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The feasibility of using FSC for fiber-filled polymer composites is questionable since the typical FSC sample
thickness is comparable to the fiber diameter. In this study, X-ray computed tomography (XCT) with an ultra-
high-resolution was performed to reconstruct the interior structure of poly(ether ether) ketone (PEEK) com-
posite pellets. Using reconstructed 3D XCT matrices of PEEK resin, glass fibers, and voids, PEEK pellets sliced
with different directions and sampling frequencies were analyzed to mimic FSC sample preparation. For the

sample thicknesses less than 50 pm, PEEK samples sliced perpendicular to the fiber flow direction had good filler
homogeneity and always had a lower coefficient of variation than pellets sliced along the fiber flow direction.
This conclusion is later supported by the isothermal crystallization kinetics of PEEK and its composites inves-
tigated by differential scanning calorimetry and fast scanning calorimetry over a wide temperature range rele-

vant to processing.

1. Introduction

Poly(ether ether ketone) (PEEK) is a high-performance thermoplastic
with many promising properties. Due to its rigid aromatic structures in
the repeating unit, PEEK has a higher glass transition temperature,
melting temperature, and degradation temperature compared to most
commodity plastics and engineering plastics [1]. Besides that, PEEK is
well-known for its excellent modulus, toughness, and chemical and wear
resistance [2]. These superior properties allow PEEK to be used in
advanced engineering applications that require long-term reliable per-
formance, including aerospace, electrical & electronics, automotive,
defense, medical, etc. Incorporating other materials, such as glass fiber
and carbon fiber, has been done widely in commercial PEEK grades to
economically enhance the mechanical strengths of PEEK further.
Fiber-reinforced PEEK offers a greatly reduced expansion rate and
higher bending modulus and has been considered one of the most
promising and fastest-growing engineering materials [3].

Like other thermoplastics, PEEK’s thermal and mechanical proper-
ties are highly dependent on the degree of crystallinity and micro-
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morphology [4,5]. The crystallization of PEEK neat resin has been sys-
tematically investigated by differential scanning calorimetry [6-10].
Kinetics models have been developed to describe and predict the crys-
tallization of PEEK under isothermal and non-isothermal conditions [7,
8]. Due to limitations of the low cooling rate of conventional differential
scanning calorimetry (DSC) and hot stage, those studies were mainly
conducted at high crystallization temperatures or with low cooling rates.
With the advent of fast scanning calorimetry (FSC), crystallization of
thermoplastics [1,11-17], including PEEK, at low crystallization tem-
perature and fast cooling rates can be followed. Seo et al. have suc-
cessfully described the isothermal crystallization of three different
molecular weight PEEK commercial grades with the Hoffman-Lauritzen
crystallization model [1].

For fiber-reinforced PEEK composites, most of the published works
focused on crystallization at high crystallization temperatures [18-21].
Fibers may have different roles in affecting the crystallization of PEEK.
In most cases, carbon fibers provide a nucleating surface to accelerate
the crystallization of PEEK via transcrystallization, where the fiber
surface is an effective nucleating site for the resin matrix and
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Fig. 1. Temperature-time protocol used for (a) melting-crystallization-remelting in the DSC, (b) isothermal crystallization in the DSC, (c) isothermal crystallization
for direct peak time measurement in the FSC and (d) isothermal crystallization with various predefined crystallization times in the FSC, followed by measuring the

melting endotherm at 500 K/s (the indirect method).
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Fig. 2. TGA comparison of PEEK, 15 wt% and 30 wt% glass-fiber-filled PEEK
450 G, each at a heating rate of 20 K/min. In each scan, the gas was switched
from N, to air at 600 °C.

impingement between neighboring nuclei forces the crystallization to
grow normal to the fiber surface [18,22]. Chen and Hsiao attributed the
occurrence of transcrystalline interphase in PEEK composites to an
epitaxial effect [22]. For glass-fiber reinforced PEEK, observation varies
with the surface treatments of glass fiber or commercial PEEK grades.

