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Abstract

The mechanical properties of PEEK 450G have been extensively investigated. The compressive properties were measured at strain rates
between 1 x 107* and 3000 s™' and temperatures between —85 and 200 °C. The tensile properties were measured between the strain rates
of 2.7 x 107> and 1.9 x 1072 s™" and at temperatures between —50 and 150 °C. The Taylor impact properties were investigated as a function
of velocity and various large-strain compression tests were undertaken to explain the results. The fracture toughness was investigated as a func-
tion of temperature and compared with previous literature. Additionally, the fracture surfaces were studied by microscopy. As with all semi-
crystalline polymers the mechanical response is a strong function of the strain rate and testing temperature. A previously reported phenomenon
of darkening observed in Taylor impacted samples is shown to be due to reduced crystallinity brought about by large compressive strain. For
samples deformed to large compressive strains using a variety of techniques and strain-rates the measured Vickers hardness was found to

decrease in accordance with reduced crystallinity measured by other techniques.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(ether-ether-ketone) (PEEK) is a relatively new semi-
crystalline polymer first appearing in the literature in the early
1980s [1]. It also appears in the literature as poly(aryl-ether-
ether-ketone) although its true scientific name is poly(oxy-
1,4-phenylene-oxy-1,4-phenylenecarbonyl-1,4-phenylene). It
has a high melt and glass transition temperatures (7, =
340 °C, T, =143 °C), high chemical resistance and is melt
processable. Thus it has been used in a variety of structural
and insulation applications. A considerable body of literature
exists on a number of topics related to PEEK mechanical prop-
erties. PEEK crystallizes rapidly at temperatures above T,.
This results in difficulty in performing absolute differential
scanning calorimetry (DSC) to establish crystallinity and melt
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temperatures because the samples crystallinity increases dur-
ing the scan. A number of investigators have looked at this
problem. Jonas et al. [2] correlated DSC scans to density
and infrared measurements of crystallinity. Sauer et al. [3] in-
vestigated a number of polymers exhibiting double melt endo-
therms to understand the equilibrium melt temperature, while
Wei et al. undertook a careful analysis of the causes of the
double melt endotherm [4]. The whole topic of measuring
crystallinity of polymers by DSC is discussed by Kong
and Hay [5]. The crystal structure has been studied by various
researchers [6—9], while Bas et al. [10] have studied the
crystallization kinetics.

The tensile properties have been examined by a number of
authors [11—15] while the compressive properties over a wide
range of strain rates have been studied by Cady et al. [16], Ham-
dan and Swallowe [17—19] and Walley et al. [20]. Bas and Al-
berola [21] used DMA to investigate the dynamic mechanical
properties of PEEK in various solvents while Ivanov and Jonas
used the DMA technique to examine the glass transition [62].
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The shock properties appear not to have been studied, except
for two recent papers by Millett et al. [22,23].

The most complete study of the compressive properties of
PEEK is described in a series of papers by Hamdan and
Swallowe [17—19]. They studied PEEK 150G by varying
the starting crystallinity, temperature and altering the testing
strain-rate. It was found that at lower strain rates (<103 sfl)
the crystallinity of samples decreased when deformed to peak
true strains of approximately 60%, but at strain rates above this
value the crystallinity increased, particularly when the speci-
men starting temperature was greater than 80 °C. The yield
stress associated with tests at rates above 10° s~ also rapidly
increased deviating from the linearly increasing trend at lower
rates. The perfection of crystallites was found to be greater in
samples tested at high rates and high temperatures (>T,).
Hamdan and Swallowe postulated that this occurs because of
the adiabatic nature of the high strain-rate tests leading to
sample heating and associated annealing.

Despite the relatively high fracture toughness of PEEK, the
majority of investigations on fracture behavior has focused on
carbon fiber reinforced PEEK composites [24—28]. However,
a number of studies have been published using linear-elastic
fracture mechanics (LEFM) with a compact tension geometry
[29—34], a three-point bend technique [35,36,33], or a single
edge notched tensile (SENT) specimen [11]. These studies
are primarily focused on moderate loading rates and at room
temperature, agreeing on a Gyc' fracture toughness of 8—
12 kI m~? under these conditions. Fatigue failure [37,31,38]
and high rate fracture by Charpy impact [39] have also been in-
vestigated. Beguelin and Kausch [32] and Gensler et al. [33]
both reported a strong logarithmic decrease in critical stress in-
tensity with loading rate. Hashemi [40] and Arkhireyeva and
Hashemi [41] have recently employed the essential work of
fracture (EWF) analysis to PEEK over a range of temperatures.
However, this method homogenizes the energy involved in nu-
merous mechanical events including elastic and plastic defor-
mations, localized necking, crack initiation, crack growth and
finally failure. As such, determining a fracture criterion or
comparing the data to rigorously obtained fracture data is
nearly impossible. In fact these studies report critical energy
values that are 150—300% above that of all other work in the
literature. At least, in part, the inconsistency in their data
may result from the fact that, as pointed out by Karger-Kocsis
[42], the EWF method has several limitations for polymers.
Not least of these is that complete yielding of the ligament
must occur prior to any crack initiation, which can only rigor-
ously be achieved in amorphous polymers. To the best of the
authors’ knowledge, the only other investigation on the fracture
behavior of PEEK over a wide range of temperatures was per-
formed by Karger-Kocsis and Friedrich [29]. However, they
restricted their measurement technique to LEFM, which they
acknowledged did not accurately capture the material behavior

