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Poly(ether ether ketone) (PEEK) is increasingly used in selective laser sintering (SLS) due to its superior
mechanical and thermal properties and biocompatibility. It is well known that the properties of selective
laser sintering (SLS) powder govern the processability and quality of the parts. The SLS printing process
exposes the PEEK bed/feedstock to variable elevated temperatures (above 300 °C) for a prolonged time.
The effect of this thermal history on the part quality is unknown. This work evaluates the changes that
occur in thermally treated PEEK powder through spectroscopic, morphological, and rheological character-
izations. It was found that crystallinity increased marginally within the first two hours, but particle size
and shape remained virtually unchanged. The thermal treatment also resulted in a significant increase in
the melt viscosity of the PEEK powder, and its flowability slightly improved. Understanding these changes

could help to reduce waste through recycling of some portion of PEEK powders used in SLS printing.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

3D printing or additive manufacturing (AM) was developed in
the 1980s by Charles Hull [1]. This technique has provided flexi-
bility to use a broad range of materials for many end-use appli-
cations, for example, electronics [2], medical devices, automobile
parts, and aerospace. This process leads to a fast, customizable,
and cost-effective production [3]. Stereolithography (SLA), selective
laser sintering (SLS), and fused filament fabrication (FFF) are three
main AM technologies for plastic part manufacturing and fabri-
cation. SLA requires light-activated polymers to prepare the lay-
ers of a part and an UV energy source to cure it. [4]. SLS is a
powder-based technique, where a bed of thermoplastic powder is
deposited on the platform, and subsequent tracing of the powder is
conducted by a heat source (e.g., carbon dioxide laser) to melt and
fuse the powder under controlled conditions [5-7]. The SLS process
was developed to solve the limitations of other AM techniques but
its high-cost instrumentation and waste of powder feedstock are
still challenges for commercialization. The most common materials
used in SLS are polyamide (PA-11, PA-12), poly(ethylene terephtha-
late) (PET), and poly(ether ether ketone) (PEEK), for SLS.
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PEEK is a semi-crystalline thermoplastic that is well known
for its outstanding thermal, chemical, and mechanical properties;
it is also resistant to chemicals, oxidation, and radiation [8,9].
PEEK (Fig. 1) properties vary according to molecular structure and
molecular weight distribution [10]. The crystalline portion of the
polymer mainly determines the mechanical, thermal, and rheo-
logical properties of the end products; higher crystalline fraction
provides a broader melting temperature range, higher modulus,
and strength with lower toughness and flexibility [11]. PEEK is
most suitable for high-performance applications including aircraft
and automobile parts such as bearings, pistons, and pumps. It has
also found use in biomedical devices such as orthopedic implants
[12,13]. PEEK has a comparatively high melt temperature (343 °C)
and high viscosity at moderate temperatures; thus, it is difficult
to process PEEK through other methods [14,15]. Inherent mate-
rial properties like particle size distribution, crystallinity, powder
flowability, melting temperature, and melt viscosity affect the fi-
nal part quality, and process parameters such as raster rate and
path, laser power, and ambient bed temperature also play impor-
tant roles during SLS processing [16,17].

In powder bed SLS, poor flowability leads to inhomogeneous
and uneven layers, which results in porous and weak parts [18,19].
Flowability is dictated by various factors: powder properties (par-
ticle shape, size, and its distribution [PSD], surface features), en-
vironmental constraints (relative humidity, temperature), and test
method adopted [20,21]. Build layer thickness in SLS should be
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Fig. 1. Chemical structure of poly(ether ether ketone) (PEEK) polymer.

maintained at a minimum of two times the average particle size
(um) [18]. Chung and Das [22] asserted the preferred range of
particle size range to be 10-150 wum. Particle size is also known
to control laser penetration depth during SLS [23]. Berretta et al.
[24] examined morphology, inter-particle interactions, and flowa-
bility of new commercially available PEEK powders. PEEK 450PF
(Victrex®) was found to be the least spherical, with angle of repose
(AOR) of 52.8° for neat powder suggesting poor flowability, which
was marginally improved using particulate fillers such as calcium
carbonate (CaCO3); a 70:30 mixture of 450PF/ CaCO3 exhibited bet-
ter flowability with measured AOR of 48.2°.

