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ABSTRACT

Ageing mechanism of PEEK powders at optimal powder bed temperature (T,,) and factors affecting
their reusability remain unclear. This study investigated effects of gas type (air, nitrogen, and
argon) and holding time (0-8 h) on physico-chemical properties of PEEK powders at optimal T.
The hardness of sintered single-layers was measured to evaluate the quality of the parts. Results
revealed that the flowability, morphology, and crystallinity of PEEK powders changed with
holding time in different gases. Further, the ageing mechanism involved chain crosslinking
within molecular chains in all gases but chain breakage in air. Further, laser power required for
SLS decreased with the increase in holding time. However, the hardness of single-layers was
stable for powders aged in argon for up to 8 h, but decreased by 7% for powders aged in
nitrogen for 4 h. Severe degradation and blackening were observed for single-layers sintered in
air using both virgin and aged powders.
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1. Introduction .
temperature (T,,) and glass transition temperature (Tg),

Selective laser sintering (SLS) is an important branch of
laser powder bed fusion, which uses powders to create
solid parts layer by layer through laser scanning of the
building platform [1-5]. It was invented in the 1980s
and led to the formation of DTM Corp. [6]. After being
acquired by 3D Systems, Inc., the term ‘Laser Sintering’
became synonymous with SLS in the industry [7-10].
SLS has the advantage of printing prototypes with multi-
functional, complex, and customised freeform structures
without support structures. The semi-crystalline thermo-
plastic polyamide (PA) is the most common commercial
material for SLS [11-13]. However, PA has a low melting

which restrict its application at high-temperatures [14].
Since the appearance of the first commercial high-tem-
perature SLS machine, the EOSINT P800 printer (EOS
GmbH, Krailling, Germany), the SLS of high-T,,, polymers,
especially polyetherketone (PEK) and polyetheretherke-
tone (PEEK), has been explored [15-19].

Beard et al. were the first to study the high-tempera-
ture laser sintering of PEK (HP3, EOS) using a standard
high-temperature SLS machine [19]. They achieved
fully dense PEK samples with fine surface by setting
the processing temperature to 366 °C, and the samples
had consistent thermal and mechanical properties
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within and between batches. However, they also
observed severe degradation as a result of crosslinking
in the PEK powders that were exposed to such high-
temperature, which EOS GmbH advised not to reuse
[18]. Notably, the degraded PEK powders had increased
melting temperature and crystallinity, which required
higher than normal laser power to scan the build plat-
form. When the laser power was increased by 10%, the
blended powders with aged and virgin PEK (30 wt.%/
70 wt.% used/virgin) showed a 16% reduction in
tensile strength and elongation at break [18].

PEEK, which has a T,, of 343°C (about 30°C lower
than PEK), is more suitable for SLS because it reduces
the difficulty in temperature control and the subsequent
degradation effects [15]. In addition, PEEK has high
thermal resistance, excellent mechanical properties,
and biocompatibility, which make it attractive for SLS
applications in the aerospace and automobile industries,
as well as clinical medicine [1, 10, 20]. PEEK samples
(PEEK 450PF, Victrex) have been successfully fabricated
using the same standard high-temperature SLS
machine [16]. The PEEK 450PF powders were thermally
treated before printing to improve the particle flow
and shape, and then sintered with an optimised
process. The tensile strength of the PEEK specimen
was 63 MPa, about 20 MPa lower than that of PEK.
Various additives such as carbon fibre, graphite platelets,
and nanoparticles have been used to improve the prop-
erties of PEEK in SLS [15, 21, 22]. For example, adding 10
wt.% of carbon fibre (CF) enhances the mechanical prop-
erties of PEEK composites, and the tensile strength of the
sintered CF/PEEK samples reached 109 + 1 MPa, which
meets the requirements of the aerospace industry [21].

One of the drawbacks of SLS technology is the low
powder utilisation rate, which means that only a small
fraction of polymer powders is converted into the final
solid parts, and the rest is discarded [23]. There are
two types of raw powder waste: one is the leftover un-
sintered powders on the build platform, and the other
is the surplus feeding powder that falls into the recovery
tank [24]. Further, the SLS of PEEK requires high-temp-
eratures; for example, the part bed temperature (Ty) is
usually set just below the T, of the polymer throughout
the process [23, 25]. The theoretical Ty, is recommended
to be set at the minimum point of the first derivative of
the DCS curve in the heated segment [26, 27]. Dynamic
non-isothermal crystallisation and quasistatic isothermal
crystallisation indicated that the practical T, of PEEK
powder is around 332 °C [26, 28]. By setting T}, at such
high-temperatures, PEEK composites can be successfully
sintered into 3D shapes [20, 21]. Therefore, the un-sin-
tered PEEK powders on the building platform, which
act as a support structure for the parts, undergo severe

thermal effects under such high-temperature exposure
for several hours until the printing is finished [29, 30].
Moreover, because of its unique characteristics and
high performance, the commercially available PEEK
powder is very expensive. Therefore, it is crucial to
understand the thermal ageing mechanism and poten-
tial reuse of PEEK powder.

The reuse of PEEK has been evaluated in a self-devel-
oped powder bed fusion system, where the strength of
sintered samples using aged powders increased in the
first cycle but then decreased [31]. Further, large
warping deformation was observed after the fourth
cycle, indicating unsuitable for SLS any more. The
addition of carbon fibre effectively reduced this defor-
mation, yielding a higher strength in the second cycle.
However, the processing time and atmosphere used in
each printing cycle were not reported, and the total
holding time of the un-sintered powders in each print
cycle is unknown. Another study found that the tensile
strength of high-temperature SLS polymers reached the
highest when sintered with a holding time for 6.25 h,
but did not investigate the physico-chemical changes of
the un-sintered powders under such conditions yet [27].

