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Abstract

Laser Sintering (LS) is one of the most popular additive manufacturing (AM) techniques as it produces
parts of complex geometry with high dimensional accuracy and good mechanical strength. However, the
nature of the LS process often leads to brittle behavior characterized by a low elongation at break if compared
to conventional polymer processing techniques, e.g., injection molding (IM). For poly(ether ketone ketone)
(PEKK), such elongation is currently below 3%. This study determines and then optimizes the relationship
between cooling time and crystallization during LS and the resulting elongation at break. The elongation at
break of PEKK was successfully improved by using shorter times of cooling. The combination of the slow
crystallization kinetics of PEKK and short cooling time of 1 h increased elongation at break to 14%; this is
a striking result never achieved for PAEKSs in LS before. A calibration curve was developed that can be used
to correlate PEKK structure and mechanical properties to cooling conditions according to the application.
This methodology can also be applied to select and optimize the mechanical properties of other LS polymers
sharing similar kinetics of crystallization and processing temperatures. This work suggests that there is
enormous potential for a wide range of ”post-processing” heat treatments to be used in AM to tailor the
ultimate mechanical properties.
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1. Introduction

Laser Sintering (LS) is one of the most established and widely used Additive Manufacturing (AM)
techniques [1]. This technology uses a laser as a heat source to fuse particles together on the powder bed
and manufacture a 3D part, layer-by-layer. Similar to other AM techniques, LS has been proven to help
reduce production times and is able to manufacture parts with complex geometries without the need for

tooling. LS also enables part manufacture with excellent mechanical properties in small to medium batch
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volumes, therefore it is often preferred over other AM techniques such as Fused Deposition Modeling (FDM)
[2].

From the range of mechanical properties, elongation is drastically affected in parts produced by LS
[3]. In the horizontal plane in parallel to the layers, similar tensile strength is achieved to in comparison
with injection molded (IM) parts, but elongation at break is significantly reduced. To illustrate the brittle
behavior of LS specimens, Duraform polyamide 12 (PA12), a widely used material in LS, shows an elongation
at break between 200 - 300% when processed by IM, but only of 14% when processed by LS [2]. For
EOS PEK HP3, the difference in elongation at break varies from almost 100% with IM to 3% with LS
[4]. Other poly(aryl ether ketone)s (PAEKS) grades have exhibited similar poor values for elongation [5].
Two factors may be causing poor elongation in LS: process properties, and intrinsic material behavior.
Examples of process properties include layer interfaces, particle-to-particle interfaces [6], porosity, and partial
coalescence [7, 8]. These sources of failure are not homogeneous across the build but highly dependent on
the orientation of manufacturing [4, 7]. For intrinsic material properties, crystallization has the dominant
effect over elongation.

Some studies have found an increase in elongation at break for polymers with higher molecular weight
(M) [9, 10]. Zarringhalam et al. [11] compared the elongation at break of two different PA12, EOS PA2200,
and Duraform PA12, under three different conditions: virgin, refreshed (67% used powder and 33% virgin
powder), and used (100% used powder). They found an increase in M, from 70,000 g mol™! for virgin
to 170,000 g mol! for used PA2200 powder. The elongation at break followed a similar trend, and the
specimens built with refreshed and used powder showed higher values of elongation, which was attributed
to the M, increase. When investigating the microstructure, the spherulites of both PA12 grades processed
by LS are significantly larger than IM and showed unmolten particle cores from which crystals are formed.
The unmolten cores matched the DSC analysis in which the particle cores presented a higher melting peak.
The melted structure presented a lower melting temperature (7,,) than the virgin powder but is still within
the temperature of v form. The authors attributed the difference to the thermal processing conditions.

Garcia-Leiner et al. [12] found key differences in the crystallization rate and degree of crystallinity
amongst other properties of injection molded PEEK with different molecular weight and molecular weight
distribution. The degree of crystallinity was approximately 8% higher for the grades with lower molecular
weight, while their crystallite size increased by 1 nm. Interestingly, the grades with lower M,, showed
higher mechanical strength (~ 98.9 MPa) and elongation at break (>55%) than the grades with higher M,
processed by IM. These results contradict Zarringhalam et al. [11] findings, in which elongation of PA12
was greater for a higher M,,. Garcia-Leiner et al. [12], however, attributed their values to the increase in
the degree of crystallinity of injection molding (IM) specimens with lower M,,.