Jonas and Legras [25] investigated the degradation phenomenon
and induced crystallization behavior in PEEK. The three aro-
matic/phenyl rings present in the structure can be converted into
aliphatic/linear chains to some degree by a ring-opening mecha-
nism [26]. The presence of linear chain segments eventually de-
creases thermal stability or reduces the melting point of PEEK
[27]. PEEK’s thermal decomposition mainly starts with random ho-
molytic scission of ether or carbonyl bonds. The atmospheric com-
position (i.e., presence of oxygen) also changes the decomposition
rate of PEEK, which usually starts around 500 °C. Oxidative degra-
dation products include carbon monoxide (CO), carbon dioxide
(CO,), phenols, and some aromatic ethers [28]. Thermal degrada-
tion of PEEK has been studied using step pyrolysis (in the absence
of oxygen), which shows selective cleavage of polymer chains by
the extraction of 4-phenoxyphenol and 1,4-diphenoxybenzene at
450 °C [29].

Oxidation of PEEK is known to occur on the hydrocarbon groups
present in the aromatic rings, as determined using Fourier trans-
form infrared spectroscopy (FTIR) [25]. Above 400 °C, oxidation
is a result of the splitting of ether ketone bonds present in the
monomer unit [25,28,30-32]. FTIR has also been used to follow the
decrease of the ketone peak at 1653cm~! and formation of several
degradation products such as phenols (3400 to 3700cm~!), phenyl
benzoate (1739 cm~!), fluorenone (1711 cm~1) [25,28,32]. PEEK is
also known to undergo degradation predominately due to chain
scission between 300 and 485 °C [28,30,31,33]. The mechanism of
crosslinking is reported to be from the bimolecular recombination
of phenyl radicals.

The rheological behavior of SLS polymers such as polyamide
and PEEK is known to influence powder fusion and coalescence
[34-36]. The sintering process of powder-based materials was de-
scribed by a viscous model deduced by Frenkel [37]. Eq. (1) relates
process parameters with powder properties such as surface tension
and melt viscosity [34]:

- ) e (1)
27]01‘

In Eq. (1) x represents the particle coalescence length relative
to particle radius (r), y is the surface tension (N/m), no the zero-
shear viscosity and ¢ is the sintering time (seconds). For constant
particle radius and viscosity, the model is valid at early sintering
stages and low shear rates [36,38]. Early research has suggested
Newtonian behavior of the melt during the SLS process [38]. Belle-
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humer et al. [39] recognized the influence of extensional viscosity
in the sintering process.

The laser sintering process is known to induce chain extensions
in polyamides leading to molecular weight growth [40]. Thermal
aging causes similar rheological changes as seen with photodegra-
dation [41]. Yan et al. [33] investigated the time-dependent behav-
ior of PEEK and CF/PEEK composites. An increase in zero-shear vis-
cosity was associated with the post-condensation phenomenon oc-
curring in the matrix at a temperature above Tp,.

In a typical SLS print only a fraction of the total powder in the
bed is incorporated into the final part and the rest ends up as pow-
der waste, which is a drawback of this technique [39]. During SLS,
the polymer powder experiences prolonged exposure to high tem-
peratures (typically just under its melting temperature). The light
transmittance of the powder governs the laser energy distribution.
Tian et al. [34] considered both thermal and optical properties of
neat polyamide (PA), PA/NaCl, and PA/carbon fiber (CF) compos-
ites to simulate the temperature distribution of the powder bed.
Similar simulation studies were conducted of PEEK and PEEK/CF
powders [33]. The temperature distribution for neat PEEK powder
along the melting zone in the z-direction ranged from 350 °C to
436.17 °C and 330 °C to 350 °C within the high and low coales-
cence rate regions, respectively. The melting depth was reported to
be 225 pum at a laser power of 10.9 W. Furthermore, the rest of
the powder bed was reported to be above 300 °C. These extreme
processing conditions can change the inherent chemical and phys-
ical properties of the polymer powder as described above. In early
PEEK recyclability studies, concentrated sulfuric acid was used to
recover the matrix from carbon fiber (APC-2) reinforced PEEK [42].
Differential scanning calorimetry (DSC) results indicated impurities
present in the reclaimed matrix. Day et al. [43] observed no signif-
icant decline in viscosity average molecular weight of PEEK even
after repeated injection molding cycles.