For simulating T, of PEEK, Pate et al. investigated the
spectroscopic, morphological, and rheological changes
of PEEK powders after thermal treatment at 330 and
340 °C for different periods [23]. The aged powders had
unchanged particle size and shape, but improved
flowability. However, the melting point and decompo-
sition rates of the PEEK powder were increased after
ageing over 6 h, indicating their poor recyclability. Protec-
tive gas was suggested to be used in SLS to prevent
thermo-oxidative degradation, but previous study was
only carried out in air, which undermined the recyclability
of PEEK [23]. A similar study to evaluate the ageing mech-
anism of PEEK powders was carried out by layer-wise
infrared radiation at 250-300 °C for 5 h [32]. The results
showed that powder morphology became more regular
and uniform after thermal treatment, and ageing was
caused by the formation of a biphenyl structure and the
reduction in crystallinity. However, the ageing gas con-
dition was not presented, and the temperature par-
ameters were much lower than those in SLS of PEEK.
These studies have helped us to understand the
changes in the physico-chemical properties of thermally
treated PEEK powders, but the experimental conditions
(e.g. temperature, gas condition, and holding time) did
not match those of PEEK in practical SLS; specifically,
PEEK powders are sintered at about 330 °C under the pro-
tection of inert gas [1, 33].

Nitrogen and argon are recommended as the protec-
tive gas in the high-temperature SLS of PEEK, but the
changes in un-sintered PEEK powders in different



sintering gases have not been systematically studied [1,
33]. Considering that the PEEK powders were severely
degraded after thermal ageing for 6 h and the mechan-
ical strength reached the maximum on holding for
6.25 h in previous studies, ageing times from 0 to 8 h
at the optimal T, of 330 °C in different gas atmosphere
were used in this study [23, 27]. To verify the importance
of protective gases in the high-temperature SLS of PEEK,
the physico-chemical behaviours of powders aged in air
were also investigated.

In this study, we systematically evaluated the factors of
ageing (e.g. gas type and holding time) and their
influence on the reusability of PEEK powders, and
propose a reference for reusing aged powders. The par-
ticle size distributions (PSDs), bulk density, flowability,
morphology, melting/crystallisation properties, thermal
stability, and ageing mechanism of virgin and thermally
aged PEEK powders were thoroughly investigated. Then,
single-layer films of virgin and 100 wt.% aged PEEK
powders aged under different conditions were sintered
using optimised parameters in the corresponding atmos-
phere. The results suggest that both argon and nitrogen
can effectively prevent degradation in the high-tempera-
ture SLS of virgin and aged PEEK, whereas serious degra-
dation was observed in air. Only a 2% reduction in
hardness was found in single-layer parts sintered by
powders aged in argon for 8 h, but a 7% reduction was
found even for the 4 h by powders aged in nitrogen.
Besides, the laser power should be gradually reduced
when reusing powders either ageing in nitrogen or argon.

2. Materials and methods
2.1. Materials and thermal ageing protocols

Virgin PEEK powder (PEEK 330PF, JiLin Joinature Polymer
Co., Ltd, China) was vacuum dried before the SLS process
to improve its flowability. The average particle size (Ds)
was 50 um, and the Ty of the powder was 143 °C. The
onset of the melting temperature (Tonsey) Of virgin
PEEK powders was characterised at 332 °C by DSC analy-
sis (Figure S1, supplementary material).

A simplified building chamber was used to simulate
the SLS ageing process, and the scheme for the exper-
imental setup is shown in Figure 1a. Thermal baffles
were used to construct the main structure of the
heating chamber, integrated with four 500 W infrared
lamp tubes and two ventilation ports, which could with-
stand temperatures up to 1000 °C. The powder samples
were spread in a crucible, placed in the chamber and
purged with dry gas flow of air (A), nitrogen (N), or
argon (Ar) at a rate of 5 L/min. The temperature was con-
trolled by a thermocouple inside the chamber. To avoid
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Figure 1. Scheme of (a) experimental setup of the simulating
ageing condition in SLS system and (b) observed ageing
mechanism.

powder melting and simulate the temperature in SLS,
the powder samples were heated to 330°C and main-
tained at the isothermal stage from 2~8h. The
samples were denoted x—2, x—4, and x—8, respectively,
where x=A, N, or Ar. Finally, the powder samples were
slowly cooled to room temperature under continuous
gas flow and then stored in a dry, airtight environment.

2.2. Fabrication of virgin and aged PEEK samples
by SLS

Virgin and thermally aged PEEK powders were sintered
using a self-developed SLS system with a 10 W continu-
ous wave (CW) glass fibre laser (A = 1.06 pm). Before print-
ing, dry gas was continuously injected until the chamber
was filled with the corresponding gas; then, the powder
samples were spread on the platform and heated to
330°C. The process parameters are shown in Table S1,
supplementary material. After sintering, the samples
were kept in the chamber until cooling to room tempera-
ture and, then, removed from the residual powder.

2.3. Tests and characterisation

The particle size distributions (PSDs) of the virgin and
thermally aged PEEK powders were measured using a
laser particle size analyser (Malvern Mastersizer 2000,
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UK) after ultrasonically dispersing the powders in
ethanol. The angle of repose (AOR) was measured
using a powder flowability tester (Yishite, ST-16913,
China) following the ASTM C1444 standard [34], and
the bulk density was tested following the GB/T 16913-
2008 procedure (Yishite, ST-1003, China) [35]. The mor-
phologies of PEEK particles and fabricated samples
were characterised by scanning electron microscopy
(SEM; HITACHI-SU8020 and Hitachi Regulus 8100,
Japan). All samples were sputter-coated with gold
before SEM measurement.