Poly(p-phenylene terephthalamide) (PPDT)-coated glass fiber rein-
forced PEEK was found to have transcrystallization [22], while for some
commercially available grades, PEEK with glass fiber exhibits slower
crystallization kinetics compared to neat resin [19-21]. Regardless,
those works suggest that the kinetics model of PEEK neat resin cannot be
directly used for predicting the processing and performances of PEEK
composites. Although FSC has achieved great success in characterizing
neat thermoplastic resins, no work has been done previously on char-
acterizing fiber-filled composites to the best of the authors’ knowledge.
One possibility is that the reproducibility of this technique in investi-
gating composites is unproven due to the small sample size. The typical
sample thickness required for FSC is less than 20 um for sufficient
cooling and heating but is comparable to the fiber diameter, which may
lead to filler inhomogeneity in test specimens. Thus, sample preparation
needs to be performed with particular attention when using FSC.
Furthermore, a systematic investigation of how FSC preparation affects
the results is highly desired.

This work studied neat PEEK resin and two commercially available
glass fiber-filled PEEK composites, PEEK with 15 wt% and 30 wt% glass
fiber. Bulk properties, including glass fiber content, melting, and crys-
tallization properties, were characterized using thermogravimetric
analysis (TGA) and DSC. The interior structure of PEEK composites, such
as volume fractions of each component, glass fiber parameters, and glass
fiber dispersion within PEEK composites, were investigated using X-ray
computed tomography (XCT) to follow the inhomogeneity within the
composites. XCT is a non-destructive technology that allows accurate
interior image reconstruction within solid objects. Given the high spatial
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Fig. 3. (a) DSC melting and crystallization curves (exo up) of neat PEEK, PEEK-15GF, and PEEK-30GF using 20 K/min cooling and heating rates. Impact of glass fiber
content on (b) specific heat of fusion, (c) specific heat of crystallization, (d) melting temperature, and (e) crystallization peak temperature of PEEK composites with
different sample masses. Linear regression lines calculated using data from all mass categories of all grades are added in (b) (c), and (e).

resolution and ability to precisely differentiate multiple phases, XCT has
been widely used for fiber-reinforced polymer or other anisotropic
materials [23]. Additionally, software such as Avizo and MATLAB
enable us to better visualize, manipulate and understand the XCT data.
Using reconstructed XCT data, PEEK samples sliced with different di-
rections and frequencies were analyzed to mimic FSC sample prepara-
tion. XCT results were validated later by isothermal crystallization of
PEEK and its composites using FSC. Lastly, the application of different
thermal analyses was confirmed to be feasible in determining the

kinetics of composite materials such as PEEK with glass fiber.
2. Experimental section
2.1. Materials and preparation
Commercial grade VICTREX PEEK 450G neat resin, VICTREX PEEK

450G with 15 wt% glass fiber (PEEK-15GF), and VICTREX PEEK 450G
with 30 wt% glass fiber (PEEK-30GF) were used for the study of PEEK
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Fig. 4. (a) 560 x 560 x 560 um3 cube selected within XCT reconstructed PEEK-15GF pellet (b) Segmentation of PEEK (yellow), glass fibers (white), voids (blue) (c)

matrix of PEEK (d) matrix of glass fibers and voids.

composites crystallization. PEEK 450G neat resin is an injection molding
and extrusion grade with a melt flow index of 0.85 g/min at 380 °C
utilizing a 5 kg gravimetric weight. The number-average molecular
weight (Mn = 12,800 g/mol), and polydispersity index (Mw/Mn = 2.9)
were measured in a previous publication [1].

2.2. Measurements

Thermogravimetric analysis (TGA) TGA analyses were conducted on a
TA SDT Q600 at a heating rate of 20 K/min. A total of five measurements
per grade were performed to obtain a mean value and standard devia-
tion. The temperature was scanned from 30 °C to 600 °C under nitrogen
gas. Above 600 °C till 950 °C, nitrogen gas was switched to air to
completely burn out carbon residue. Measurements were carried out
with a 50 mL/min gas flow rate.