The unknown thermal history can lead to issues such as the
higher amount of waste, delay in production, increased total pro-
duction costs, and customer dissatisfaction. In some cases, the non-
sintered (waste) powder can be reused in the same application by
reprocessing it with some amount of fresh powder to avoid varia-
tion in part quality, shrinkage, and rough surface texture. To max-
imize the amount of powder that can be recycled, it is critical to
understand the effects of temperature and heating time on PEEK
powder properties and resulting behavior during the SLS process.
To the best of our knowledge, no prior research on the recyclabil-
ity of PEEK powders is available. The main objective of this study
is to quantify changes occurring to PEEK powders during the SLS
process and to predict its recyclability and processability.

2. Materials and methods
2.1. Powder details

The thermoplastic matrix selected for this study was PEEK
450PF, supplied by Victrex® plc [40]. The average particle size
(Dsg) and glass transition temperature of the powder were 50 um
and 143 °C, respectively. The manufacturer recommends drying at
120 °C for 5 h before the SLS process. To preserve the thermal his-
tory, annealed powders were characterized without pre-drying.

2.2. Thermal aging protocol

Aging was performed in batches of several hundred grams. The
powder was spread in a rectangular glass pan and placed in a
muffle furnace under an air atmosphere. To replicate the SLS pro-
cess, aging was conducted at 330 °C and 340 °C from 2 to 12 h
in 2 h increments. Fig. 2 shows the visual comparison between
neat and 12 h aged PEEK powders. The aging temperatures were



ARTICLE IN PRESS

JID: PDST

A. Patel, V. Venoor, E. Yang et al.

mbG;February 7, 2021;13:6

Polymer Degradation and Stability xxx (xXxx) Xxx

Fig. 2. Unannealed (left); 12hours annealed PEEK powder (right).

selected based on numerical heat transfer simulations conducted
by researchers on SLS powder beds, specifically PEEK [33].

2.3. Particle sphericity and scanning electron microscopy (SEM)

Particle morphology analysis was conducted using a Microtrac
Camsizer particle analyzer (York, PA). The unannealed powder was
not measured because it would not flow freely into the measure-
ment chamber.

Microscopy was conducted using scanning electron microscopy
(SEM) on a TeneoLVSEM; samples were sputter-coated with ~3 nm
of gold coating to reduce surface charging. Microscopy was per-
formed to investigate the microstructure of powder before and af-
ter annealing.

2.4. Differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA)

Differential scanning calorimetry (DSC), TA Instruments, Discov-
ery series), and thermogravimetric analysis (TGA), TA Instruments,
Discovery series) were used to characterize glass transition tem-
perature (Tg), melting temperature (Tr,), and degradation charac-
teristics of PEEK. All measurements were performed under a nitro-
gen atmosphere. A heat, cool, and heat procedure was incorporated
according to ASTM D3418 for DSC: ramp to 400 °C at 20 °C/min,
isotherm at 400 °C for 2 min, cool to 0 °C at 20 °C/min, isotherm
for 2 min, ramp to 400 °C at 20 °C/min. Percent crystallinity (%X)
was calculated from the melting endotherms using Eq (2):

(AHp)

BX =
AHg100%)

x 100% (2)

Here AHggoy) is the melting enthalpy of 100% crystalline
PEEK: 130 Jg~! [44]. TGA was carried out under air environment.
Samples were heated at a ramp rate of 10 °C/min, from 0 °C to 995
°C in synthetic air (20% 0,/80% N,). Initial weight loss at 100 °C
was attributed to the loss of moisture or water. The onset tempera-
ture was defined as the intersection point of the extrapolated base-
line and the tangent of the inflection point. Measurements were
repeated a total of three times for each sample.

2.5. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) FTIR spectra of the powders
were measured with a Nicolet iS650 FTIR Spectrometer using ATR
(attenuated total reflectance) mode in the wavenumber range 400
to 4000cm~! with a resolution of 4 cm~! and averaging 64 scans.

