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Abstract

Shrinkage is extensively mentioned in the literature as one of the main causes for dimensional instability
or poor performance in Laser Sintering (LS). This study proposes and examines a methodology to describe
shrinkage in cooling from a material perspective. Thermal behaviour and crystallisation effects were mea-
sured to determine the influence of powder structure and density on overall LS shrinkage. PEKK and PA12
powders were used to assess such behaviour in LS. The shrinkage parameter associated with powder bulk
properties has the greatest impact in PEKK, contributing to 57% of the total shrinkage observed in cooling
for this material as supported by the low values of bulk density, irregular morphology and internal porosity
observed for these particles. For PA12, crystallisation is responsible for 60% of the overall shrinkage ob-
served. In LS, PEKK shows an overall shrinkage approximately 30% lower than PA12, which makes it a
promising material for maintaining final part dimensions.
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1. Introduction

Laser Sintering (LS) is an Additive Manufacturing (AM) technique in which particles are bonded together
by using a laser as heat source to create a 3D part, layer upon layer [1]. In comparison with conventional
manufacturing, LS enables part customization and integration, quick manufacturing of complex and oth-
erwise impossible geometries and the potential for generating serial products with reproducible properties
without the need for costly tooling [2-5]. However, some limitations are found: porous surfaces, the need

for finishing, size constraints, variation in machine and chamber temperatures and large shrinkage rates

3, 6, 7).

*Corresponding author.
Telephone number: +44 (0) 1892 725 831
E-mail address: 1b636Q@ezxeter.ac.uk

Preprint submitted to Elsevier May 27, 2019



1.1. Shrinkage behaviour in laser sintering and injection moulding

In conventional processes, e.g. Injection Moulding (IM), dimensional inaccuracy is mostly a result of
high cooling rates [8, 9]. In Laser Sintering, other sources in addition to cooling may be causing dimensional
mismatch such as the slicing process and machine resolution [10, 11]. Shrinkage during cooling, however, is
the fundamental aspect preventing dimensional accuracy and part reproducibility, in some cases leading to
curling and warping [7, 12-14]. For this reason, an optimal shrinkage factor is applied to compensate for
the reduction in dimension.

In IM, the Shrinkage Factor for Polyamide 12 (PA12) varies from 0.7% to 2%. In the case of Poly(ether
ether ketone) (PEEK), such values vary between 1.2% and 1.5%. Interestingly, shrinkage is significantly
lower for IM Poly(ether ketone ketone) (PEKK), from 0.004 to 0.005%, due to its low degree of crystallinity
[15, 16]. For LS, such values are highly dependent on the system and grade; for EOS PA2200 powder
manufactured using a Formiga P100 system, the scaling factor accounts for a shrinkage in X, Y and Z of,
respectively, 3.2%, 3.2% and 2.2%. For EOS PEK HP3, the recommended scaling factor in a EOS P 800
system is of 4.5% in all directions, but reduces to 3% in Z direction from 200 mm high [17]. For the case
of PEKK, the scaling factors are not yet available, but in comparison with IM, the LS produces a complete
crystalline sample as a result of the prolonged time of cooling.

As melting is constrained by the spot size of the laser in LS, consolidation hence shrinkage is significantly
different from other conventional techniques. In IM, consolidation occurs from a polymer in liquid phase,
whilst in LS the energy of the laser beam is focused to a punctual region on the bed. Furthermore, the
solidification occurs in seconds for IM due to the possibility of high cooling rates being applied, which
promotes a uniform structure. The cooling of LS parts is subdivided into a millisecond cooling once the
laser scan is finished followed by a slow cooling which takes several hours, therefore promoting a different

crystalline structure.

1.2. Laser sintering parameters influencing shrinkage

Few studies have attempted to explore the main causes of shrinkage in LS; Shi et al. [18] mentioned
change in temperature, the process characteristics and crystallisation. Temperature shrinkage (8r) is the
shrinkage associated with the change in temperature when no phase transformation is observed. This value
is an intrinsic property of the material and is assessed by means of linear expansion/contraction coefficient.
According to Shi et al. [14], such shrinkage is insignificant when compared with the change in dimensions
due to crystallisation.