Ajoku et al. [13] found a compression strain of 15% for LS PA12 against 17% when PA12 is processed by
IM and tested under compression. The reduction in ductility of LS specimens was associated with process
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properties - part porosity and incomplete melting - and material properties, such as the increase in the level
of crystallinity, the spherulites growth obtained with the slow cooling in LS, but mainly the little or no
entanglement between the spherulite crystals. In this study, the tensile modulus and yield strength of LS
specimens were higher than IM; they attributed that to the increase in crystallinity of LS specimens as a
result of the prolonged cooling time.

The slow cooling in LS should allow sufficient time for full particle coalescence and bonding as well as
chain rearrangement for crystal formation and growth [9]. An increase in the cooling time, however, may
change the crystal structure and the degree of crystallinity. Zhu et al. [14] found an increase in the degree of
crystallinity, the presence of v phase and a coarser microstructure for PP manufactured by LS. In contrast,
the rapid cooling rate of injection molded PP led to a lower degree of crystallinity, the absence of v phase
and a finer microstructure. These differences resulted in higher tensile strength and tensile moduli for the
specimens produced by LS, but lower elongation at break if compared to IM.

Wang et al. [15] observed a significant increase in the level of crystallinity of poly(ether ether ketone)
(PEEK) powder subjected to LS. The LS specimens revealed a hierarchical spherulitic crystal composed of
three structures. In the primary structure, the size of crystal blocks varies from 20 to 30 nm. A secondary
structure bonds the crystal structure together in a less ordered arrangement. Then, a third structure of
granular crystal blocks is observed, which is formed by the combination of primary crystal blocks and
secondary structure with size varying between 75 and 145 nm.

PEKK, and similarly PEEK belong to the PAEKSs family of polymers. This family of polymers has an
orthorhombic crystal structure, which crystallizes in the form of spherulites. The degree of crystallinity can
vary from 0% to 42% [15, 16]. PEKK is also a polymorph and can crystallize in two different forms: form I
and form II. In the primary structure (form I), phenyl-phenyl interactions are aligned edge-to-face. In the
secondary structure (form II), phenyl-phenyl interactions are aligned face-to-face [17]. Some studies [18, 19]
claim that form II can only be obtained under solvent crystallization or cold crystallization. Garcia-Leiner et
al. [20] found that both forms can be present under certain conditions in LS and Fused Deposition Modelling
(FDM) of PEKK. However, no details were provided.

This research aims to find a clear relationship between cooling time, polymer crystallinity, and elongation
at break. PEKK crystallinity is sensitive to process temperature and cooling time; by controlling such process
parameters, it is possible to improve the elongation of PEKK manufactured by LS, which is currently below
3% [5]. This calibration curve can, therefore, be used to control polymer structure and mechanical properties

for a range of applications with different needs.



2. Materials and Experimental Work

2.1. Materials

The experiments were conducted with Kepstan 6002 PEKK powder supplied by Arkema [21]. This
grade is commercially available under the name of PEKK HPS1 and is synthesized using diphenyl ether at
a concentration ratio of 60/40 of terephthalic acid (T) with para phenyl links and isophthalic acid (I) with
meta phenyl links [21, 22]. Kepstan 6000 PEKK has a glass transition temperature (Tg) of 160 °C and a
melting temperature (Ty,) of 300 °C.

The Kepstan 6000 PEKK powder has been studied extensively in previous research [5, 23]. The particle
size distribution of PEKK has a D(10) of 33.34 pm, a D(50) of 52.8 pum, and a D(90) of 87.87 pm [5].
The powder flow properties were analyzed using a Freeman Technologies FT4 powder rheometry. The basic
flowability energy and stability index are of 155 + 9 mJ and 1.48 + 0.2 respectively, where the bulk density
of Kepstan 6000 PEKK is 0.36 g ml™! [23].