Measurements were performed using PEEK powders, and the re-
sults were an average of three measurements.

2.6. X-ray diffraction (XRD)

X-ray diffraction (XRD) was used to characterize the crystalline
properties of various PEEK samples, including the effects of process
aging on material crystalline ratios and crystal sizes. XRD was per-
formed using a D2 Phaser diffractometer (Bruker, Germany) with
CuKa radiation (A =1.54060 A) on PEEK samples (including new
powders, powders aged at 330 °C with different aging time, and
powders aged at 340 °C with different aging time). Sample crys-
talline ratios were obtained directly from analyzing the XRD pat-
terns with distinguished crystalline region and amorphous region.
Sample crystallite sizes were calculated according to the Scher-
rer equation (Eq. (3)). L is the crystal size, nm. K is the Scher-
rer constant. A is the X-ray wavelength. FW(26) is the width of
the diffraction peak in radians, at a height half-way between back-
ground and the peak maximum. 6 is the Bragg angle.

KA

L= FW (26)cos6

3)
2.7. Small-angle oscillatory shear (SAOS) rheology

Parallel plate melt rheology was conducted on an ARES-G2
rheometer (TA instruments, New Castle, DE) with 8 mm stainless
steel plates. disk samples were compression molded from PEEK
powders that were vacuum dried at 120 °C for 5 h. Frequency
sweeps were performed at 380 °C over 0.1-100 rad/s using a 5%
strain (previously determined to be within the linear viscoelastic
region). Each sample was equilibrated for 30 s before the gap was
set to the testing position (approximately 1.2 mm) or until the
top plate contacted the top surface of the sample. Complex vis-
cosity (Pa.s) was measured within the frequency range of 0.1 to
100 rad/sec.

2.8. Angle of repose (AOR)

Prediction of performance during processing was investigated
using powder flow tester and SLS printing trials. The angle of
repose testing was performed using a powder flowability tester
(Gardco, Inc.) following ASTM D6393.

3. Results and discussion

Observations on the morphology, chemical, thermal, and rheo-
logical changes provided most of the experimental evidence in this
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Fig. 3. SEM images for PEEK (a), (b) virgin powder, (c), (d) aging conducted at 330 °C, 2 h, (e), (f) aging conducted at 330 °C, 6 h, (g), (h) aging conducted at 330 °C, 12 h.
SEM images on the left are of lower magnification, and images on the right are of higher magnification.



JID: PDST

A. Patel, V. Venoor, F. Yang et al.

100 —
—a—2 hours PEEK powders aged at 330 °C ﬁfffw
- —e—4 hours M{r"
20 —&—86 hours v

—w»—8 hours

/
| —e—10hours .
—4—12 hours /
60 L

Cumulative percentage/%

| /

20 |

[ N L ] . 1 L 1 . | L ]
0 20 40 60 80 100 120 140

Diameter/um

Fig. 4. Particle size distribution for virgin PEEK and aged PEEK between 2 and 12 h.

study. It should be noted that molecular weight was not directly
measured in this study, which would be helpful for understanding
the nature of chemical changes.

3.1. Physical characteristics and morphology of peek powder

Considering both the temperature distribution reported in liter-
ature and sintering time for PEEK, study of thermal aging at 330
°C and 340 °C was conducted for two-hour intervals up to a cu-
mulative 24 h. As shown in Fig. 2, the powders became slightly
yellowed after this period of thermal annealing.

The particle morphology of virgin and aged PEEK powders at
lower (left) and higher (right) magnifications are shown in Fig. 3.
The morphology of virgin PEEK 450 PF appears irregular with
the presence of fibrillated structures on the surface. This irregu-
lar shape is known to induce inter-particle friction inhibiting the
flow properties of the powder. As shown in Fig. 3(c) to (h), after
annealing, no substantive changes in the particle surface or mor-
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Table 1
Sphericity values for virgin and aged powders.

Percentage of particle sphericity
from 0.85 to 1.0%

Percentage increase
from 2 to 12 h

330°C2h 43% 3.66+1.2%
330°C4h 45%
330°C6h 45%
330°C8h 46%
330°C10h 46%
330°C12h 47%

phology could be observed. Results shown here are only for 330
°C because the observations for powders annealed at 340 °C were
similar.