Shrinkage due to process refers to the shrinkage associated with the parameters applied for manufactur-
ing and the process selected. The parameters for LS include laser parameters - power, scan spacing, scanning
speed, beam offset, scanned path, spot diameter - and machine parameters, such as layer thickness, temper-
atures, and in a minor scale, the recoating process. Negi and Sharma [10] studied the effect of laser power,
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scan speed, scan spacing and scan length in shrinkage of LS PA 32000GF. By varying the scan speed from
2500 mm/s to 4500 mm/s, the extreme speed values tested, shrinkage increased by 4.75% (an increase of
~T70% in total shrinkage), whilst shrinkage increased only by 1.38% (equivalent to ~20% increase in total
shrinkage) when varying the power from 28W to 36W, the extreme values of power selected. When changing
part bed temperature and scan spacing, these values are intermediate. They attributed the high effect of
scanning speed in shrinkage to the temperature difference caused by the shorter time interval between the
sintered and non-sintered region when having a high scanning speed; this leads to an expansion of the heat
exchange area due to less exposure of the laser.

Kumar et al. [19] stressed the importance of maintaining a uniform bed temperature throughout manu-
facturing to avoid curling. In fact, temperature control throughout the bed is an issue reported by several
studies. Nonetheless, shrinkage due to LS process can be significantly reduced when comparing parts of sim-
ilar geometry manufactured with the same combination of laser parameters in the same trial and equipment
[14].

Another particularity of AM hence LS is the layer-by-layer nature of the process; this leads to anisotropy
especially in Z direction, which does not seem to be linear throughout manufacturing [11, 12]. Soe et al. [12]
investigated the non-linearity of PA12 shrinkage in Z direction using a EOS P 700 equipment and concluded
that optimal part placement, parameters control and management of material improve part accuracy but
the elimination of non-uniform shrinkage in Z is still a challenge. A few studies mention the rough surface
of LS parts as a result of adhesion of extra layers at the bottom and on the top of the LS object, which can

lead to dimensional inaccuracy [20-22].

1.8. Crystallisation influence on shrinkage

Several studies mention crystallisation as the dominant factor causing shrinkage and leading to dimension
inaccuracy [7, 14, 23-26]. This parameter is not present in amorphous polymers as they do not have a specific
melting temperature (7,,) but show a progressive change in volume with temperature. Nevertheless, other
limitations are found for processing amorphous materials as poor consolidation achieved in the final part
and identifying the operation window for a successful processing [25, 27]. A schematic representation of
change in volume for amorphous and semi-crystalline polymers is shown in Figure 1.

For semi-crystalline polymers, broader thermal processing window is preferable as it prevents rapid
crystallisation and avoids distortion in LS. Hence, for commercially available materials, the main cause of
shrinkage is crystallisation, which is the rearrangement of the chains into a structure with lower volume.
A higher degree of crystallinity leads to higher shrinkage, whilst different crystalline structures lead to
different change in volume and shrinkage. Van den Eynde et al. [23] found an overall shrinkage of 2.9% for
LS polybutene-1 in the tetragonal structure, whilst the hexagonal structure of this polymorph, observed a

few days after sintering, shrinks approximately 5.8%. For PA12 grades, EOS PA2200 and Arkema Orgasol,
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Figure 1: Comparison of change in volume between amorphous and semi-crystalline polymers.

Verbelen et al. [24] obtained a shrinkage of 4.7% and 4.6%, respectively.

Poly(aryl ether ketone)s (PAEKSs) crystallize in the form of spherulites with an orthorhombic crystal
structure. The degree of crystallinity can vary from 0% to 42% [28, 29]. Poly(ether ketone ketone) (PEKK)
belongs to the PAEK family and also crystallises in the form of spherulites. Differently from PEEK, PEKK
is a polymorph: in the primary structure (form I), phenyl-phenyl interactions among chains are aligned
edge-to-face. In the secondary form (form II), the phenyl-phenyl interactions are aligned face-to-face [30].
According to Avakian et al. [31] and Blundell and Newton [32], form II is only obtained under solvent
crystallisation or cold crystallisation. For Garcia-Leiner et al. [33], however, both forms can exist under
certain conditions often encountered in LS and Fused Deposition Modelling (FDM) of PEKK.