Differential Scanning Calorimetry (DSC) DSC analyses were performed
with a Mettler-Toledo DSC3 under nitrogen atmosphere. Pellets were cut
into three mass categories (5-10 mg, 10-15 mg, and 15-20 mg). For
non-isothermal characterization as illustrated in Fig. 1 panel (a), the
initial samples were heated at 20 K/min to 400 °C and held for 5 min to
erase the previous thermal history; they were further cooled at 20 K/min
to 50 °C, held at 50 °C for 5 min, and then heated at the designated rate
of 20 K/min. For isothermal crystallization as illustrated in Fig. 1(b),
thermal history was erased following the same procedure used in non-
isothermal characterization. Then, the temperature was brought down
to the designated crystallization temperature at a rate of 20 K/min and
then held for a time long enough to observe the crystallization. The
sample was then cooled to 50 °C at a rate of 20 K/min and held there for
5 min before being heated back to 400 °C and annealed. This procedure

was repeated over the crystallization temperature range from 306 °C to
324 °C.

Fast Scanning Calorimetry (FSC) Calorimetric analyses on a FSC chip
were carried out using a Mettler Toledo Flash DSC 1 connected to a
Huber TC100 two-step cooling intracooler. FSC sensors were condi-
tioned and corrected before loading the specimen. Dry nitrogen gas was
used to purge the calorimeter. The pellets were microtomed to obtain
sections with a thickness of 12 pm perpendicular to the extrusion di-
rection of the pellets. These thin sections were cut to obtain a lateral
dimension of around 50 — 100 pm, using a scalpel under a Leica ste-
reomicroscope. Thin specimens were directly loaded on the chip.

For determination of FSC sample mass, the same thermal history was
introduced to samples in DSC and FSC by cooling at 20 K/min (0.33 K/s)
from 400 °C to 50 °C following a similar method introduced by Poel
et al. [24]. Regardless of the heating rates used in DSC and FSC, the

melting enthalpy is proportional to the sample mass. FSC sample mass,
AHm rsc
AHpm psc

the melting enthalpies in units of J, measured by the FSC and DSC,
respectively, and mpsc is the DSC sample mass.

For obtaining kinetics information, PEEK neat resin and its com-
posites were initially heated to 400 °C (higher than the reported T, of
PEEK, 380.5 °C [1]) to erase thermal history. Then, the melt was cooled
to the crystallization temperature at a rate of 2000 K/s. The sample was
kept at the selected isothermal crystallization temperature for 30 s to
follow crystallization. Crystallization peak time was directly measured
from the exothermic peak time. The experimental protocol is summa-
rized in Fig. 1 panel (c).

An indirect method by measuring the heat of fusion after a

mgsc, is then calculated by mpsc = “Mpsc. AHm rsc and AHy, psc are
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Fig. 5. (a) 560 x 560 x 560 um3 cube selected within XCT reconstructed PEEK-30GF pellet (b) Segmentation of PEEK (yellow), glass fibers (white), voids (blue) (c)

matrix of PEEK (d) matrix of glass fibers and voids.

predefined crystallization time was used to estimate crystallization peak
time in the temperature region between 260 — 300 °C as displayed in
Fig. 1 panel (d) [11]. The quenching rates used in this research were
proven to be fast enough to bypass the melt-crystallization of PEEK [1].

X-ray computed tomography (XCT) A Zeiss Xradia Versa 620 was used
for the XCT scan of the pellets. A voxel size of 700 nm and 16 bits per
pixel was selected. For each pellet, approximately, 2000 x 2000 x 2000
slices were taken with an exposure time of 0.7 s. For data size reduction,
a MATLAB code (SI Appendix 1) is used to consolidate every 4 x 4 x 4
voxel into 1 coarser voxel. The coarser voxel is still small compared with
the fiber diameter (shown below to be of order 10 pm). As displayed in
Fig. SI 1, the data size reduction has a negligible effect on the identifi-
cation of glass fiber and voids. 3D models were reconstructed using
Avizo by Thermo Fisher Scientific. Prior to any detailed analyses, Avizo
median filter and non-local means filter were applied to enhance the
contrast between different components and mitigate the potential effects
from artifacts. A segmentation module from Avizo was then employed to
distinguish the polymer matrix, voids, and glass fibers. The fibers within
the specimen were identified, isolated, and reconstructed using the
Avizo fiber tracing module. The fiber and void contents were measured
in three directions using Avizo Global analysis module.