2.2. Tensile testing

Tensile testing was performed using a Shimadzu AGX-plus equipment with a maximum force of 2 tonnes.
The test followed ISO 527-2-1BA guidelines, in which the testing speed corresponds to 1 mm min™!. The
specimens have an approximate length of 80 mm, a testing width of 5 mm, and 4 mm of thickness. The
calculation of elastic modulus considered a deformation of 0.2% in the elastic region. The elongation was
monitored using TRViewX non-contact digital video extensometer coupled to the universal testing equip-

ment. The sample size included at least ten specimens for each group.

2.8. Wide X-ray diffraction

Wide X-ray diffraction (WXRD) was used to measure the degree of crystallinity of the specimens manu-
factured in each group of the build, and to briefly investigate crystal phase. This experiment used a Bruker
D8 advanced X-ray diffractometer with Cu Ko (4= 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 26 = 4 to 65°. The degree of crystallinity was measured on the top surface of two
specimens of each group, one manufactured in the corner and the other in the middle of the LS powder bed,
using DIFFRAC V6.0 software. The calculation of the crystallinity was performed by carefully selecting
the background baseline first, and then dividing the sum of the peak areas by the total area (crystalline +

amorphous phase) of the spectrum.

2.4. Statistical analysis

ANOVA statistical analysis was used to investigate the statistical significance of the mechanical testing
results and the degree of crystallinity of LS PEKK specimens. IBM SPSS Statistics 26 [24] software was
4



employed to perform one-way ANOVA using a confidence level of 95% and the Tukey option for the post-hoc
test. The level of significance was explored regarding 'P-values’, with values below 0.05 being statistically

significant.

2.5. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was selected to investigate surface fracture of LS specimens of
Kepstan 6000 PEKK. The analysis used a TESCAN VEGAS3 scanning electron microscope at an accelerating
voltage of 10 kV and a current of 0.13 nA. The specimens were coated with 10 nm thick of chromium to

reduce surface charging. The captured images had magnifications varying from 30x to 15,000x.

3. Choice of Temperature for Build Setup

3.1. Cooling in high-temperature laser sintering

The high-temperature LS (HT-LS) process comprises three main cooling stages, as shown in Figure 1.
The first stage [a] is in the order of milliseconds and starts from the laser application until the scanned layer
reaches the temperature provided by the infrared heaters, known as the bed temperature (Tpeq) [28]. The
second cooling stage [b] takes place during manufacturing, while new parts are built, and the specimens
already sintered and located at the bottom of the build are gradually cooled down. This stage has a more
controlled cooling rate determined by Tpeq and the building platform temperature (T3,), usually 15 to 30
°C below Tjeq. The Tp, is the temperature provided by the ceramic heaters and is measured on the piston.
These temperatures are illustrated in the EOS P 800 configuration of Figure 2. Lastly, following parts
completion, the build goes through the standard cooling phase (Figure 1[c]) set by the system’s software
according to the volume and distribution of the built parts and the total height of the build in the z-direction.
This rate of the cooling stage is unknown, but the heating completely switches off below the glass transition
temperature, Ty, as illustrated in Figure 1.

The first cooling phase is crucial as warping, and part distortion can take place if the powder bed is too
cold [29]. If shrinkage is controlled [28], however, cooling during the process determines the final part quality,
as it significantly affects consolidation and mechanical performance. The slow cooling in LS should allow
sufficient time for full particle coalescence and bonding as well as chain rearrangement for crystal formation
and growth [9]. To avoid crystallization at the first stage of cooling and promote full adhesion between
layers, materials for LS can be chemically modified to delay solidification by slowing down the kinetics of
crystallization [30]. This is the case of Kepstan 6000 Poly(ether ketone ketone) (PEKK) [21] commercialized
by Arkema.

When manufactured by IM or extrusion calendaring, Kepstan 6000 PEKK is completely amorphous due

to the rapid rate of cooling of these processes and the slow kinetics of crystallization of PEKK, as supported
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Figure 1: Schematic representation of the cooling profile in an HT-LS system. Following the completion of part production

[a-b], the system goes through the standard machine cooling [c], which comprises two cooling stages with different rates.
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Figure 3: DSC profiles for Kepstan 6000 PEKK at different [a] heating and [b] cooling rates. The melting peak becomes broader

at lower heating rates [a], and no crystallization peak is observed at cooling [b].

by the DSC measurements in dynamic condition (Figure 3) [22]. However, during LS, sufficient time is
provided for the organization of the molecules into a crystalline lattice. The relationship between material

and process is, therefore, crucial to obtain the desired properties of PEKK processed by LS.