Polyamide 12 (PA12) belongs to the polyamide family and has a degree of crystallinity ranging from 25%
to 47% [34-36]. Most of the time this polymer presents a pseudo-hexagonal structure with a spacing of 0.42
nm, but being a polymorph, the monoclinic unit cell can be obtained and is associated with the a forms [37].
PA12 has four polymorphs named as «, o/, v and +' [38]; the « phase is the one obtained from the melt when
cooled at atmospheric pressure. The 7/ form is achieved upon fast quenching but transformed into v when
annealed, both 7 phases present a hexagonal structure [37]. The a-form is obtained from high pressure, high
temperature [39] or if the crystals from 7 phase are heated above T, but not increased further [35]. Van
Hooreweder et al. [35] compared the crystallinity of LS PA12 with IM PA12 and found a slightly higher
value on the degree of crystallinity for LS specimens, which they attributed to the slow cooling process.
Interestingly, these specimens presented v and « forms, whilst IM PA12 samples only showed ~ phase due
to the rapid cooling conditions.

In fact, the manufacturing technique selected displays a fundamental role in the morphology and degree



of crystallisation achieved in the final structure. For LS, crystallisation can be significantly different due to
its prolonged cooling-annealing stage. This avoids distortion caused by abrupt changes in temperature but

promotes a highly ordered crystal structures, hence shrinkage [7, 27].

1.4. Powder influence on shrinkage

Although crystallisation is of great concern in shrinkage, other intrinsic properties of polymers are crucial
to guarantee dimension accuracy and final performance. Too low viscosity, for instance, can result in high
levels of shrinkage due to the low molecular weight. Smaller polymer chains are easily arranged hence leading
to higher shrinkage [7, 27]. The bulk density of the powder bed can affect consolidation. A more compact
powder at room temperature is likely to have less voids at the processing temperature, which facilitates a
fully solid 3D structure in which less shrinkage is observed. Finally, spherical particles [25, 40] with a narrow
particle distribution and an average size of 60um [41, 42] are preferred to promote a uniform consolidation,
minimize porosity and guarantee dimensional accuracy.

In literature, shrinkage was investigated when associated with processing parameters or location,/ orienta-
tion in the LS system; only a general idea is found for shrinkage originated from different material properties.
This study is the first study to experimentally measure the main causes of shrinkage during cooling for PA12
and PEKK in LS. Knowing the impact of each of the variables in the overall shrinkage helps understand
the behaviour of PA12 and PEKK in the LS process, but also enables optimizing mechanical properties and
dimensional accuracy.

This study does not attempt to evaluate the change in shrinkage for parts with different geometries
or more complex design - all the experiments were performed with very simple geometries to account for
material shrinkage during LS cooling only. In a similar way, one combination of laser parameters and
temperatures was selected for each material to avoid other variables in the system. The authors are aware
that the temperature distribution within powder bed systems is not always consistent. To account for any

temperature fluctuations within the bed, the parts were placed at various locations.

2. Shrinkage equation

When a fully solid semicrystalline thermoplastic polymer is exposed to heating, expansion will occur. If
the same material is subjected to cooling, shrinkage is observed. Most of the time, however, semicrystalline
polymers do not come back to their original dimension as they are affected by the kinetics of crystallisation.
In LS, the degree of crystallinity after cooling can be higher than before the melt due to the prolonged time
given for the molecules to arrange in an organized structure. Therefore, this study will concentrate on the

cooling between molten polymer and solid polymer/part as shown in Figure 2.
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Figure 2: Change in volume with heating and cooling.

In addition to the kinetics of cooling, the particles in the LS bed are not fully compact and present a
degree of porosity at room temperature and at bed temperature. This leads to a lower expansion while

heating and may affect cooling. To take all these factors into account, equation 1 was proposed:

Btotal = BT + ﬁc + Bpowder <1>

In which gr is the shrinkage caused by the change in temperature, 5. corresponds to the shrinkage due
to crystallisation and Spowder is the shrinkage resultant from the powder bulk and particle characteristics
at bed temperature, as it concerns only about shrinkage during cooling.