The sphericity of a particle is one of the fundamental physi-
cal characteristics of the powder. Powder size and shape analysis
were conducted on samples annealed up to 12 h for 330 °C an-
nealing; sphericity measurements on the annealed powders were
repeated three times and the average and standard deviation of the
percent increase from 2 to 12 h was calculated. Table 1 shows that
the sphericity values for PEEK 450 PF powder increase slightly, but
with statistical significance.

Both aged and unaged PEEK powders exhibit similar PSD, as
shown in Fig. 4. The cumulative percentage of particles at a given
diameter was not shown to change for any of the times or temper-
atures. Repeats of the PSD measurements did not reveal any sig-
nificant trend in the PSD over isothermal aging of the powders at
330 °C or 340 °C.

3.2. Melt rheology

Eq. (1) suggests the powder coalescence rates are inversely re-
lated to zero-shear viscosity of the matrix. As for most thermo-
plastics, neat and aged PEEK portray shear thinning behavior. To
understand the real-time behavior of the SLS powders, we per-
formed viscosity measurements at low shear rates; the complex
viscosity at a frequency of 0.1 rad/s is estimated as zero-shear vis-
cosity in this study. From Fig. 5(a), the difference in flow behav-
ior between virgin and aged PEEK is noticeable. Both aged samples
show steeper shear thinning than the virgin PEEK. The 12 hour

() 10° T T E

10° 4

10 <

G'and G" (Pa)

Neat PEEK G'
Neat PEEK G"

10° o Aged at 340°C for 6hours G

Aged at 340°C for 6hours G"
Aged at 330°C for 12hours G' 1
Aged at 330°C for 12hours G' 1
10° : . .
0.1 | 10 100

o (rad/s)

nmemen

Fig. 5. variation of (a) complex viscosity, and (b) storage (G’), loss modulus (G") with the increase in oscillatory frequency at 380 °C.
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Fig. 6. Time-dependent behavior of viscoelastic parameters (storage (G') and loss
(G”) modulus) for neat and aged PEEK at 10 rad/s and 380 °C.

aged sample shows higher viscosity throughout the entire low-
frequency regime. The aged samples also have a higher storage
modulus with less dependence on frequency, indicating more elas-
ticity compared to the untreated PEEK. The crossover of the stor-
age and loss modulus (Fig. 5(b)) occurs at lower frequency for both
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aged samples, indicating formation of network-like structure due
to higher molecular weight or increased branching.

In Fig. 6, the increase in complex viscosity with time was as-
sociated with the post-condensation phenomenon occurring in the
melt at a temperature above Ty, (360 °C). This increase with time
could also be responsible for the slight maximum observed at low
frequency during the frequency sweep shown in Fig. 5; the data
points in the first frequency decade take around ten minutes to
collect, while the entire test only takes about 12 min.

3.3. FTIR

The carbonyl group (C = O) peak within the regime 1540-1870
cm~! was not affected under aging conditions, suggesting the ab-
sence of chemical degradation in PEEK powders (Fig. 7). Hydroxyl
group (-OH) absorption at (2800-3700cm~!) may broaden with
the aging of PEEK powder, which is also insignificant at the 330 °C
aging condition. Similar observations were made for the powders
at 340 °C. Previous research on PEEK fibers suggested significant
growth in the C = O peak affiliated with carboxylic acids (specifi-
cally around 1740 cm~!) with long term aging from 1 to 128 days
at 250 °C [27]. As shown in the insets of Fig. 7 (bottom right), the
FTIR spectra did not indicate chemical changes to either the -OH
peak or the carbonyl peak.