3. Results and discussion
3.1. Characterization of PEEK and its composites using TGA and DSC
The content of glass fiber in PEEK composites was first characterized

using TGA, as displayed in Fig. 2. The sample was run under nitrogen
flow to follow the first step of thermal degradation near 560 °C, due to

random chain scission of the ether and ketone bonds followed by vola-
tilization [25]. At a temperature of 600 °C, gas was switched from N to
air to completely burn out the polymer residual. A glass fiber content of
18 + 3% and 31 + 1%, for PEEK-15GF and PEEK-30GF, respectively,
was determined from the residue weight percentage. Both samples have
their average glass fiber contents slightly higher than the expected
values. Apart from the average fiber content, PEEK-15GF has a larger
variation in the glass content than its 30GF counterpart, presumably due
to less uniform dispersion of the glass fiber.

The effect of glass fiber on the crystallization and melting behaviors
of neat PEEK and PEEK composites was then evaluated by DSC using
constant rate scanning. Three mass categories were studied as described
in the experimental section. Measured thermal properties are summa-
rized in Table SI 1. As displayed in Fig. 3 panel (a), no major difference
was obtained in crystallization and melting curves, suggesting the
sample mass used for DSC barely has any impact in the sample mass
range studied. The effect of glass fiber content on the heat of fusion, the
heat of crystallization, crystallization temperature, and melting tem-
perature values are summarized in Fig. 3 panels (b) — (e). The specific
heat of fusion and specific heat of crystallization decrease with higher
glass fiber content, since PEEK resin is the only crystallizable component
in composites. Assuming glass fiber content in PEEK-15GF and PEEK-
30GF is 15% and 30%, PEEK, PEEK-15GF, PEEK-30GF have a degree
of crystallinity of 33.6%, 31.5%, 31.3%, respectively, using 130 J/g for
PEEK’s crystalline heat of fusion [10]. The melting temperature of all
samples show negligible difference, while the crystallization tempera-
ture decreases with higher glass fiber content. This work suggests, in the
used commercial grades, the glass fibers act like obstacles rather than
nucleants, as suggested by a lower crystallization temperature at higher
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(e) PEEK-30GF.

glass fiber content. These conclusions agree with previous studies in
other glass-fiber-filled PEEK grades [19-21].

3.2. X-ray computed tomography analysis

Fast scanning calorimetry is the technique that enables the crystal-
lization kinetics studied under processing-relevant conditions. However,
the FSC characterization on composites meets some challenges because
of the requirement of using a small sample size: component in-
homogeneity is more significant when the sample size is comparable to
the filler size. To understand how different ways of FSC sample prepa-
ration can potentially affect the results, volume and distribution infor-
mation of each component, such as resin, filler, and impurities, was
investigated by XCT.

A 560 x 560 x 560 pm> cube in the center of the XCT scanned pellet
was extracted for the subsequent analysis to avoid surface defects of the
pellets on data analyses, as illustrated in panel (a) of Figs. 4 and 5. As
displayed in panels (b)(c)(d) of Figs. 4 and 5, the three components of
the composites, resin, glass fibers, and voids, were marked with different
colors. Fibers, as well as the voids, have mostly aligned or stretched
along the z-direction, suggesting the glass fibers help to induce the flow
of micro-voids. Surprisingly, the void content and size of embedded
voids between fibers in PEEK-15GF appear to be larger than its 30GF
counterpart. This observation is supported by the measured volume
fraction, where the void volume percentage is 30.8% in PEEK-15GF and
10.4% in PEEK-30GF. On the contrary, resin volume percentage 63.7%
in PEEK-15GF is lower than 72.2% in PEEK-30GF.

