was maintained at about 0.027 J/mm? (LP=10W) and then began
to drop at ED of 0.032 J/mm? (LP = 12 W). This drop is probably due
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Fig. 13. Effect of laser energy density on maximum flexural modulus of UHMWPE
parts.
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to thermal degradation caused by an excessive exposure of the laser
to the powder causing the particles to burn [20].

The results here show notable differences with the work
carried out by Goodridge et al. [5] which studied the flexural
properties of UHMWPE. The primary reason for this distinction is
the significant difference in the manufacturing process between the
present work and Goodridge et al. work. In their work the sintered
parts were manufactured using Vanguard laser sintering machine
equipped with temperature controlled heaters around the powder
feed chambers. Pre-heating process of the powder is crucial in laser
sintering and has significant effect in reducing the thermal gradi-
ents. Furthermore, Goodridge et al. used a vertical orientation when
building the parts and this probably would minimise the dimen-
sion inaccuracy and shrinkage but may lead to a negative effect on
strength.

Flexural strength and modulus vary directly with density and
low density reduces maximum strengths due to high poros-
ity. The flexural test results show that the flexural stress and
modulus increase with increase in relative density as shown in
Figs. 14 and 15.

5.5. Scanning electron microscopy (SEM)

Fig. 16 shows representative SEM micrographs of the surface of
the porous sintered samples from the UHMWPE powder at laser
power of 10W. The porous structure is seen to form between
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the powder agglomerations, forming irregular pores connected
together and a heterogeneous distribution.

55.0

45.0 /

—

35.0 —

Flexural Modulus (MPa)
8
o
N

30.0

25.0

35.15 37.21 38.59 39.28
Relative Density (%)

Fig. 15. Relative density v Flexural modulus for UHMWPE sintered parts.

6. Conclusions

Although processing UHMWPE using laser sintering was chal-
lenging (due to a narrow super-cooling process window), good
parts were fabricated successfully at various laser power using a
commercial machine EOS P100 with laser energy density range
between 0.016 and 0.032J/mm?2. The average flexural strength of
the sintered parts increased with increase in laser energy density
up to 0.027 J/mm?2 with a maximum value of the flexural strength of
2.12 £0.05 MPa. The highest Young’s modulus value achieved was
46.86 +3.07 MPa when the laser energy density was maintained
at about 0.027J/mm?2. The sintered parts achieved bulk density in
range of around 0.34-0.38 g/cm?3 which is higher than the bulk den-
sity of 0.20-0.25g/cm> reported by the manufacturer (Celanese
GUR® 2122 UHMWPE datasheet). Based on the findings of this
study, shrinking in the length and width was evident. The volume
of the sintered UHMWPE parts increased with the increase of laser
energy density due to the growth in the thickness of the parts.
The dimensional inaccuracy is still a major challenge when laser
sintering polymer materials.
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