This equation aims to measure the effect of powder bulk in overall shrinkage during cooling. ABr is an
intrinsic property of the material and it concerns the shrinkage when subjected to changes in temperature.
This parameter was assessed using a DMA equipment operating in compression mode. [, was measured
using a TMA equipment in dilatometry mode and evaluating the changes in dimension within the material
crystallisation range. Finally, B;tq; Was calculated by producing specimens in LS systems and measuring

their dimension.

3. Materials and methods

3.1. Materials

Two polymer families in Laser Sintering were selected for this study: PAEKs and Polyamides. The
PAEK is a commercially available LS grade provided by Arkema as Kepstan 6000 PEKK grade [43]. This is
a poly(ether ketone ketone) (PEKK) material prepared at a concentration of 60/40 T/I of terephthalic acid



(T) with para phenyl links and isophthalic acid (I) with meta phenyl links [44]. The PA12 grade used is
the commercially available Orgasol PA12 also provided by Arkema. A general value for the glass transition

temperature (Tg) and melting temperature (Ty,) of these materials are listed in Table 1 [36, 43].

Table 1: Properties of PA12 and PEKK.

Grade T, [°C] T [°C]
PEKK[43] 160 300
PA12036] 55 177

3.2. Scanning Electron Microscopy (SEM)

A Hitachi S-3200N scanning electron microscope was used at an accelerating voltage of 10kV and current
of 0.13nA. The samples were coated with 10nm layer of gold and images at magnitudes of 1000 and 2500

times were captured.

3.3. Particle Size Distribution (PSD)

PSD test was performed using a Malvern Mastersizer 3000E laser diffraction equipment. For PEKK
polymer, a small sample of powder was dispersed at room temperature in a liquid solution of 0.4% of
sodium hexametaphosphate to prevent the stabilization of bubbles while measuring particle size. For PA12,
only water was used as solution. The test was repeated three times for each sample, with five measurements

collected at each repeat.

3.4. Conditioned Bulk Density

Conditioned Bulk Density (CBD) values were measured using a Freeman FT4 powder rheology equipment
whilst running flow properties test. This test used a 25ml split vessel and a metal blade rotating at both
directions to create a pre-conditioned state by removing the excess of air trapped in the bulk. To measure

CBD, the vessel is splitted to constrain the volume. Three measurements were performed for each material.

3.5. X ray diffraction

X-ray diffraction analysis (XRD) was performed on PEKK LS parts and PEKK powder for comparison
reasons and morphology investigation. The analysis used a Bruker D8 Advanced X-Ray Diffractometer with
Cu Ka (v = 0.1542 nm) radiation and a LynxEye detector operating at a voltage of 40 kV and a current
of 40 mA. The data was collected in a fixed time mode (1 s) with a step size of 0.05° and run from 260 = 4
to 65°. Five measurements were performed for each - PEKK powder and LS PEKK parts. The data was

processed using Jade 6 software.



3.6. Measuring Biotal

Two different systems were used to produce LS specimens. Kepstan 6000 PEKK was processed in an
EOSINT P800 High Temperature LS system [45], whereas Orgasol PA12 specimens were manufactured using
an EOS Formiga P100 system [46]. The parameters selected for each are found in Table 2. As this study
attempts to assess shrinkage due to material behaviour, all parts were manufactured with no scaling factors
applied. However, beam offset was considered (Table 2), as it is a parameter dependent on laser spot size

only.

Table 2: Laser sintering parameters for PEKK and PA12.

Material

Parameters

Kepstan 6000 PEKK Orgasol PA12
Fill laser power (contour) 8.5 W 16 W
Scan speed (contour) 1000 mms™* 1500 mms™
Beam offset 0.39 mm 0.19 mm
Energy density (hatching) 23.5 mJmm™ 42 mJmm™
Layer thickness 120 pm 100 pm
Part bed temperature 292 °C 168 °C

The authors considered the anisotropic effect of LS process extensively reported in literature [11, 12,
47, 48] by producing parallelepipeds of different heights to account for the dimension differences found in
7 axis. The dimensions chosen for X and Y are of 10 mm each, whilst Z axis varied from 10 mm to 100
mm in a 10 mm interval. Two parallelepipeds were produced for each height, one locally centralized in the
manufacturing build, the other closer to the corners to account for potential temperature differences. A
total of 20 parallelepipeds were manufactured for Kepstan 6000 PEKK and Orgasol PA12.