According to the literature, PEEK resin and glass fiber have a density
of 1.3 g/cm3 and 2.5 g/(:rn3 [26,27]. Assuming the void has a density of
0 g/cm?®, the sample mass W of the cube can then be estimated using the

formula W = > piVi,where pi and Vi are the density and volume fraction
i

of each component i within the cube. The cube for PEEK-15GF and
PEEK-30GF has a weight of 0.17 mg and 0.24 mg, respectively. Although
both numbers are much lower than the amount of sample used for TGA
and DSC characterization in the previous section, the calculated weight
percentage values of glass fiber in each cube, 14.32% for PEEK-15GF
and 31.73% for PEEK-30GF, are close to their expected glass fiber
contents. Thus, XCT volume analysis of the cube suggests relatively good
component homogeneity in typical TGA and DSC samples.

Information associated with the fibers within the composites was
further extracted in regard to fiber diameter, length, and orientation, as
displayed in Fig. 6 and summarized in Table SI 3. As displayed in Fig. 6
panels (b) and (c), 780 and 1632 fibers were identified and analyzed in
PEEK-15GF and PEEK-30GF, respectively. Diameter values of glass fi-
bers in both composites were found to be close to 10 pm. Similar glass
fiber diameter confirms that the method used in XCT can effectively
avoid possible dilation, which can mistakenly count two or more fibers
as one fiber. In addition, two types of fiber length values, fiber chord
length and curve length, were measured as illustrated in Fig. 6 panel (a).
Due to the rigid structure of glass fiber, the ratio of chord length and
curve length is nearly 1, which again confirms good isolation of glass
fibers. The measured number-average fiber chord length in PEEK-30GF
is 165 pm, which is 43% longer than the number-average fiber chord
length of 115 pm in PEEK-15GF.

Fiber orientation within the pellets was characterized by azimuthal
angle ¢ in the x-y plane with a value between 0 and 360° and polar angle
0 from the z-axis with a value between 0 and 90° in the spherical co-
ordinate system, as illustrated in Fig. 6 panel (a). Polar plots, as shown in
Fig. 6 panels (d) and (e), summarize the azimuthal angle ¢ and polar
angle 0 of glass fibers in PEEK-15GF and PEEK-30GF. For azimuthal
angle ¢, both samples do not show any preferred angle from the polar
plot. For the polar angle 6, most fibers flow aligned within 15° from the
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z-axis for both composites studied. Hermans orientation factor f, ac-
cording to the formula f = %, is 0.89 and 0.92 for PEEK-15GF and
PEEK-30GF, respectively. A slightly higher Hermans orientation factor
in PEEK-30GF than in PEEK-15GF agrees with the observation in Fig. 6
(b) and (c), that glass fibers in PEEK-30GF are better aligned.

The volume segmentation and fiber analyses show that PEEK-15GF
has more voids, shorter fiber length, and less aligned fibers along the z
direction compared to PEEK-30GF. This observation is consistent with
the previous observation in TGA that PEEK-15GF sample has more data
variation than PEEK-30GF.

XCT reconstructed cube with segregated compounds gives an
excellent opportunity to simulate how sample preparation in FSC affects
the homogeneity of glass fiber. Area fractions of each component along
three slice directions were evaluated, as illustrated in Fig. 7 panel (a).
The cube was sliced at a sampling frequency of 2.8 pm for measuring
area fractions of PEEK, glass fiber, and voids. When slicing parallel to the
x-y plane, i.e., the microtome advancing in the z-direction, each slice is
perpendicular to the glass fiber flow direction, which mainly shows the
round cross-section of glass fibers as shown in Fig. 7 panel (a). When
slicing parallel to the x-z or y-z planes, i.e., the microtome advancing in
the y-direction or x-direction, respectively, each slice is parallel to the
glass fiber flow direction.

Fiber and void area fractions along three slice directions with a
sampling frequency of 2.8 um in PEEK-15GF and PEEK-30GF are

compared in Fig. 7 panels (b) — (e). Fiber area fraction along the z-slice
direction always showed much less variation than in the x- and y-slice
directions. For void area fraction, data variation appears to be more
significant.