! In all cases the reported studies assumed linear elasticity and thus reported
fracture toughness as Kc with values from 5.4 to 7.5 MPam"?. Where possi-
ble, values of E reported to correspond to the material investigated were used
for Gic = Kic/E, when not reported £ =4.10 GPa was used.

at elevated temperatures or rates. To overcome these issues, in
the current work the authors’ employ the single-specimen,
J-integral normalization technique to capture the full elastic—
plastic response of PEEK during fracture from —50 to 150 °C.

The Taylor test [43] involves firing a right cylinder of test
material against a semi-infinite rigid anvil. The test was orig-
inally posed as a method for measuring the dynamic yield
strength of metals, however, more recently it has been used
as a dynamic validation tool for computer based models.
When coupled with high-speed photography the response of
visco-elastic materials such as polymers can be measured
[44—47]. Recently Millett et al. published an investigation
on the Taylor response of an unspecified grade of commer-
cially supplied PEEK [47]. A number of interesting findings
were noted relating to the ductile nature of the material in
this test and material discolouration in the vicinity of the
most deformed areas. Millett et al. report that at velocities
between 152 and 349 ms~' PEEK failed in a ductile manner
with increasing mushrooming of the impact zone and tearing.
At a velocity of 408 ms™' a sufficient tensile stress was devel-
oped behind the impact zone to cause a ductile failure of the
rod. Concave rod ends revealed significant post impact relax-
ation. Discolouration was noted in the rod end regions exhib-
iting the greatest residual deformation, which Millett et al.
attributed to either shock- and strain-heating or an oxidation
process from the air present during the impact.

2. Materials

A commercial plate of extruded PEEK 450G was pur-
chased measuring 475 x 475 x 19 mm®. The material has
been characterized in tension and compression at various tem-
peratures and strain rates. Using helium pycnometry a density
of p=13114 1 kgm® was measured. The crystallinity calcu-
lated from density is 39 + 2% [10]. From differential scanning
calorimetry (DSC) a material crystallinity of 41 £ 2% was cal-
culated by integrating the melt endotherm and relating it to the
literature value for 100% crystalline PEEK 450G [2].

Estimates of the molecular weight of the PEEK samples
were undertaken by Polymer Solutions Inc., Virginia, USA us-
ing the dissolved viscosity method from Devaux et al. [48].
Samples were dissolved in concentrated sulphuric acid and
allowed to stand for equal lengths of time to normalize the
sulphonation of the polymer chains. Viscosity measurements
were calculated according to ASTM D2857-95(2001) at
30 °C. Devaux et al. provide a plot of weight averaged molec-
ular weights versus intrinsic viscosity and this was used to
estimate the molecular weight of our as received PEEK. It
indicates a weight averaged molecular weight of =28 000.

3. Experimental
3.1. Differential scanning calorimetry (DSC)

Thermal properties were measured using a TA Instruments
Q1000 DSC. Samples (ca. 10 mg) were loaded and sealed in
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standard DSC pans and cooled to —145°C. They were
scanned at a rate of 10 °C min~' under a nitrogen purge. As
explained in Section 1, measuring the absolute crystallinity
in PEEK via DSC is difficult owing to the rapid crystallization
kinetics. For the purposes of this study, relative crystallinities
of the tested samples were felt to be more important than
absolute values. Therefore, the percentage of crystallinity
was estimated by the most simple means of integrating the
melt endotherm or endotherms (measured heat of fusion, Hy)
and calculating the ratio with a theoretical 100% crystalline
sample (AH 9). Jonas et al. [2] estimated AHY to be
130 J g~ " and this value is used throughout this paper.

3.2. Dynamic mechanical analysis (DMA)

The loss factor, tan 6 was measured as a function of temper-
ature by DMA and the in-phase elastic (storage) shear modu-
lus (G’) and loss modulus (G”) were calculated. Samples were
analyzed in the shear mode using a TA Instruments ARES.
Sample bars were machined to 1.5 mm thick by 10 mm wide
and 15 mm long. Frequency/temperature sweeps were ob-
tained from 0.1 to 100 rad s~ at 0.1% strain under a nitrogen
purge from 50 to 200 °C. The G’ and tan ¢ results are shown in
Fig. 1.

3.3. Tension and compression testings

Given the ductile nature of PEEK in compression, samples
were deformed to large strains in many cases. For this reason,
all strains referenced in this paper, unless otherwise noted, are
true strains (logarithmic strains). A constant loading strain-rate
was maintained for all large-strain compression experiments.
The feedback loop from the testing machines was closed to
correctly slow the crosshead as the samples thinned. True-
stress was calculated assuming a constant sample volume.