The thermal behaviours of the virgin and thermally
aged PEEK powders were determined by differential
scanning calorimetry (DSC; DSC250, TA instruments,
US) according to the following programme under nitro-
gen protection at a gas flow rate of 50 mL/min (GB/T
19466-20004 [36]): 25-400 °C at a heating rate of 10°C/
min (isothermal for 5 min), 400-50 °C at a cooling rate
of 10 °C/min (isothermal for 5 min); then, the tempera-
ture was raised up to 400 °C at a heating rate of 10 °C/
min. About 10 mg of each specimen was heated in an
aluminium crucible and each analysis was performed
three times. The degree of crystallinity from DSC (X,
osc)) was examined and calculated using Equation (1):

Xepsc) = (AHm/AHm(1000)) * 100% )

Here, AH,, is the melting endotherm, and AH, (100%) is
the melting enthalpy of fully crystalline PEEK (130 J/g)
[371.

Thermogravimetric analysis (TGA; TG-DSC 3+, Mettler)
was carried out to evaluate the degradation temperature
of the virgin and thermally aged PEEK powders. Samples
were heated from room temperature to 900 °C with a
heating rate of 10 °C/min under a nitrogen atmosphere.

X-ray diffraction (XRD) patterns of the virgin and ther-
mally aged PEEK powders were obtained by an X-ray
diffractometer (D8 Advance, Bruker, Germany) using
Cu-K, X-rays (A=1.5406 A generated at 40kV and
40 mA running from 26 =4 to 65° at a scanning speed
of 3°/min. The crystallite sizes and interplanar distance
were calculated according to the Scherrer equation
(Equation (2)) and Bragg’'s Law (Equation (3)), respect-
ively [2, 23, 38]. The degree of crystallinity from XRD
(Xcxrp)) Was calculated using Equation (4):

L = KA/(FWHM(26)cos6) )
d = \/2sin6 (3)
XexrD) = 2S¢/ (2Sa + 25c)* 100% (4)

Here, L is the apparent crystal thickness of the crystal-
lite perpendicular to one specific (hkl) plane [2, 28, 38],
and d is the interplanar distance, K is the Scherrer

constant (K=0.89) [39], and A refers to the X-ray wave-
length. FWHM is the full width at half-maximum width
of the diffraction peak in radians, 6 is the Bragg angle
in radians, S, is the integration of the amorphous peak
area, and Sc is the integration of the crystalline peak
area.

The Fourier transform infrared (FTIR) spectra of the
virgin and thermally aged PEEK powders were obtained
by using a spectrometer (Nicolet iS10, Thermo Fisher
Scientific Inc., US) between 4000 and 400 cm™" with a
step size of 0.48 cm™". The Vickers hardness of the fabri-
cated films was measured on planar sintered areas by an
ARTRAY digital Vickers microhardness tester at a load of
0.98 N for 15 s at room temperature. The average of nine
readings was taken for each group. The experimental
workflow is shown in Figure 2.

2.4. Statistical analyses

Statistical analyses were performed with IBM SPSS Stat-
istics 19.0 (Armonk, NY, USA) using one-way ANOVA
and Tukey’s honest significant difference (HSD) test at
a significance level of 0.05. The results are expressed as
the mean value + standard deviation.

3. Results and discussion

3.1. Improved powder spreading property for
aged PEEK powders

PEEK powders showed diverse colours after thermal
ageing under different conditions (Figure 3). Limited
changes were observed in nitrogen and argon even
after thermal ageing for 8 h, but the powders gradually
faded to yellow when thermally aged in air. Powder
characterisation, including PSDs, flowability, and bulk
density, were studied in detail to evaluate the
influence of the ageing conditions on the spreading
properties of the PEEK powders.

The PSDs of the virgin and thermally aged PEEK
powders are shown in Figure 4. The particle size of
both virgin and thermally aged PEEK powders showed
a bimodal distribution (Figure 4a-c). In particular, the
proportion of particles at the lower peak position were
gradually reduced with the increase in holding time
when thermally aged in air, whereas those at the
higher peak position were gradually concentrated
(Figure 4a). Additionally, the 100% cumulative percen-
tage of aged PEEK powders showed narrower PSDs,
where both the proportions of small and large particles
were slightly decreased in the aged powders (Figure 4d,
Table S2, supplementary material). This phenomenon
was also detected in PEEK powders thermally aged in
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nitrogen and argon (Figure 4e, f). The decrease in the
proportion of small particle sizes was caused by fusion
between small particles, whereas the decrease in large
particle sizes was caused by the melting and shrinking
of irregular edges. Narrower PSDs are expected to
enhance the powder flowability during powder spread-
ing in SLS, thus indicating the recyclability of thermally
aged PEEK powders [10].

The AOR is also an important parameter for powders
in SLS and used to evaluate the flowability of powder.
Specifically, a small angle (<40°) indicates fine flowability
[23]. As shown in Table 1, the virgin PEEK powder

presented a high AOR value larger than 43°, indicating
low ability to spread uniformly in the build platform
during powder bed fusion. Further, the AOR value sig-
nificantly decreased after ageing at 330 °C in air, nitro-
gen, and argon. The value was smaller than 40° and
further slightly decreased with holding time. The
changes in these factors suggest that the thermally
aged PEEK powders have the potential for reuse and
recycling.

Bulk density is another important evaluation par-
ameter for powders in SLS, representing the density of
uncompressed powder per unit volume. A high bulk

Figure 3. Digital photos of virgin and thermally aged PEEK powders.
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cumulative percentage.

density is necessary for the creation of defect-free
samples [26, 29]. The bulk densities of virgin and ther-
mally aged PEEK powders under different ageing con-
ditions are presented in Table 1. The average bulk
density of virgin PEEK was found to be near 0.47 g/
cm?, and it was slightly increased after thermal ageing,
where all aged groups showed bulk densities higher
than 0.51 g/cm®.