3.2. Crystallization kinetics

The kinetics of the crystallization of Kepstan 6000 PEKK powder was firstly investigated using a differ-
ential scanning calorimeter (DSC). The experiments were executed using a Mettler Toledo 821e/700 DSC,
and the Star® SW 12.10 software [25] was used for data analysis. The tests were performed dynamically and
isothermally with a nitrogen flow rate of 50 ml min™.

For the dynamic tests, powder samples with a weight varying between 5 mg to 10 mg were placed in
aluminum pans with a volume of 40 pL.. The sample was heated from room temperature to 400 °C at 10 °C
min~' rate and then cooled to room temperature using the same rate. Different heating and cooling rates
were applied, varying from 1 °C min™! to 10 °C min™!. Figure 3 shows the heating [a] and cooling [b] curves
obtained for Kepstan 6000 PEKK powder. As opposed to Kepstan 6000 PEKK in pellet format, which is
amorphous, PEKK in powder format presents a melting point (Figure 3[a]), supporting its semi-crystalline
behavior. The cooling rate (Figure 3[b]), however, affects the crystallization kinetics of PEKK chains, which
at 10 °C min™! are not able to organize into a crystalline structure. Cooling rates below 2 °C min™' resulted
in a shallow crystalline peak of difficult measurement. Therefore, isothermal measurements were conducted.

The isothermal tests were performed using 100 pLi aluminum pans to allow more material in the analysis.
Powder samples were heated at 20 °C min™! from 25 °C to 380 °C, then quickly cooled at 80 °C min™' to the
chosen isotherm temperature. The isotherm was maintained for 120 min followed by cooling up to 25 °C,

at 20 °C min!. This prolonged isotherm was chosen due to the slow crystallization of PEKK. The isotherm
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temperatures varied from 200 °C to 270 °C at an interval of 10 °C.

The isotherms were investigated in terms of half-time crystallization, which refers to the time taken
to crystallize to half of the maximum relative crystallinity of PEKK at each isotherm. This procedure is
usually performed with the assistance of a flash-DSC piece of equipment due to the fast organization of
the polymeric chains. Paolucci et al. [26] and Tardif et al. [27] successfully applied this procedure to PA
2200 and PEEK 150G, respectively. For PA2200, the minimum point of the curve is of 0.1 s at 85 °C
[26]. For PEEK 150G, Tardif et al. [27] obtained values of 0.3 s for the temperature of maximum rate of
crystallization (~ 230 °C). In the case of Kepstan 6000 PEKK, the crystallization is one order of magnitude
slower, which classifies this material as a slow-crystallizing polymer. The half-time crystallization curve of
Kepstan 6000 PEKK is shown in Figure 4. The resulting U-shape curve has a minimum time near 230 °C,
which corresponds to the temperature in which PEKK crystallizes the fastest (~7 min). This curve agrees
with the results obtained by Choupin et al. [22]. The half-time crystallization curve of Figure 4 will be used
as a basis to select the processing temperatures in LS and to understand the relationship between process

and kinetics of crystallization of Kepstan 6000 PEKK.
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Figure 4: Time taken to crystallize to half of the maximum crystallization of Kepstan 6000 PEKK under different isothermal

temperatures, also known as the half-time crystallization curve.

Finally, the enthalpy induced by the crystallization cycle was measured; the results are shown in Figure
5. The enthalpy of fusion follows similar trend to Figure 4, and is minimum in the edges (~ 9 J g'!), but

8



achieves a maximum at 240 °C, of 17.8 J g’1.
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Figure 5: Enthalpy of fusion of Kepstan 6000 PEKK taken from DSC experiments at different isotherms. Note the maximum
enthalpy of fusion at 240 °C.