All samples were produced using the standard parameters available in Table 2 and the cooling process
set by the manufacturer for each equipment. The cooling rate of LS PA12 is approximately 0.5 °C/min,
as stated by Verbelen et al. [24]. Ghita et al. [49] mention a cooling rate of 0.2 °C/min for PEK HP3
manufactured in EOSINT P 800. For Kepstan 6002, the cooling rate was estimated based on the software
measurements to vary between 0.1 and 0.5 °C/min. The parallelepipeds were then removed from the build
and had their dimensions measured with the assistance of a calliper and a micrometer. Three measurements

were performed for each parallelepiped and compared with the .STL file.



3.7. Measuring Br

A Mettler Toledo DMA STARe System was used in the Compression Sample Holder configuration to
enable Thermo Mechanical Analysis. This test aims to measure the shrinkage of the material during cooling
due to change in temperature and not phase transformation. For this reason, no melting is achieved. Two

3 were tested for each material.

cubic samples 2 x 2 x 2 mm

The cubes of Kepstan 6000 PEKK were produced using Injection Moulding in order to obtain a fully
amorphous structure, therefore enabling the separation between shrinkage due to temperature from shrink-
age due to crystallisation. The cubes were heated at 1.5°C/min from 25°C to 292°C and remained at 292°C
for 10 min. This corresponds to the bed temperature used to manufacture PEKK in the EOSINT P800
High Temperature LS system used in this study. The cooling stage was carried out from 292°C to 25°C.
To maintain the amorphous structure during cooling, liquid nitrogen was dispersed around the chamber.
The cooling with nitrogen reached a rate of approximately -5°C/min and the full cooling profile was used
to measure the coefficient of thermal contraction.

For Orgasol PA12, the cubes were manufactured by LS under the same conditions and parameters used
to produce the parallelepipeds described in Section 3.6. The cubes were heated at 1.5°C/min from 25°C
to 168°C and remained at 168°C for 10 min. This temperature was chosen as it is the recommended bed
temperature of this grade when processed by a EOS Formiga P100 LS system. The cooling stage was
performed at the same rate, 1.5°C/min (30% of the cooling rate used for PEKK), from 168°C to 25°C
as fully amorphous structure is not achieved with Orgasol PA12. The full cooling profile was selected to

measure the coefficient of thermal contraction.

3.8. Measuring (.

This test was performed to assess full shrinkage at cooling from the melt, focusing on shrinkage due
to crystallisation. A TA Instruments Q400 TMA was used in the compression mode with a flat-tipped
dilatometer probe of 3 mm in diameter. Two different methods were chosen, a rapid cooling method
and a slow cooling method. In the case of the slow cooling method, the cooling rate chosen to monitor
crystallisation, although not exactly the same cooling rate as LS, which is not linear and difficult to monitor
especially at high temperatures, has comparable rates and so far provides the best method to assess shrinkage
occurring in LS. They are described in Table 3.

During the cooling stage of the rapid cooling method, liquid nitrogen was dispersed around the furnace,
resulting in an approximate cooling rate of 55°C/min. The maximum temperature for rapid cooling method
is higher than for slow cooling method to compensate for any possible thermal lags. The samples of Kepstan
6000 PEKK were produced using a cubic iron mould of 5 x 5 x 5 cm®. The mould was half filled with powder

and compressed with the assistance of a Universal Shimadzu AGS-X Series Tensile Tester. The force selected



Table 3: Methods for dilatometry analysis.

Grade Slow cooling Rapid cooling

e 25 °C to 292 °C at 20 °C/min
e 292 °C to 303 °C at 0.5 °C/min
Kepstan 6000 PEKK ¢ Remain at 303 °C for 5 min
¢ 303 °C to 25 °C at 0.5 °C/min

e 25 °C to 380 °C at 20 °C/min
e 380 °C to 25 °C at quick liquid

nitrogen cooling

was close to 20kN and the powder remained under compression for 12 h. After removal, the samples were
cut from the block into cubes of 5 x 5 x 5 mm3. Three repeats were performed for each method.