The fiber weight fraction was calculated along three directions, as
shown in Fig. 8 panels (a) and (b). At a sampling frequency of 2.8 pym,
both samples had their glass fiber weight fraction near 15% and 30%
only along the z direction. Fiber weight fraction W% using a larger
sampling size was calculated by averaging all the data within the sam-
pling range collected initially using 2.8 um sampling frequency. When
the sampling frequency changes to a higher value, no significant change
of data variation is found along the z direction, while glass fiber weight
content consistency along the x and y direction is greatly improved.
When the sampling frequency reaches 22.4 um, glass fiber weight con-
tent along all directions is near the expected value in bulk.

A detailed evaluation of how sampling size in a range from 2.8 to
47.6 um affects the coefficient of variation (CV) is performed in three
directions for both samples, as displayed in Fig. 8(c) and (d). The CV is
defined as the ratio of standard deviation ¢ to the mean p of glass fiber
weight fraction. In both samples, the CV value suggests glass fiber weight
consistency is always better by slicing perpendicular to the fiber flow
direction. The CV value for z direction cannot be significantly improved
when the sampling size is 5.6 ym, slightly smaller than the measured
fiber diameter of 10 ym. The CV value along the x and y direction
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rections with sampling frequency from 2.8 um to 47.6 ym in (c) PEEK-15GF and (d) PEEK-30GF. The coefficient of variation is defined as the ratio of standard

deviation ¢ to the mean p of glass fiber weight fraction.

gradually decreases with a larger sampling size. At the sampling fre-
quency of 47.6 um, slicing along the z direction is still better than along
the x and y directions. Comparing PEEK-15GF and PEEK-30GF, both
samples have similar CV values along the z direction, and PEEK-30GF
generally has lower CV values in the x and y direction. This observa-
tion can be interpreted by the lower dispersion of glass fiber and lower
void volume variation in PEEK-30GF than in PEEK-15GF.

The XCT slicing analysis suggests that in FSC sample preparation, the
sample should be microtomed perpendicular to the fiber flow/extrusion
direction. A sample thickness comparable to the glass fiber diameter or
higher should provide a reasonably good consistency in glass fiber
content for the FSC sample. On the other hand, for a typical FSC sample
size (< 50 um), the sample being microtomed along the extrusion di-
rection likely will have a larger data variation.
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Fig. 9. DSC isothermal crystallization exotherms of (a) PEEK, (b) PEEK-15GF, and (c) PEEK-30GF at indicated temperatures after cooling at 20 K/min from 400 °C.
The modified Avrami model (Eq. (1)) fitted to isothermal crystallization kinetics of (d) PEEK, (e) PEEK-15GF, (f) PEEK-30GF at indicated temperatures.

3.3. Crystallization kinetics

The crystallization kinetics of PEEK and its composites was first
investigated by isothermal crystallization in the low undercooling re-
gion between 306 - 324 °C using DSC. Representative isothermal crys-
tallization curves are displayed in Fig. 9(a) (b) (c) with their

corresponding relative crystallinity evolutions plotted against crystalli-
zation time, 7, which is defined as the time after induction time t,. All
curves were then fitted with the modified dual Avrami equation by Seo

etal [1],
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where @(7) is the relative crystallinity at the crystallization time 7
(@—1 as T—); k, is the primary crystallization rate constant; n, is
the primary crystallization Avrami exponent; and n; is the secondary
crystallization Avrami exponent. The overall heat of fusion of crystalli-
zation for a given temperature was measured to normalize the crystal-
lization exotherm. Crystallization peak time, tyeqr, and half
transformation time, ty 5, were determined using this model.

10

The same set of data was also fitted using the classic Avrami (KJMA)
model [28,29] as displayed in Fig. SI 2. It is noted that the modified
Avrami equation offers a better fitting quality compared to the original
Avrami equation because the modified Avrami equation takes secondary
crystallization into account. As summarized in Fig. SI 3, all three grades
have their Avrami index n near 3, similar to the previous study by Cebe
and Hong [6], suggesting they all follow the heterogenous nucleation
mode.