The powder spreading property showed the same
trend with respect to holding time in all three gases.
Although the powder spreading was gradually improved
with time, there were no statistically significant differ-
ences between holding times or ageing gas conditions,
and no evident variations within 2 h were observed.
On the basis of the data analysis, the changes in PSDs,
AOR and bulk density were completed within 2 h. The
minimal changes in these factors suggest that the

Table 1. Angle of repose and bulk density of virgin and
thermally aged PEEK powders.

Atmosphere Group Angle of repose (°) Bulk density (g/cm?)
- Virgin 43.14£2.95 0.4657 +0.0036
Air A2 39.67 £4.15 0.5145 + 0.0094
A4 39.19+2.76 0.5248 +0.0033
A8 39.12+£1.52 0.5149 + 0.0045
Nitrogen N2 39.44 £1.27 0.5180 + 0.0014
N4 38.63 +£1.98 0.5177 £ 0.0030
N8 3743247 0.5181 £ 0.0034
Argon Ar2 38.36+2.44 0.5174 £ 0.0071
Ard 38.28 £2.00 0.5235 +0.0042
Ar8 3717 £1.74 0.5224 +0.0037

thermally aged PEEK powders have the potential for
reuse and recycling.

3.2. Morphologies of virgin and thermally aged
PEEK powders

The morphological differences between the virgin and
thermally aged PEEK powders were observed by SEM.
The virgin PEEK powders had two typical structures: irre-
gular and non-uniform spherical structures and flakes
(Figure 5a, b). Upon further magnification, the particles
had sharp edges, where microcracks were visible inside
(Figure 5c). The powders became more regular and
uniform after thermal ageing, without any agglomera-
tion (Figure 5d-I). However, the particles still had spher-
oidized edges and corners with microcracks inside. The
distance between the microcracks decreased with
ageing time, and the surface became denser (Figures
S2-S4, supplementary material). Moreover, small flakes
adhered to the spherical structure in the aged PEEK
powders (Figure 5f, i, I). These results suggested that
melting and fusion occurred within and between par-
ticles. The surface of the powders seemed smoother
and denser after thermal ageing in nitrogen and argon
than in air (Figures S2-54, supplementary material). In
addition, there was no significant morphology differ-
ence between powders aged in nitrogen and argon.

A smooth and spherical surface helps reduce the fric-
tion between particles, increase the flowability, and
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Figure 5. Morphologies of virgin (a—-c), and aged PEEK powders in A8 (d-f), N8 (g—i), and Ar8 (j-I) with different magnifications. White
circles denote spherical structures, red denotes flakes, and arrows denote microcracks.

enhance the processability during powder spreading [37].  some conflicting results revealed by SEM. Particularly,
However, the attachment of some small flakes might  these results suggest that the flowability is affected by
increase the friction between particles and reduce  the competition and interaction between the spherical
flowability instead. Although the AOR values were  and flaky structures, and more methods should be pro-
reduced in aged PEEK powders, they did not explain posed to measure powder spreading in the future.

Table 2. Thermal information from DSC data of virgin and thermally aged powders.

Group Tc(peak) (OC) Tc(onset) (OC) 7-m(onset) (OC) Tm(peak) (OC) AHm (J/g) Xc(DSC)(%) AHc (J/g)

Virgin 293.87 +£2.40 303.57+£0.71 33207 £1.44 342.70 + 0.64 3144 +£2.44 2418 £1.87 43.07 £1.71
A2 304.50 £ 1.35 311.83+£1.89 333.32+087 343.70£0.12 30.81+0.40 23.70£0.30 43.74+1.20
A4 306.25 + 1.64 313.54+2.16 333.09+0.86 344.09+0.28 30.09+£1.72 23.15+£1.32 45.09 +£1.38
A8 306.59 +0.96 313.89 £ 1.51 332.64 £0.99 34444 +£0.48 29.84 £2.00 2295+ 1.54 47.23+£243
N2 298.15 +0.54 305.91+0.36 332.64 £ 0.06 342.78 £0.19 30.67 £2.02 2359+ 1.56 45.22 £0.25
N4 298.37 £0.44 306.59 £0.75 332.63+037 343.09+0.38 30.57£2.15 23.51+1.65 4570 +1.91
N8 303.86+0.73 311.09+0.97 33332+0.78 343.97+0.48 29.88 £2.24 2298 +£1.72 46.84£3.10
Ar2 300.26 £0.23 307.62 +0.84 332.64£0.19 343.50 £ 0.04 30.97 £ 2.14 23.82+1.65 4446 +£1.16
Ar4 301.72+0.83 30836+ 1.12 332.64 £ 0.47 343.71+£0.10 29.25 +£2.06 2250+ 1.58 45.01 £2.07
Ar8 303.81+1.57 310.75+£1.93 332.29+0.53 344.28 £0.47 28.56 = 1.67 2197 £1.29 4592 +0.92

*Tcionsety aNd Tepeak) are the onset temperature and peak temperature of crystallisation, respectively. Ty onsety aNd Tin(peak) are the onset temperature and peak
temperature of melting, respectively. AH,, and AH, are the melting enthalpy and crystallisation enthalpy, respectively. X.psc) is the degree of crystallisation
from DSC.
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3.3. Thermal properties and sintering window
analyses by DSC

The samples were analyzed using standardized heating-
cooling cycles as described in the experimental section.
Table 2 shows the results from the DSC measurements of
virgin and aged PEEK powders with crystallinity,
enthalpy, onset temperature, and peak temperature
during the melting and crystallisation processes.