To check the density, the samples were weighted and accurately measured using a micro-CT X-Tek Bench
top CT 160 Xi (X-Tek Systems Ltd/Nikon Metrology UK Ltd, England) with a current of 65 pA, voltage of
65kV, pixel size of 3 um and 360 ° rotation. Once the test was finished, the cooling profile was extracted and
the region of crystallisation was selected to measure shrinkage. The changes in dimension found between
292°C and 200°C was attributed to crystallisation of PEKK. On visual inspection, the PEKK samples were

opaque, a typical sign of crystalline morphology.

4. Results and Discussion

4.1. SEM

Kepstan 6000 PEKK and Orgasol PA12 pictures were captured at 500x and 2500x of magnification as
shown in Figure 3.

For Kepstan 6000 PEKK, heterogeneous particles with porous structure and rough morphology is ob-
served. The morphology of Orgasol PA12 approaches a spherical shape with almost no porosity and homo-

geneous structure throughout the particles.

4.2. PSD

The particle size and distribution curve and cumulative data are presented, respectively, in Figure 4 and
Table 4.

PEKK shows a broad particle distribution with an average particle size slightly bigger than 50 pm, whilst
Orgasol PA12 shows a narrower distribution with an average particle size of 40 um. Both grades, however,

are in the ideal size and distribution desired for LS particles [41, 42].
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Figure 3: SEM images for PEKK (a) at 500x and (b) at 2500x and Orgasol PA12 (c) at 500x and (d) at 2500x.

4.3. Bulk density

CBD values were computed at room temperature and the results are found in Figure 5.

The values of CBD for PEKK are of 0.37 g/cm®, which shows poor compact structure unless pressure is
applied. The values of CBD for Orgasol PA12 are of 0.54 g/cm?, slightly above the range for LS materials
currently available [50], suggesting a good powder compact and even better performance. CBD is highly
associated with particle morphology and porosity in the bulk and inside the particles. Figure 3 shows PEKK
particles with rough morphology and high porosity, which supports the lower values of CBD shown in Figure
5.
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Figure 4: Particle size and distribution curve for PEKK and PA12.

Table 4: Particle size and distribution data for PEKK and PA12.
Material Dx (10) Dx (50) Dx (80) Dx (90)
Kepstan 6000 PEKK 26 52.8 83.5 181.6
Orgasol PA12 30.1 38.2 44.7 48.6

4.4. Parameters results

4.4.1. Shrinkage in laser sintering: Biotal

The parallelepipeds were measured individually and the average shrinkage in Z axis for each height are

shown in Figure 6.

Most of Orgasol PA12 parallelepipeds show a shrinkage around 2% in Z direction. Such shrinkage is
visible from 10 mm but seems to achieve a plateau at 40 mm. Several factors may be contributing to this,
such as crystallisation, thermal contraction and powder characteristics. Parallelepipeds with lower heights,
however, show a significantly lower shrinkage; this might be due to the layer-by-layer nature of LS process
but especially the downskin and upskin effect, which corresponds to the adhesion of extra layers at the
bottom and on the top of the sintered object, respectively, due to the transmission of laser energy beyond

the sintered layer of particles (downskin effect) and the adhesion of extra layers resultant from melting of
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Figure 5: CBD values for PA12 and PEKK.

the upper layer (upskin effect) [20-22]. From 40 mm, the upskin and downskin effect assumes a linear and
controllable behaviour and can be negligible.

Kepstan 6000 PEKK presents a more pronounced upskin and downskin effect and parallelepipeds of 10
mm height showed an expansion in Z axis during cooling. This effect is present for greater heights too, but
seems to achieve a plateau around 3% of shrinkage from parallelepipeds of 50 mm height. The authors believe
that, from this height, upskin and downskin effect is negligible and the acting factors on overall shrinkage
are thermal contraction, powder characteristics and crystallisation just as for Orgasol PA12. Interestingly,
once the plateau is achieved, the shrinkage observed in Z axis for PEKK is greater than for PA12.

Shrinkage was monitored in X and Y direction as well, and a final volumetric shrinkage was computed.
This volumetric shrinkage considered the values for all the parallelepipeds in X and Y and the Z heights
after achieving a plateau, which is at 40 mm for PA12 and 50 mm for PEKK. The results are shown in Table
5.