FSC experiments were carried out to extract crystallization kinetics
at higher undercooling conditions. For exothermic curves that show
high signal-to-noise ratio, crystallization peak times were directly
measured from exothermic peaks during isothermal crystallization in
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the temperature region between 180 and 280 °C. Samples microtomed
perpendicular to the fiber direction were first examined, and the stan-
dard microtome thickness was controlled to be 12 pm. Five samples
covering a large sample range were collected per grade to evaluate the
data variation. No major lateral size effect was found between those
samples, as seen in Fig. 10(a) (b) (c).

To evaluate the thickness effect, FSC data of PEEK-15GF and PEEK-
30GF with 5 ym, 12 pm, and 30 um thickness were compared, as dis-
played in Fig. 10(d) (e). No clear impact from the thickness was found in
those data. This conclusion agrees with the discussion from XCT that the
consistency of glass fiber content for slicing perpendicular to the fiber
direction remains basically unchanged when the sampling thickness is
5.6 um or higher.

As shown in Fig. 10(f) (g), although a similar peak time was observed
for the same grade with different microtome directions, a larger error
bar was found in samples microtomed along the fiber flow direction.
This observation agrees with the XCT conclusion that at a thickness of
12 pm, significant fiber inhomogeneity still exists if the microtome di-
rection is not perpendicular to the flow direction.

Isothermal crystallization kinetics of PEEK and its composites in the
temperature region above 270 °C or higher temperatures are not
measurable from the FSC exotherm peak due to a weak signal-to-noise
ratio. Instead, crystallization peak time was measured by an indirect
method, as shown in Fig. 11.

60 _TITII IIIII'ITI] Illlll'ﬂl IIIII|T|] IIII|T|'||_|_|T
50 — (a) PEEK |
40 — —
\a - —_
= 30 — —
£ - -
T
g 20 — —
] = 260°C
10 — e 270°C
i A 280°C
0 — eo ok v 290°C
| 300 °C
0.1 1 10 100 1000
Time (s)
50 _UTITII IIIIII'II] IIIII'ITll IIIIITIl] IIIII'ITll_l—IT
40 — (c) PEEK-30GF |
—~ 30 — —
()]
i - -
IE 20 — _|
< n _
10 — m 260 °C
e 270°C
n A 280°C
0 — sswuet v 290°C
300 °C
-
0.1 1 10 100 1000
Time (s)

Thermochimica Acta 721 (2023) 179442

Due to the prolonged crystallization time, secondary crystallization
greatly contributes to the measured heat of fusion AH, values.
Normalization by the final measured heat of fusion value, as previously
done in Avrami and modified Avrami methods, will inevitably over-
estimate the half-transformation time. Zhuravlev et al. [30-32] pro-
posed a new model that considers both primary crystallization and
secondary crystallization to describe the heat of fusion change during
annealing, as follows,

AH, = AHm,mM{l - exp{ - (Tim) } }
0.5

+Az(In(7) —In(z05)] {0.5( |z — o5

_— 2
T—7Tos+ 1 2

)

where AH,, max is the heat of fusion at the end of primary crystallization,
705 is the half crystallization time after removing the induction time, n is
the Avrami index, and A, is a secondary crystallization parameter. It
should be noted that half crystallization time equals 7o 5 only when n is
1. For higher n, the fitted 7o5 underestimates the half crystallization
time. A modified equation is proposed here to fit the measured heat of
fusion of PEEK and composites after different crystallization times. This
equation also works for other n values.
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Fig. 11. Heat of fusion change on heating after different crystallization times at different temperatures between 260 and 300 °C for (a) PEEK, (b) PEEK-15GF, and (c)
PEEK-30GF. The fitted line from Eq. (2) to isothermal crystallization kinetics are added. (d) Example of t,., measurement using PEEK-30GF 260 °C.
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AH,, = AHm,max{l fexp[f [Ti(lnz)%] ”
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Since PEEK is known to exhibit unimodal temperature-dependence
kinetics across the entire temperature range, as previously reported by
Seo et al. [1] and Tardif et al. [33], Avrami index of 3 determined from
the DSC region will be used in the equation above as a constant. tpeak
determined from the first derivative of the fitted curve is extracted as
illustrated in Fig. 11(d).