The DSC curves of virgin and thermally aged PEEK
powders under different ageing conditions are shown
in Figure 6. The T peaky and Tconsery Of the virgin PEEK
powders were 293.87+240 and 303.57+0.71°C,
respectively. As the holding time increased, the crystalli-
sation temperatures (T,) shifted slightly to higher temp-
eratures  (Tcain > Tc(nitrogen) ~ Tc(argon)) (Figure 6a).
Crosslinking occurred inside the molecular chains with
the extending of holding time, resulting in molecular
weight and T, increasing. Although polymer chain
breakage occurs within samples aged in an oxygen-con-
taining atmosphere, resulting in reduced molecular
weight and T, [32, 40, 41], oxygen also found facilitating
the crosslinking within a few hours [42, 43]. Therefore,
higher T, in powders aged in air than those of in
powders aged in nitrogen and argon can be attributed
to the dynamic’s competition between crosslinking
and breakage.

The aged PEEK powders showed increased changing
in the enthalpy of crystallisation (AH.), and this further
increased with the increase in holding time in all exper-
imental atmospheres (Table 2). There was no statisti-
cally significant difference in crystallisation between
the powders aged in nitrogen and argon when held
for the same time. Further, a secondary melting
endotherm was not found in aged powders, but a
slight increase in the melting peak was observed
along with a decrease in melting enthalpy and crystal-
linity (Figure 6b, Table 2). PEEK is a semi-crystalline
polymer, where the chains between the crystalline
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and amorphous regions are braked [44]. Chain scission
and crosslinking could be observed after thermal
ageing at high-temperatures, and the amorphous
regions tended to form ordered, preferential crystals
because of crystalline reorganisation, which reduces
the molecular mobility, inhibits annealing, and further
causes decreased crystallinity [23, 24]. This suggests
that the slight increase in the melting temperature is
due to crystalline reorganisation rather than an increase
in crystallinity.

By describing crystallisation speed, the sintering
window (SW) can be used to determine the eventual
nucleation behaviour of the particles within the matrix
[26]. The results showed that the changes in Ty onsen
after thermal ageing were negligible, whereas Tonset)
gradually increased with the increase in holding time,
causing a narrower SW. A narrower SW indicates a
higher nucleation value and faster crystallisation
speed, implying that a smaller supercooling region is
required to activate crystallisation as the cooling rate
increases [45, 46]. On the one hand, the narrower SW
results in more difficulty in controlling T, which
should be set accurately with a narrow temperature
range. On the other hand, the limited changes in T,
(onset) are helpful for the temperature setting when sim-
ultaneously using virgin and reused PEEK powders.
Therefore, T, should be set close to Ty onsery Within a
minimal range of fluctuations when reusing the aged
PEEK powders.

3.4. Degradation analyses

The TGA and derivative thermogravimetric (DTG) curves
of virgin and thermally aged PEEK powders under
different ageing conditions are shown in Figure 7a and
b, respectively. The corresponding data are presented
in Table 3, including the 1% weight loss temperature
(T4), 5% weight loss temperature (Ts), 30% weight loss
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Figure 6. DSC thermograms of virgin and thermally aged PEEK powders under different ageing conditions: (a) cooling and (b) heating.
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Figure 7. (a) TGA and (b) DTG curves of virgin and thermally aged PEEK powders under different ageing conditions.

temperature (T3), and maximum decomposed ratio
temperature (Tmay)-

Because of their high heat resistance and long mol-
ecular chains, PEEK powders have high decomposition
temperatures. As shown in Table 3, the T;, Ts, T30 and
Tmax Of the virgin PEEK powders were approximately
565, 580, 600, and 596 °C, respectively. When below
565 °C, the weight loss of virgin PEEK powders was neg-
ligible, which was consistent with the DTG curve (Figure
7b). The heat resistance slightly decreased with the
increase in holding time after thermal ageing in all gas
conditions. However, the changes in the TGA and DTG
curves between virgin and thermally aged PEEK
powders were very minor and insignificant, meaning
that thermal ageing at 330 °C in air, nitrogen, or argon
up to 8 h had limited effects on the thermal resistance
of PEEK powders in SLS.

Table 3. TGA/DTG data of virgin and thermally aged PEEK
powders under different ageing conditions.

Group I, (°0) s (°0) T30 (°0) Tmax (°C)
Virgin 565.43 580.43 600.48 596.16
A2 565.28 580.23 600.48 595.96
A4 564.31 579.75 599.65 595.18
A8 563.68 579.21 599.65 595.09
N2 565.41 579.85 600.15 596.03
N4 565.01 579.71 599.93 595.41
N8 565.01 579.57 599.76 595.53
Ar2 565.34 579.65 599.67 595.29
Ar4 565.15 579.39 599.69 595.34
Ar8 564.74 579.39 599.77 595.42

*T,, Ts, and T3, refer to the 1%, 5% and 30% weight loss temperature,
respectively. To.x refers to the temperature relative to maximum
decomposition.

3.5. Changes in crystallisation

XRD provides information about the crystalline struc-
tural changes of PEEK powders before and after
thermal treatment, and the results are shown in Figure
8. The main diffraction peaks of virgin PEEK powders
were observed at 28 values of 18.74+0.03°, 20.65+
0.08°, 22.68 +0.02°, and 28.78 £ 0.03°, corresponding to
the a-crystal crystalline planes of (110), (111), (200),
and (211), respectively [20, 30, 32, 47]. Similar diffraction
peak positions were also observed in thermally aged
PEEK powders, indicating that thermal ageing did not
change the crystal structure of the PEEK powders [48].
XRD patterns with sharp peaks indicate high crystallinity,
whereas broad peaks indicate amorphous or disordered
internal structures. Sharper peaks were found in ther-
mally aged powders under the three experimental gas
types, and the intensity was slightly increased with
holding time. This suggests that the arrangement of
macromolecular chains in the crystal structure is gradu-
ally more ordered after thermal ageing, consistent with
the slight increase in T, detected by DSC [28, 32].