The shrinkage seems to be slightly higher at Y direction than at X direction for PEKK and PA12
parallelepipeds, but greater difference is visible for PEKK. This can be associated with powder spread and
arrangement in the bed and the sintering strategy in EOS P800 LS systems. The final volumetric shrinkage
is higher for PA12; this can be attributed to the intrinsic properties of this material as crystallisation and
thermal contraction, which is known to be higher than for PEKK [36]. In Z direction, however, PEKK

seems to have a greater shrinkage and is possibly associated with the layer-by-layer nature of LS process
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Figure 6: (a) Shrinkage of PEKK and PA12 parallelepipeds in Z direction; (b) downskin and upskin effect of PEKK.
and powder structure.

4.4.2. Shrinkage due to thermal contraction: B

One of the parameters considered in equation 1 is shrinkage due to thermal contraction (Sr); it consists
on the shrinkage caused by temperature change during cooling not accounting for phase transformation.
This parameter was calculated as described in Section 3.7 and the coefficient of thermal contraction and the
overall shrinkage are presented in Table 6.

The results are close in value to literature for thermal expansion coefficient [36, 43]. The shrinkage of
amorphous PEKK has a significantly lower value than the PA12. Kepstan 6000 PEKK overall shrinkage
corresponds to approximately 10% of the shrinkage visible in LS, whilst this value is of 18% for PA12.

4.4.8. Shrinkage due to crystallisation: B,

Shrinkage due to crystallisation is the parameter measuring the degree of chain arrangement and crystal
morphology in the overall effect of material shrinkage. Figure 7 shows the crystallisation obtained for slow
(a) and rapid (b) cooling methods described in Table 3 for Kepstan 6000 PEKK. The slow cooling method
provided a significant decrease in dimension at the crystallisation range of this polymer, with an average of
1.77% shrinkage with the three repeats performed. The repeat measurements vary due to several factors:
sample preparation, level of porosity within the sample at the end of the experiment and slight variation in
cooling rate. The change in dimension is negligible for the rapid cooling method - Kepstan 6000 PEKK is

14



Table 5: Average shrinkage in laser sintering of PEKK and PA12

Shrinkage in laser sintering (%)

Material
X (10-100 mm) Y (10-100 mm) Z (10- 100 mm) Z (50/40 - 100 mm) Volumetric
PEKK 1.14 + 0.12 1.39 + 0.14 2.34 £0.13 3.01 £0.15 5.45 £ 0.07
PA12 2.72 £ 0.007 2.85 £ 0.006 1.98 £ 0.3 2.23 £0.36 7.6 £ 0.17
Table 6: Thermal contraction during cooling.
Materials
Parameters
Kepstan 6000 PEKK Orgasol PA12
Coefficient of thermal contraction [ °C~!]  6.48 x107° 1.2 x1074
Overall thermal shrinkage [%)] 0.55 £ 0.02 1.41 £ 0.35

usually amorphous when cooled at rates above 5°C/min. This is supported by the amorphous behaviour of
this material when processed by conventional techniques, e.g. extrusion calendaring, thermoforming or IM.
Polyamide, on the other hand, crystallises quickly even at high cooling rates and when processed by other
manufacturing techniques.

Table 7 shows the average value measured for Kepstan 6000 PEKK using slow cooling method and the
data achieved by Verbelen et al. [24] for Orgasol PA12. In the case of Verbelen et al., the experiment was
slightly adapted to compensate the high flowability of PA12 [51]. PEKK, on the other hand, is a highly

self-supported polymer which flows significantly less when subjected to melt.

Table 7: Crystallisation shrinkage of Kepstan 6000 PEKK and Orgasol PA12 [24].

Materials
Parameter
Kepstan 6000 PEKK Orgasol PA12
Overall shrinkage due to crystallisation [%] 1.77 £ 0.5 4.6024

The measures match the expected crystalline behaviour of PEKK and PA12. The degree of crystallinity
of PA12 is usually higher than PEKK, suggesting a higher degree of shrinkage at cooling from melting.
Furthermore, PA12 ~ phase presents a hexagonal structure whereof packing factor is higher than the or-
thorhombic crystal structure observed in PEKKs. For PEKK powder and PEKK LS parts, the XRD data
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Figure 7: Dimension change due to crystallisation of Kepstan 6000 PEKK; [a] Slow cooling method; [b] Rapid cooling method.