4. Build Setup and Manufacture

This experimental setup was designed to investigate the crystallization of Kepstan 6000 PEKK during
LS and the effect of cooling time in the final mechanical properties. A High-Temperature (HT) EOS P 800
LS system was used in the reduced chamber configuration (one-third of the maximum volume), as shown
by Berretta et al. [31]. The best mechanical performance of LS Kepstan 6000 PEKK is achieved with a
total energy density of 23.5 mJ mm™ applied to each layer of 120 ym [5]. Using the first derivative method
described by Berretta et al. [32], the minimum point of the first derivative of the heating curve of PEKK
is equal to 292 °C, which seems to be the ideal temperature to guarantee full coalescence, minimum warp,
and best mechanical properties [5].

As shown in Section 3.2, the crystallization spectrum of PEKK has its extremes at 200 °C and 270
°C, which signifies that at temperatures below 200 °C or above 270 °C, crystallization is minimum or even
inexistent. At 270 °C, the ability of chain realignment is facilitated by the reduced viscosity of the liquid

phase and the increase of free energy within the system. These factors are strong enough to disrupt any



potential nuclei before growth takes place, therefore increasing the time for polymer nucleation and the
formation of spherulitic crystallites. As the temperature lowers, the rate of crystallization significantly
increases up to a limit (230 - 240 °C), and then gradually decreases again [33], as shown in Figure 4. At
temperatures near 200 °C, chain mobility is significantly reduced while the viscosity of the liquid phase
increases. The combination of these phenomena decreases the possibility of nuclei formation [34].

Considering the crystalline behavior of PEKK and aiming to investigate the entire spectrum of crystal-
lization during manufacture, the T3, selected was of 190 °C. It is important to note that the temperature
distribution across the powder bed of LS systems, especially the EOS P 800, is not uniform, and temperature
fluctuations of + 5 °C are observed [2].

The build setup consisted of 16 groups of specimens stacked on top of each other in Z orientation. In
each group, 10 ISO 527-2-1BA specimens were produced in X orientation. These specimens experienced the
same cooling time, therefore combined into groups. The specimens had a 4mm thickness; therefore, ~33
layers. Half of the specimens were produced in the corner of the build; the other half of the specimens were
manufactured in the middle of the build. The groups followed a sequential order from the bottom (group
1) to the top (group 16). The experiment setup took approximately 10.75 h to complete, excluding the
pre-heating stage. Figure 6 shows the complete build configuration as loaded to be manufactured.

Once the last layer of the sixteenth group of specimens was produced, the process was interrupted as
quickly as possible, so no powder was added to the top layer. Each group was exposed to different cooling
times, as shown in Figure 7. The build was removed from the system and quenched in water at approximately
15 °C. The cake was broken into small parts to help with homogeneous cooling and allow water to penetrate
the cake and interrupt further crystallization.

The specimens were left cooling for approximately 12 hours and then removed from the water, cleaned
and sandblasted to remove any non-sintered powder. Figure 8 shows the manufactured specimens after
cooling and post-processing. The rapid cooling in water led to a small number of samples warping in the
groups subjected to less than 4 h of cooling. In these groups, a total of 13 specimens were warped, which
corresponds to ~4% of the total number of specimens produced (320 specimens). These specimens were
removed from the mechanical testing analysis. The significant changes in color are a result of different
degrees of crystallinity. While the first groups have a light beige color, the specimens from group 5 assume
a darker beige color, which turns to grey from group 8-9. Interestingly, the specimen from group 16 is
translucent on the top, but opaque in the bottom. This change in opacity suggests that the upper layers
are entirely amorphous, but crystallization begins quickly after. Figure 6 illustrates the color difference of

the specimens varying with their location in the build. The experiment was repeated twice.
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Figure 6: Crystallization build setup. The temperatures of manufacturing, Tyq and Ty, are indicated on the right. Group
one was the first to be built, following a sequential order until group 16. Therefore, the first group was exposed to the longest
time of cooling, as opposed to group 16. The color of the specimens attempted to match the real colors of them when removed

from cooling.
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5. Results and Discussions

5.1. Mechanical performance

Tensile strength and elongation at break were assessed in terms of cooling time; the results are shown in
Figure 9. The majority of the build shows an inverse correlation between mechanical strength and elongation
at break, as expected. At more extended cooling periods, sufficient time is given to arrange PEKK crystals
fully and therefore increase the degree of crystallinity, as shown by the first three groups in the bottom.
These groups have a brittle behavior with an elongation at break below 2.5%, characteristic of LS PAEKSs
[35, 36]. At slightly shorter cooling times, the elongation at break more than doubles (5.6% at 7 h of cooling)
while mechanical strength ranges around 80 MPa. The maximum strength (~ 82 MPa) is obtained at 6.25
h of cooling, while the elongation at break reaches 13.2% at one hour of cooling, values never achieved in
literature for LS PAEKSs.