PEEK has an orthorhombic unit cell, and the unit cells
in the crystalline spherulites align along the spherulite
radius, whereas the polymer backbones align along
the polymer c-axis parallel to the lamellar length dimen-
sion and spherulite radius [20, 49-51]. To calculate the
volume of the orthorhombic unit cell, the cell par-
ameters were obtained using the crystalline peaks
from the XRD patterns and using Equations (5-7):

a = A/sin By (5)
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Figure 8. Diffraction patterns of virgin and thermally aged PEEK powders in (a) air, (b) argon, and (c) nitrogen. The corresponding

crystallographic planes of four major crystalline peaks are marked.

b = (4 sin6110/A> — 1/a?)~"/2 (6)
c=(45sin*0111 /A2 —1/a*> —1/b»)71/? @)

Here, A (1.5406 A) is the X-ray wavelength and 6
refers to the angular position of the (hkl) reflection [48,
52].

Table 4 lists the changes in the unit cell parameters
and the calculated crystal data of virgin and thermally
aged PEEK powders. The most significant changes in
thermally aged PEEK powders were the reduced lattice
parameter and lattice volume, indicating that macromol-
ecular chains were packed and spaced more closely. In
addition, the interplanar distance gradually decreased
with increasing holding time, likely caused by shorter
distances between phenylene ring subunits inside the
plane [32]. Thus, as thermal ageing proceeds, the
crystal structure of aged PEEK powders become more
ordered with reduced lattice volume and interplanar
spacing, consistent with previous studies [23, 32].

Both XRD and DSC can be effectively used to evaluate
the crystallinity of PEEK samples [49]. The trend of crys-
tallinity change in XRD analysis was similar to that in the
DSC curve: the crystallinity gradually decreased with
holding time when thermally aged in three gas con-
ditions. However, X, xgrpy Was higher than Xpsc
because X xrp) considers the secondary and primary
crystallites, while X psc) only refers to the melting of
the primary crystallites [49, 50].

3.6. Ageing mechanism under different gas
conditions

The results from Section 3.1 to Section 3.5 indicate that
the changes in thermally aged PEEK powders in the
three experimental gases show the same trend over
holding time. The main difference was that the SW in
air was narrower than that in nitrogen and argon,
whereas there was no significant difference between
nitrogen and argon. To evaluate the influence of

ageing conditions on PEEK powders, FTIR analysis was
used to characterise the chemical structure of virgin
and thermally aged PEEK powders. Although the DSC
and TGA/DTG curves indicate that little degradation
occurred in all thermally aged PEEK powders, the FTIR
spectra showed different behaviour (Figure 9),
suggesting that multiple methods should be used to
investigate the changes in the physico-chemical proper-
ties of polymers.

The chemical repeat unit of the PEEK polymer is
shown in Figure 9a. The intensities of the C-H stretching
vibration in benzene (3066 and 3042 cm™") gradually
decreased with the increase in holding time in air, nitro-
gen, and argon (Figure 9b), caused by the reduced inter-
planar spacing and lattice volume after thermal ageing
[32]. In addition, new absorption bands in the non-aro-
matic hydrogen carbon were found at 2916 and
2849 cm™! after thermal ageing in air, and the intensities
increased with the increase in holding time. This is likely
due to chain scission occurring in the PEEK monomers at
the applied temperature, indicating that the material
was oxidized at high-temperatures and the molecular
chains were partially broken [44, 53]. This verified that
despite the chain breakage in PEEK powders in an
oxygen-containing atmosphere, crosslinking played the
dominant role in the thermally ageing, resulting in the
increase of T, observed in the DSC curve. Interestingly,
peaks located at these wavenumbers were not found
even after ageing for 8 h in nitrogen and argon, illustrat-
ing that the molecular chain did not break at 330°C
under nitrogen or argon protection.

The absorption bands at 1253 and 1144 cm™' corre-
spond to the stretching vibrations of -C=0-C, which
were slightly decreased in aged PEEK powders, proving
that the -C = 0O-C bond stretching vibration was limited
by the ordered crystalline structure and reduced lattice
volume (Figure 9¢) [32]. The C-H absorption peaks at
835 and 860 cm™' correspond to the 1,4-disubstituted
benzene of virgin PEEK powder. Further, new C-H
wagging vibrations at 747 and 847 cm™' gradually



Table 4. Crystal values of the virgin and thermally aged PEEK powders.

Lattice parameter (A)

Group 26 (°) FWHM (9) Ly (B) d R) Lattice volume(A3) Xexrp)(%)
a b C

Virgin 18.74 +0.03 0.80 +0.01 99.03 +1.77 473 +£0.01 7.83+0.01 5.93 +0.01 10.29+0.15 478.24 +8.39 29.28 +1.40
20.65 +0.08 0.64 +0.01 124.85+2.21 430+0.02
22.68 +0.02 0.83 £0.07 97.49 +7.99 3.92+0.01
28.78 +0.03 0.74+£0.06 110.16 £8.13 3.10+0.01

A2 18.76 = 0.01 0.64 +£0.03 12459 +6.16 473 +£0.01 7.83+0.03 5.92 +0.01 10.11+0.17 469.47 + 8.80 28.28 +3.98
20.73 £0.07 0.62 +0.01 128.87 £0.59 428 +£0.02
22.68 +0.08 0.76 £0.03 105.81 +3.81 3.92+0.02
28.85+0.04 0.75+0.03 108.29 +4.88 3.09+0.01

A4 18.76 £ 0.03 0.62 +£0.03 128.14 £ 6.80 473 +£0.01 7.82+0.01 5.93 +0.01 10.11+£0.10 468.79 +3.70 25.10+2.30
20.73 £0.01 0.64 +£0.02 12441 +£3.26 4,28 +£0.01
22.74 +£0.01 0.75 £0.02 106.82 +3.35 3.91+0.01
28.80 +£0.05 0.77 £0.01 105.82 +£1.04 3.10+0.01