3.4. Thermal analysis: dsc and tga

Annealing studies on PEEK have previously demonstrated in-
creased crystallinity and Young’s modulus [27]. However, crosslink-

0.006
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Fig. 7. FTIR spectra, hydroxyl region (top right), and carbonyl (bottom right), and for neat and aged PEEK. Black dashed box shows the specific peak regions where changes

to -OH and C = O could be expected.
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Fig. 8. DSC thermograms for neat and thermally aged PEEK powders during the first heating cycle (a) 330 °C, (b) 340 °C.
Table 2
Glass transition, melting temperature, and crystallinity data for neat and aged PEEK.
Sample Name Tg; ( °C) Tg, ( °C) Tm;-Peak( °C)  Tmy-Peak ( °C)  Tm;-Onset( °C)  Tmy-onset ( °C) %X %Xa
Neat PEEK 149.60+ 2.1 151.91+£2.12 339.27+.35 339.96+0.40 325.58+9.40 331.11+7.93 47.83+£5.77 30.15+2.00
PEEK Aged 330 °C 2hrs 149.07+3.8 149.70+0.27 343.60+6.59 340.29+0.20 335.55+8.45 326.56+0.21 51.03+2.90 31.29+.89
PEEK Aged 330 °C 4hrs 144.50+1.1 149.84+0.71 338.40+0.43 340.59+.51 324.23+4.15 329.30+4.81 57.41+2.62 32.94+0.84
PEEK Aged 330 °C 12hrs 146.64+2.60 150.18+0.16 344.944+5.29 340.62+0.06 336.95+6.91 326.63+0.91 53.44+2.01 32.56+1.16
Sample Name Tg; ( °C) Tg, ( °C) Tmi-Peak( °C)  Tmj-Peak ( °C)  Tm;-Onset( °C)  Tmj-onset ( °C)  %X; %Xy
PEEK Aged 340 °C 2hrs 145.82+1.5 151.10£1.15 340.81+5.69 340.37+0.73 331.38+8.11 328.39+3.20 52.46+4.72 32.17+0.79
PEEK Aged 340 °C 6hrs 149.16+0.9 149.87+0.81 349.09+4.84 340.45+0.23 341.49+5.86 326.37+2.30 50.86+1.38 33.19+2.44
PEEK Aged 340 °C 12hrs 141.91+1.6 150.44+0.68 349.89+1.37 339.88+1.25 342.88+1.54 326.23+0.93 52.33+1.35 32.09+0.87

NOTE: Subscript 1 and 2 refer to the first and second heating cycles, respectively.

ing occurring in the matrix at temperatures above 290 °C reduced
molecular mobility, thus inhibiting annealing and further causing
decreased crystallinity and Young’s modulus. DSC thermograms of
the first heating cycle for virgin and annealed PEEK are shown in
Fig. 8. A secondary melting endotherm appears at a higher tem-
perature than the main melting peak, especially clear in the 4 and
6 hour aged samples at 340 °C. With the thermal history being
eliminated under the second heating cycle, no trace of the sec-
ondary endothermic peak was observed for PEEK at the aging tem-
peratures (not shown). Percent crystallinity (%X) was determined
from the melting endotherms for both the first and second heat
using Eq (2).

Table 2 shows the thermal characteristics of neat PEEK and the
effect of aging. The melting point of the neat polymer is observed
to be 329 °C, and the aging of the powders has no recordable ef-
fect on the T, suggesting the absence of any bulk degradation
of the polymer matrix. Also, no noteworthy trend in Ty was ob-
served, indicating limited changes to molecular architecture such
as crosslinking occurring during isothermal aging. A slight increase
in crystallinity measured from the first heat was observed, though
it was barely statistically significant beyond sample-to-sample vari-
ation.

It has been previously reported that thermal aging of PEEK re-
duces its thermal stability [27]. However, the thermal stability of
PEEK powders aged from 2 to 6 h was similar to neat PEEK (Figs. 9

and 10). PEEK aged for 2 h showed slightly faster first and second
stage decomposition rates compared to others (Figs. 9 and 10(b)
and (c)), which could not be explained within the context of this
study. Repeated TGA tests were conducted to try to determine the
reason for faster degradation of the 2-hour sample. The variability
in the data across different samples from the same annealing batch
conditions showed that this slight early weight loss was repeatable
but very minor.