One-way ANOVA was performed to confirm statistical differences in the data. The parameter chosen
for the analysis was elongation at break since this is the factor of primary importance in this study. Table 1
compares the specimens produced at a specific cooling time with the other specimens of the build in terms

of significant and non-significant differences, considering P values with 95% confidence.
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Table 1: One-way ANOVA analysis of the elongation at break of specimens subjected to different cooling times. The specimens

manufactured at a specific cooling time (left column) were compared with the other specimens of the build considering a 95%

confidence level.

Statistically different (P < 0.05) from groups
Cooling time

subjected to cooling times of:

0h 1h;>775h
0.25 h 1h; >775h
1h 0h;025h;1h;>4h
1.75h >6.25h
25h 1h; >775h
3.25h >7h

4h 1h;>775h
4.75 h 1h; >775h
5.5h 1h

6.25 h 1h;1.75h
7h 1h; 1.75h; 3.25 h
7.75 h <4.75h
8.5h <4.75h
9.25 h <4.75h

10 h <4.75h
10.75 h <4.75h
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Figure 8: Specimens removed from the cake, cleaned, and sandblasted. Note the change in color with cooling time. The
specimens of lighter color remained cooling in the system for a longer time; therefore, they are more crystalline. In contrast,

the darker specimens are less crystalline due to the shorter time for cooling.

The values suggest that elongation at break only becomes statistically different in groups separated by an
interval of at least 4 h from each other, with few exceptions mostly at low cooling times (~1 h and below). The
trend, however, highlights the potential differences between groups, which may be statistically insignificant
because of the heterogeneous quench in water. The group of specimens subjected to 1 h of cooling, however,
was mostly different from the other groups; this may be due to the striking elongation of 13.2% in comparison
with the other specimens. The groups exposed to 4.75 h and 7.75 h presented remarkable differences possibly
associated with changes in material structure, such as the degree of crystallinity and the start of secondary
crystallization.

Figure 9[b] shows the insignificant changes in the mechanical behavior of specimens subjected to the same
cooling time but manufactured at different locations in the powder bed, corner, or middle. The variations
in the final performance of PEKK specimens is minimum regardless of higher heat dissipation in the corners
of the build. The large standard deviations, especially for specimens in the bottom and on the top of the
build, can be explained by the build interruption and sudden cooling in cold water.

The specimens were also assessed in terms of elastic modulus against elongation at break. These results
are shown in Figure 10. The elastic modulus has the highest average at the fourth group (8.5 h of cooling)
and corresponds to 4.3 GPa. Despite following the same trend as tensile strength, the variations are lower,

and the elastic modulus achieves a minimum of ~3 GPa (group 13).

5.2. Crystallization

WXRD analysis was used to measure the degree of crystallinity of two specimens from each group, one
manufactured in the corner and the other in the middle. The results are summarized in Figure 11.
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The curve shows a correlation of 0.9 between cooling time and degree of crystallinity. When measured
on the top surface of the specimens, group 16 showed a completely amorphous behavior, as expected by
the extremely reduced cooling times combined with the slow crystallization kinetics of PEKK. One-way
ANOVA was conducted by comparing the degree of crystallinity of the specimens groups subjected to
different cooling times. The results are shown in Table 2. As opposed to the elongation at break results,
the differences between each group is more significant for the level of crystallinity. This result is possibly
associated by the exclusion of manufacturing defects, i.e., warping, crack, and porosity affecting intrinsic
material properties. For most of the groups, a difference of three hours in cooling time is sufficient to result
in statistically significant data, and several groups are already different with cooling times lower than two
hours.