A8 18.76 = 0.02 0.62 +0.01 128.36 £0.93 473 £0.01 7.81+0.01 5.93+0.01 9.90 +0.03 459.14 + 1.60 2426 +1.49
20.81+0.12 0.62 +£0.02 128.09 +£3.32 4,26 +£0.01
22.74+0.03 0.75+£0.01 106.47 £ 1.64 3.91+0.01
28.83 £0.01 0.73+£0.02 110.87 £2.32 3.09+0.01

N2 18.73 £0.04 0.64 +0.01 124.41 £0.63 473 £0.01 7.84+0.01 5.94 +0.02 9.98 +0.14 464.85 +6.33 27.56 £ 4.04
20.75 +0.06 0.64 +0.01 124.66 + 2.67 4,28 £0.02
22.66 +0.01 0.79 £0.02 101.65 +3.05 3.92+0.01
28.80 +£0.07 0.76 £0.01 106.38 +£0.89 3.10+0.01

N4 18.79 £ 0.01 0.63 +0.01 125.74 £ 1.60 472 +£0.01 7.81+£0.01 5.92 +0.01 10.04 +£0.14 464.22 +5.83 2747 £1.94
20.78 £ 0.04 0.63 +£0.03 126.53 £5.43 4,27 +£0.01
22.76 £0.01 0.78 £0.01 103.38+1.18 3.90 £ 0.01
28.80 +£0.07 0.74 £0.01 10944 +£1.73 3.10+0.01

N8 18.77 £ 0.01 0.60 +£0.02 132.59 +£5.29 472 +£0.01 7.80 +0.01 5.94 +0.01 9.98 +0.11 462.54 +5.10 25.17 £2.02
20.78 £ 0.05 0.61+0.02 131.98 +4.62 4,27 +£0.01
22.77 £0.01 0.76 £ 0.04 107.82 £ 6.04 3.90 £ 0.01
28.83 £0.04 0.70+£0.04 115.88 £6.22 3.09+0.01

Ar2 18.76 = 0.02 0.63 +0.01 125.43 +£ 1.66 473 +£0.01 7.81+0.02 5.94 +0.01 10.04 +0.01 465.64 +1.91 28.22 +1.66
20.76 £ 0.02 0.63 +0.01 127.00 £ 0.44 4,28 +£0.01
22.75+0.03 0.76 £0.03 105.23 £0.59 3.91+0.01
28.82+0.13 0.71+£0.01 113.59 £ 0.84 3.09+0.01

Ard 18.73 £ 0.06 0.63 +0.01 127.12 £ 1.15 473 £0.01 7.81+0.01 5.95+0.02 10.00 £ 0.19 464.82 +6.28 28.11+£2.78
20.75+0.02 0.63 +0.01 126.05 +1.02 4,28 +£0.01
22.75+0.03 0.76 £0.01 105.03+0.73 3.91+0.01
28.82+0.13 0.74 £0.01 110.05 £ 1.49 3.09+0.01

Ar8 18.76 = 0.02 0.60 +£0.02 13333 +£4.52 472 +£0.01 7.80 +0.01 5.93+0.01 10.00 £ 0.10 462.86 +4.01 25.66 +2.63
20.79 £ 0.04 0.61+0.02 131.40£5.02 4,27 +£0.01
22.77 £0.04 0.71£0.03 112.74 £ 5.36 3.90 £ 0.01
28.77 £0.07 0.71+£0.04 11413 £ 6.94 3.10+0.01

*20 is the diffraction angle, FWHM is the full width at half-maximum, d is the interplanar distance and Ly, is the apparent crystallite size in the direction perpendicular to (hkl).
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Figure 9. (a) Chemical repeat unit of the PEEK polymer and FTIR spectra of virgin and aged PEEK powders at wavenumbers of (b)

3200-2700, (c) 1300-1100, and (d) 900-700 cm™".

increased after thermal ageing, which is a result of the
crosslinking of the macromolecular chains and sub-
sequent formation of 1,24-trisubstituted benzene
(Figure 9d) [32, 54]. Previous studies suggested that
the absorption peaks at 1711, 1410, 1253, and
1147 cm™' can be attributed to the degradation of
PEEK molecular chains [23, 32, 53]. Negligible changes
were found in the intensity and form of those signals
after thermal ageing in argon and nitrogen, proving
that both can be used as protective gases for SLS [55].

The FTIR spectra indicate that the PEEK powders did
not degrade when maintained for a long time at the
theoretical T, under argon or nitrogen. The correspond-
ing ageing mechanisms under different gases were as
follows: chain crosslinking occurred inside the molecular
chains of PEEK powder when thermally aged in air, nitro-
gen, or argon, whereas chain breakage was observed
only when thermally aged in air (Figure 1b).

3.7. Reusability demonstration of aged PEEK
powders for SLS

The virgin and thermally aged PEEK powders were sin-
tered under the corresponding ageing gas condition,
and the sintering parameters are reported in Section
2.2 and Table S1, supplementary material. First, single-
layers of virgin PEEK powders could be successfully sin-
tered at a laser power of 6 W, both in nitrogen and argon
(Figure 10a and d). However, blackening and severe
degradation were observed when sintered in air under

the same sintering parameters (Figure S5a, supplemen-
tary material). When lower powers were used to scan
the platform, the powders failed to melt. A similar
phenomenon was observed for A2, A4, and A8. As indi-
cated in the FTIR results, the PEEK powders aged in air
were partially decomposed, showing the highest
degree of ageing in three gas conditions, which made
them difficult to sinter when exposed to an oxygen-con-
taining atmosphere at 330°C; specifically, they were
either severely decomposed at higher laser power or
unmelted at lower laser power. This indicates that
PEEK powders aged in air cannot be reused and empha-
sises the importance of using a protective gas in the
high-temperature sintering of PEEK.