(Figure 8) shows the presence of Form I. However, the vague peak at [010] seems to indicate the presence
of Form II in the powder [30].

Describing cooling in LS remains a challenge as it is not uniform and occurs at different stages: during
manufacturing, after manufacturing until it reaches T, and below T,,. This methodology, however, considers
this issue by choosing similar cooling rates achieved during the crystallisation of PEKK. Such cooling is high
enough to prevent PEKK flowability affecting the data on crystallisation but is still within the limit of the

TMA equipment.

4.4.4. Calculation of the powder bulk: Bpowder
The experimental data measured for all of the parameters found in equation 1 were presented except for
shrinkage due to powder bulk. This parameter describes the effect of powder compaction in shrinkage during

cooling and is a combination of particle size, distribution, morphology, degree of porosity and arrangement
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Figure 8: X-ray diffraction of PEKK powder and LS PEKK.

on the bed. In fact, particles have a very complex effect in LLS and several studies attempted to assess this
effect [25, 52, 53]; most of them considered particles at room temperature having the same behaviour as
particles at bed temperature, which corresponds to the processing temperature. In this study, equation 1
aims to measure the effect of powder characteristics in final shrinkage at cooling from a material perspective,
starting from bed temperature used in LS. This value was calculated for Kepstan 6000 PEKK and Orgasol

PA12; the summary of shrinkage values are presented in Table 8.

Table 8: Shrinkage (%) in Laser Sintering and the effect of powder bulk.

Material ﬁtotal: ﬂc ﬂT Bpowder
Kepstan 6000 PEKK 5.45 1.77 0.55 3.13
Orgasol PA12 7.6 4.6 1.41 1.59

The effect of shrinkage due to powder bulk is almost twice larger for Kepstan 6000 PEKK than for Orgasol
PA12; this shrinkage is equivalent to almost 58% of the overall LS shrinkage during cooling of PEKK, whilst
it corresponds to 21% of the overall shrinkage found for Orgasol PA12. These values are supported by the
poorer CBD values of PEKK shown in Figure 5 and the rough and porous powder structure of this material
when compared with PA12 powder (Figure 3).

17



Powder characteristics are extensively linked with powder flow and final part consolidation [54], but few
studies mention shrinkage and potential changes in final part dimension [55] as a result of powder structure.
The values presented show that powder characteristics also affect overall shrinkage and it can be controlled

to a certain extent by having rounder particles, lower porosity and appropriate particle size and distribution.

5. Conclusions

This study aimed to identify and measure the effect of different polymer properties in overall material
shrinkage during cooling in LS. A methodology was proposed by the authors and the shrinkage parameters
were experimentally measured for Kepstan 6000 PEKK and Orgasol PA12, both grades provided by Arkema.
With the measured parameters, shrinkage due to bulk density was assessed for each grade.

Depending on the material and powder characteristics, the shrinkage factors are different. Whilst crys-
tallisation has the greatest impact in PA12 overall shrinkage during cooling, this parameters contributes to
32% of the overall shrinkage for PEKK. Previous literature highlights crystallisation as a factor preventing
good dimensional accuracy in final polymeric parts; hence, a lower degree of crystallinity would lead to less
warpage and a better dimension control.

Most of the shrinkage found in PEKK ( 58%) was attributed to powder bulk, a parameter associated
with powder structure - porosity, morphology, size and distribution. For Orgasol PA12, such parameter
contributed to 21% of overall shrinkage. These values are supported with SEM images, PSD and CBD
results. This effect is also visible in the LS system: the shrinkage in Z direction for PEKK is larger than for
PA12, whilst in X and Y direction such values are greater for PA12.

Having a lower shrinkage than Orgasol PA12, Kepstan 6000 PEKK is a promising candidate material
for high temperature LS, showing 30% less shrinkage in LS than Orgasol PA12. These values can be further
optimized by improving powder structure, such as shape and density. The results show the importance of
powder properties not only for flowability and part density/consolidation but also for controlling shrinkage

during cooling.
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