The overall isothermal crystallization kinetics associated with crys-
tallization peak time, tpeak, are summarized in Fig. 12. Data collected
from three methods show good consistency across the wide temperature
range. The PEEK data collected in this study shows good agreement with
the previous work by Seo et al. [1]. In both FSC and conventional DSC
regimes, there is a noticeable separation in the crystallization time be-
tween the neat resin and its composite counterparts, suggesting that
glass fibers slow down the overall quiescent crystallization kinetics of
PEEK resin. Additionally, an SEM image of PEEK-15GF fracture surface,
as displayed in Fig. SI 4, found that fractured glass fiber is free of PEEK
resin, suggesting weak adhesion between two components in the com-
posites. This is different from SEM observation in carbon-fiber-filled
PEEK, where transcrystallization nucleated by carbon fiber leads to
better adhesion between carbon fibers and PEEK resin [34]. The SEM
image suggests that the glass fiber used in the studied composites has no
nucleation effect. It is known that non-nucleating or weakly nucleating
fibers act as obstacles for spherulitic growth and may slow down or
completely stop the growth front [35]. Our observation agrees with the
previous glass-fiber-filled PEEK composite kinetics studies [19-21].
Even more interesting is the observation that the 30 wt% glass-filled
resin at high-to-mid undercooling seems to show faster crystallization
compared to PEEK-15GF. As concluded earlier from XCT analysis,
PEEK-15GF is suspected of having more processing history than its 30 wt
% GF counterpart, as suggested by its significantly larger void volume
and lower resin volume fraction. It is believed that crystallization stops
when the growth front impinges not only on the glass fiber but also on
the void surface. Overall lower resin fraction in PEEK-15GF causes
slower crystallization kinetics than in PEEK-30GF. In the conventional
DSC region, the data suggests that the crystallization of the 30 wt%
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glass-filled resin is slower than the 15 wt% glass-filled resin. One pos-
sibility is that voids have a much longer time to coalesce during DSC
experiments, so the void slow-down effect on PEEK crystallization be-
comes less significant. Therefore, their more significant presence would
inevitably have a more substantial effect on the crystallization kinetics
compared to neat PEEK [35]. Overall, both visible regions distinguish
the crystallization kinetics between the neat PEEK resin and its 15 wt%
and 30 wt% glass-filled counterparts.

4. Conclusions

This work systematically investigates the crystallization kinetics of
PEEK and its composites in a wide temperature range. A feasibility study
using ultra-small samples for the FSC was carried out.

TGA and DSC were used first to characterize thermal properties in
bulk. The interior structure of PEEK composites within a 560 x 560 x
560 um® cube was then investigated using XCT. The weight fraction of
glass fiber was found to be close to the expected value in both com-
posites. The detailed fiber analysis extracted the fiber information of
number, diameter, length, and orientation. Higher void content, shorter
fiber length, and lower orientation factor observed in PEEK-15GF sug-
gest additional processing history compared to PEEK-30GF. To mimic
FSC sample preparation, the effect of slicing direction and sample
thickness on glass fiber inhomogeneity was performed using XCT
reconstructed 3D structures of composites. A lower coefficient of vari-
ation is observed when the slicing direction is perpendicular to the fiber
direction rather than along the fiber direction. The coefficient of vari-
ation cannot be further improved if the slicing thickness is comparable
to the fiber diameter.

The effects of lateral size, thickness, and microtome direction on
crystallization kinetics were studied by FSC. This work confirms that
FSC could be a valuable tool for studying the crystallization of fiber-
filled composites after carefully controlling the directionality of the
fiber within the specimen and sample thickness.

Isothermal crystallization kinetics in a wide temperature range (170
— 324 °C) of PEEK and its composites confirms that the non-nucleating
glass fibers used in PEEK composites slow down the PEEK crystalliza-
tion by acting as obstacles to slow down or stop the crystal growth. The
slowest crystallization kinetics of PEEK-15GF is believed to be caused by
a combined obstacle effect from glass fiber and voids.
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