The DSC and XRD results showed that the crystallinity
was gradually reduced in aged PEEK powders, for which
less energy was required to fuse the powders. When
scanned using a laser power of 6 W, samples fabricated
by Ar2/N2, Ar4/N4, and Ar8/N8 (that is, under the protec-
tion of argon or nitrogen) were all blackened and
degraded. The images shown in Figures S5b-d (sup-
plementary material) are only for Ar2, Ar4, and Ar8
because the observations for N2, N4, and N8 were
similar.

Attempts to avoid blackening and degradation
involved gradually reducing the laser power; under
these conditions, single-layer films of Ar2/N2, Ar4/N4,
and Ar8/N8 (Figure 10g and j) could be sintered success-
fully at laser powers of 5.5, 5, and 4 W, respectively.
Further, smooth surfaces were detected in the sintered
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Figure 10. Single-layers and SEM images of virgin PEEK powders sintered in (a—c) argon and (d—f) nitrogen; (g—h) thermally aged Ar8
powders sintered in argon, and (i-I) thermally aged N8 powders sintered in nitrogen, respectively. Arcs indicate the crystal boundaries.

areas in both virgin and thermally aged samples (Figure
10b, e, h, k). However, at high magnifications, crystal
boundaries were clearly observed in virgin PEEK
printed samples (Figure 10c and f) but were not easy
to detect in Ar8 and N8 (Figure 10i and ). In addition,
the microdensities of Ar8 and N8 sintered samples
were lower than that of virgin PEEK powder.

Microhardness testing is an easy, cheap, and non-
destructive method for characterising the mechanical
properties of small volumes of samples and has been
used to study the performance of PEEK composites
recently [56-58]. In this study, the Vickers hardness
(HD) was used to evaluate the mechanical properties
of the single layers of sintered virgin and aged PEEK
powders prepared under different ageing conditions
(Figure 11).

Compared with that of the virgin PEEK sintered in
argon (Ar0), the HD of powders aged and sintered in
argon was slightly reduced with the increasing of
ageing time, but the changes were negligible. For
example, even after 8 h ageing in argon, the HD of the

Ar8 sintered film was 14.11 +£0.62 HV, which was 98%
of that of Ar0 (14.39 + 0.49 HV). The HD of virgin PEEK
powder sintered in nitrogen (NO) was similar to that of
Ar0, but those of N4 and N8 were reduced by 7.42%
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Figure 11. Vickers hardness of single-layer sintered samples
from virgin and thermally aged PEEK powders. ArQ refers to
the virgin PEEK powders sintered in argon, and NO refers to
the virgin PEEK powders sintered in nitrogen.
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Table 5. Recommendations for virgin and aged PEEK powder in
the SLS process.

Sintering Powder Sinterability Laser
gas type (Yes/No) SW (°C) power (W)
Argon Virgin Yes 303.57-332.07 6
Ar2 Yes 307.62-332.64 55
Ar4 Yes 308.36-332.64 5
Ar8 Yes 311.09-332.29 4
Nitrogen Virgin Yes 303.57-332.07 6
N2 Yes 305.91-332.64 55
N4 Yes 306.59-332.63 5
N8 Yes 311.09-333.32 4
Air Virgin No 303.57-332.07 /
A2 No 311.83-333.32 /
A4 No 313.54-333.09 /
A8 No 313.89-332.64 /

and 9.10%, respectively, as a result of the relatively
looser microstructure sintered in nitrogen (Figure 10I).
Although similar physico-chemical properties were
observed for the PEEK powders aged in nitrogen or
argon for the same holding time, the fabricated
samples showed lower hardness for powders aged in
nitrogen for more than 4 h, indicating that the degree
of ageing in samples sintered in nitrogen was higher
than that sintered in argon. This suggests that nitrogen
may have negative effects on the sintering process, and
argon is the preferred choice. The recommendations for
using virgin and aged PEEK powder in the SLS process
are presented in Table 5. In particular, the laser power
should be reduced when reusing aged PEEK powders.

4, Conclusion

In this work, we systematically investigated the influence
of ageing conditions on the changes in the physico-
chemical properties of PEEK powders for SLS at the
optimal powder bed temperature (330 °C) and have pro-
posed guidelines for sintering parameters when reusing
aged PEEK powders in the SLS process. The main con-
clusions are as follows:

(1) Thermally aged PEEK powders exhibit narrower
PSDs, improved flowability, enhanced bulk density,
and more regular microstructures when aged in
air, nitrogen, and argon.

(2) Chain crosslinking occurred inside the molecular
chains of PEEK powder when thermally aged in air,
nitrogen, and argon, whereas chain breakage was
found only when thermally aged in air. The crystalli-
nity, lattice volume, and sintering window gradually
decrease with the increase in holding time under the
three gas conditions.

(3) Stable hardness of single-layers sintered by reused
PEEK was obtained in powders aged 8 h in argon,

and reduced hardness was obtained after ageing
in nitrogen for 4 h. Argon is, thus, recommended
as the protective gas both for virgin and aged
PEEK powders in high-temperature SLS.

(4) A reduced laser power should be used when reusing
aged PEEK powders.

In summary, this study highlights the importance of
using argon as the protective gas in the high-tempera-
ture SLS of PEEK and proves the potential for reusability
of aged PEEK powders. Precise control of the powder
bed temperature and reduced laser power is rec-
ommended when reusing aged PEEK powders. The
assessment of multi-layers is the limitation in this work
and will be investigated in future work.
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