A clear step in the level of crystallinity is observed from 6.25 h to 7 h, from ~16% to almost 26%. This
step can also be represented by two asymptotic curves, one from 0 to 6.25 h (R? of 0.88), and another from
7 to 10.75 h (R? of 0.97). The significant change in the degree of crystallinity between 6.25 h and 7 h is
possibly associated with secondary crystallization occurring in the already formed crystal structures [37];
this may also be responsible for the decrease in the UTS of the specimens subjected to longer cooling times
than 6.25 h. A crystallinity value of 32% is found for the specimens manufactured in the third group. The
first two groups were possibly affected by the low building platform temperature of 190 °C, which may have
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Table 2: One-way ANOVA analysis of the degree of crystallinity of specimens subjected to different cooling times. The
specimens manufactured at a specific cooling time (left column) were compared with the other specimens of the build in terms

of cooling time.

Statistically different (P < 0.05) from groups
Cooling time

subjected to cooling times of:

0h >1.75h
0.25 h >3.25h
1h >7h
1.75 h 0h;>7h
2.5 h 0Oh;>7h
3.25 h <0.25h; > 7h
4h <0.25h;>T7h
4.75 h <0.25h;>T7h
55h <0.25h; > 7h
6.25 h <0.25h;>T7h
7h <6.25h
7.75 h <6.25h
8.5 h <6.25h
9.25 h <7h

10 h <6.25h
10.75 h <6.25h
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Figure 12: Average degree of crystallinity vs. [a] tensile strength and [b] elongation at break for specimens produced at different

cooling times.

increased the cooling rate. This increase is supported by the mechanical test results shown in Section 5.1.
Figure 12 compares the degree of crystallinity with tensile strength (Figure 12[a]) and elongation at break
(Figure 12[b]).

The increase in mechanical strength leads to an optimum degree of crystallinity of ~16% at 6.25 h cooling
time. While the crystallinity rapidly increases from 6.25 h to 7 h of cooling (group 6), the mechanical strength
starts reducing. The elongation at break (Figure 12[b]) is maximum at very low crystallinity values, close to
fully amorphous conditions (5.4% of crystallinity). For groups 6 and 7 (~26% and ~16% of crystallinity),
elongation at break varies between 4.7 and 6%. Between 1 and 7 hours the degree of crystallinity varies by
15%. These results show that it is possible to control the crystallization of Kepstan 6000 PEKK in LS and,
therefore, significantly change the strength and, mainly, the reduced elongation associated with this process.

Previous studies mentioned that the crystalline structure of PEKK, known as form II, can only be
obtained under cold crystallisation or when PEKK is exposed to solvents [12, 38]. Garcia-Leiner et al. [20],
however, claimed that form II could be present when processing PEKK by LS or FDM. Figure 13 compares
different WXRD patterns of LS samples manufactured in the range of cooling time under analysis.

The longer the cooling time (e.g., 10.75 h), the more pronounced are the WXRD peaks of the PEKK
patterns, until very shallow peaks are found at 0 h of cooling. Before achieving an almost 100% amorphous
structure, however, PEKK shows an additional shallow peak at ~15.6°, after 0.25 h of cooling. This peak
is attributed to the presence of form II in the structure; such a peak is not observed in the other patters of
Figure 13. Therefore, it is possible to have PEKK organised into form II under certain conditions in LS,

i.e., low cooling time.
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Figure 13: WXRD spectra of LS Kepstan 6000 PEKK specimens subjected to different cooling times.

5.3. Fracture analysis

The fracture of the specimens manufactured with different cooling times was investigated; they are
shown in Figure 14. Figure 14[1] and [2] present a brittle failure characteristic from low elongation. The
failure of the specimen subjected to 9.25 h of cooling has possibly started on the top right corner as a
result of surface imperfections. When magnified, certain regions show some ductile zones trying to hold the
structure together. The specimen subjected to 6.25 h of cooling also showed a brittle failure despite the
higher elongation of 6%. This failure seemed to have started from the bottom left corner, where a pore of
almost 0.5 mm is located near the surface. This specimen presents some pores, but more importantly, fibrils
which are holding the structure together for longer, therefore enabling a more ductile behavior confirmed
by the higher elongation at break.

As opposed to the brittle failure observed in Figure 14[1-2], Figure 14[3] presents a ductile failure with
layer delamination. Approximately half of the surface area of the failure shows a very plastic behavior in
which a large concentration of pores and delamination are observed. The pores are mostly located in the
interlayer area, as pointed by previous studies [3], and mostly in the ductile region. This specimen showed
a significant increase in elongation at break, from 6% at 6.25 h to 9.1% at 4.75 h of cooling. At this cooling
time, the degree of crystallinity is 14.2%. The crack may have initiated between the brittle and ductile area.