3.5. X-ray diffraction

All the specimens were analyzed for crystallinity using X-ray
diffraction to confirm the trends shown by DSC. The percent crys-
tallinity deduced from XRD in Fig. 10 shows an apparent in-
crease for all PEEK powders annealed for as little as one hour.
The% crystallinity values presented are from fits to the amorphous
and crystalline peaks, represented in the diffractogram shown in
Fig. 10(a). The growth in crystallinity appears to continue for the
first several hours of annealing at 330 °C, but repeated measure-
ments reveal that they are within experimental error. After two
hours of annealing, an average equilibrium value of 35.7 + 0.6%
is reached. The annealing at 340 °C increases the PEEK crys-
tallinity a similar amount, and the process is complete after two
hours. The crystal size data in Fig. 10(c) show a more system-
atic increase, typical for semi-crystalline polymers that can re-
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Fig. 9. (a) TGA thermograms for neat and thermally aged (at 340 °C) PEEK powders; (b) first decomposition region; (b) second decomposition region. The trends of weight

loss with temperature were similar for powders aged at 330 °C.

Table 3

Angle of repose measurements for neat and aged PEEK powders.

Sample Name

The angle of repose (degrees)

Comment

Virgin PEEK-dried 50.87+0.24
PEEK Aged @ 330 °C 4hrs  48.65+0.18
PEEK Aged @ 330 °C 8hrs  49.20+0.09

Poor- must agitate, vibrate

organize into larger and more perfect crystals under annealing
conditions.

3.6. Angle of repose

From the observation during particle size analysis that the neat
powders did not flow smoothly, powder flowability was tested us-
ing ASTM D6393, a standard test method for bulk solids charac-
terization by Carr Indices. This method requires a special appara-
tus that consists of a steel funnel, a tapping or stirring device, and
a flat platform from which one measures the sloping angle that
the powder makes after flowing from the funnel to the platform
(Fig. 10).

The angle of repose of SLS powders were determined using

Eq. (4):
6= tan1( )

The standard states that if the powder mound forms an angle
lower than 40°, the powder will likely move without assistance in
processes requiring free flow. Angles larger than 46° are considered
poor flowability, and assistance such as vibration will be required
for powder transport. As shown in Table 3, the Angle of Repose test
gave angles in the “poor” regime for all powders in this study, as
received and annealed. The value slightly decreases for annealed
powders, but this is not a large enough difference to explain the

Height of cone (mm)
50 mm

(4)
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Fig. 11. (left) Steepest angle made by the SLS powder with the horizontal plane;
(right) Gardco angle of repose apparatus.

difference seen in the particle size analyzer. Further investigation is
required to justify that this difference would result in any changes
for the SLS process, where a spreader bar is used to distribute
each layer of powder. Additional testing is recommended (e.g., Ring
Shear Cell, ASTM D6773) determine if spreadability would be af-
fected.

4. Conclusion

This work investigated the changes in several thermophysical
properties of PEEK powders used in SLS to understand the influ-
ence of powder bed environmental conditions on powder aging. No
specific chemical changes such as oxidation were observed using
FTIR, though rheological results indicated molecular weight growth
or branching occurred. While morphological observations of the
powder’s shape, size and surface did not indicate significant dif-
ferences upon thermal aging, rheological, scattering and thermal
measurements indicated that in the most significant changes in
the polymer were to molecular weight and crystalline structure.
The crystallinity increase, while modest, could have significant ef-
fects on the sintering behavior if less amorphous material is avail-
able to diffuse among adjacent particles. The increased zero-shear
viscosity and elasticity are predicted to slow the sintering process
for PEEK powder that has been thermally aged. The rheological
findings shown herein could be combined with Eq. (1) to modify
SLS process parameters to consider the slower sintering of recy-
cled PEEK power, or to incorporate enough virgin powder to coun-
teract the behavior. The flowability of the powder did increase af-
ter annealing (as evidenced by the particle size measurement dif-
ficulty before annealing), but the angle of repose test method did
not prove sensitive enough to distinguish this behavior quantita-
tively. This materials study will be complemented in future work
with SLS test prints and evaluation of mechanical properties to link
changes to part quality with the thermal history of the powder.
The combination of structure, property and processing characteri-
zations presented here will be useful in creating a roadmap for in-
corporation of recycled PEEK powder in SLS processes, which will
eliminate waste and save cost.
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