The ductile behavior is intensified in the specimens of Figure 14[4-5], which behave in an entirely ductile
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Figure 14: SEM images of the fractured surface of specimens manufactured at [1] 9.25 h, [2] 6.25 h, [3] 4.75 h, [4] 1 h and [5] 0
h of cooling time. Note the scale bars of [a] 1 mm, [b] 200 pm, and [c] 50 pm.
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Figure 14: SEM images of the fractured surface of specimens manufactured at [1] 9.25 h, [2] 6.25 h, [3] 4.75 h, [4] 1 h, and [5]
0 h of cooling time. Note the scale bars of [a] 1 mm, [b] 200 ym and [c] 50 pm (cont.).

fashion. The specimens subjected to 1 h of cooling have the greatest elongation at break of 13.2%. For the
specimen of Figure 14[4], the failure seems to have started from the middle, in which porosity is concentrated,
possibly in the interlayer area. Layer delamination may be contributing to failure as well. The specimen
with 0 h of cooling and almost completely amorphous structure (Figure 14[5]) are very ductile, although
a brittle failure pattern can be observed in the top area near the surface. This area is free from pores,
differently from the more ductile region, in which porosity and layer delamination are observed. Figure
14[5b] shows a clear image of the ductile area, trying to hold the structure together before failure.

The SEM failure images confirm the mechanical performance behavior obtained for Kesptan 6000 PEKK
under different cooling times. The absence of visible pores in the brittle failure of specimens with longer
cooling times is possibly a result of the low elongation. In a ductile failure, however, necking is usually
followed by void nucleation, growth, coalescence to form a crack, and finally, fracture [39]. These stages are

observed in ductile [40] and glassy polymers [41] due to their plastic behavior that leads to a significantly
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higher deformation. The delamination phenomenon confirms the poor adhesion between layers in LS while

deformation is taking place, as supported by Figure 14.

6. Conclusions

This study has successfully developed a new procedure to correlate part properties (crystallinity and
mechanical performance) with the process (cooling time) of Kepstan 6000 PEKK manufactured by LS. The
degree of crystallinity shows a direct relation to mechanical properties, e.g., tensile strength and elongation
at break. The poor elongation at break usually found in PAEKs processed by LS [35] is overcome by
controlling the cooling time and interrupting crystallization.

Although there is a significant increase in the elongation at break (9%), the tensile strength decreased
by only 17% at a cooling time of 5 h. When the specimens are subjected to one hour of cooling, strain
increases to almost 14%. This increase is a striking achievement as elongation at break was never reported
above 5% for current LS PAEKSs [35]. The tensile strength is maintained at 80 MPa with an elongation
at break of almost 5% and a cooling time of 7 h. The edges of the curve, however, show high standard
deviations and can be explained by the sudden and heterogeneous quenching of the specimens in water.

The calibration curve is a useful method for predicting final mechanical properties from specific process-
ing conditions. It also introduces another novel feature to AM processing - the ”tailoring” of mechanical
properties in a vast range of possibilities.

The understanding of how the LS process affects material properties is crucial for successful improvement
of final part performance. This study provides an example of the effect of the degree of crystallinity in the
mechanical properties of Kepstan 6000 PEKK and shows that it is possible, up to an extent, to control the
slow cooling stage of LS to favor the desired properties according to the application. A compromise might be
possible, e.g., smaller builds (shorter cooling times) or maybe changes to new LS systems to allow the control
of crystallization (different types of cooling). With the drive for faster additive manufacturing to meet the
demands for serial production, new systems are being created with modular architecture using two build
chambers, exchange modules with robot, and integrated post-processing [42, 43]. There is the possibility
that rapid cooling (liquid or gas form) could be added to optimize material properties, and therefore apply

a similar solution to improve the mechanical properties of polymers with slow kinetics of crystallization.

7. Data Availability

The dataset generated during the current study is not publicly available due to confidentiality reasons

but can be made available on reasonable request with the approval of all authors.
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