The compression sample geometry chosen was 6.375 mm
in diameter by 6.375 mm long right-regular cylinders. The
aspect ratio of 1:1 is smaller than the 1:1.5—1:2 values often

10*
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Fig. 1. PEEK 450G shear DMA results at four rates from 50 to 200 °C.

employed in compression tests on metals but the sample size
and ratio were therefore chosen to conserve material for the
large number of tests required.

For lower strain-rate compression tests a MTS 880 servo-
hydraulic machine was utilized. A MTS 810 machine with
a 180 gal per minute servo valve was used for strain rates of
10 and 100 s~'. These machines ran MTS TestStar software
also allowing for full control over the test profile. In all sam-
ples tested at —20 °C, or higher, paraffin wax was used to
lubricate the specimen ends [49,20]. The specimens were
compressed between highly polished tungsten carbide platens
to further lower the friction. Temperature control was carried
out using either electrically heated or liquid nitrogen cooled
platens and surrounding insulation was used to create a small
environmental chamber. The samples were allowed to equili-
brate at temperature between 30 and 45 min prior to testing.

For the tensile experiments, a screw driven Instron 4482
frame was used. This machine has been fitted with a modern
PC control system (MTS Testworks 4°) allowing a wide range
of control modes and input channels. Samples were machined
to form ASTM D-638 Type V specimens. All specimens were
allowed to equilibrate at the testing temperature between 45
and 100 min prior to tensile testing. It was discovered that at
all temperatures and strain rates tested here the true strain to
failure was limited to less than 0.6. More importantly after
a linear-elastic type loading, a load drop occurs as a neck
forms. Upon necking the sample is no longer in a uniaxial
stress state and the data generated are essentially invalid ex-
cept to verify predictions from a full three-dimensional com-
puter model. To obtain accurate data on the uniaxial part of
the curve, an Instron 2620 extensometer was utilized. This
had a gauge length of 9.2 mm and a maximum displacement
of 5.08 mm, leading to a maximum sample true strain of
0.44. Since, in tension, valid data are only obtained for strains
less than 6%, plots are made in engineering stress and strain to
indicate the loss of uniaxial loading. At low strains before the
necking point, true and engineering values are essentially
identical.

For high strain-rate compression testing (3000 & 200 s~ 1),
a LANL-built split-Hopkinson pressure bar was used [50].
This Hopkinson bar is fitted with a small environmental cham-
ber surrounding the test sample. In the chamber, either heated
or cooled gas can be introduced to vary the sample tempera-
ture between —100 and +150 °C. The change in impedance
at the ends of the Ti—6Al—4V bars used for testing in this tem-
perature range is negligible. As before, paraffin wax was used
to lubricate the specimen ends for all samples tested at —20 °C
or higher. No lubricant was used at lower temperatures, but
owing to the relatively small strains imposed on the sample
and the low coefficient of friction between PEEK and the
finely finished pressure bars, no sample barreling was found.

A custom built 6 m drop tower was used for the intermedi-
ate strain-rate tests to large strains and the residual true strain
was measured from the starting and relaxed dimensions of the

2 <http://www.mts.com/>.
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sample while the quoted strain-rate is an average of the mea-
surement throughout the test.

3.4. Hardness testing

Micro-hardness measurements were made on a Buehler Mi-
cromet hardness tester using the Vickers geometry with a 25 g
load and 20 s dwell time. The samples to be tested were
mounted in epoxy and polished using successively finer grits
finishing with 0.3 pum alumina. In this way a flat and smooth
surface was created that allowed reproducible data to be ob-
tained. Depending on the size of the region of interest, read-
ings between 3 and 9 sites were averaged to obtain the
quoted values.

3.5. Ultrasonic sound speed measurements

The speed of sound in PEEK was measured using a time of
flight method [51]. Room temperature samples of 19 mm thick
were tested using longitudinal and shear wave inducing
heads.® Correcting for the triggering, cable and transducer
and coupling medium delays (220 ns for the shear transducer
and 260 ns for the longitudinal one), the results are shown in
Table 1. Values for Young’s modulus (E), Poisson’s ratio
(v), shear modulus (G’ or G) and bulk modulus (K) are ob-
tained using the material density quoted above and the follow-
ing expressions:

E=2pC>(1+v) (1)
:% @
Gzz(liv) ®)
K:S(IETV) (4)

where C; and C, are the longitudinal and shear wave-speeds,
respectively, and p is the density. These expressions are only
valid for isotropic solids within the elastic region, but given
the minute strains induced by the ultrasonic transducers, this
is a reasonable assumption. These sound speed values are
comparable, but slightly higher than those found by Millett
et al. for an unspecified grade of PEEK, C; = 2470 + 30 and
C,=1060+30ms ' [22].

3.6. Fracture toughness measurements
Fracture toughness measurements were performed using

compact tension (1/2CT, i.e., the specimen thickness b is
half the specimen width w) specimens as previously presented

3 Panametrics 5077PR Pulser/Receiver, Panametrics V155 and V109 trans-
ducers. Timing obtained from a Tektronix TDS 754D Oscilloscope.

Table 1
Ultrasonic wave-speeds and calculated isotropic elastic constants for PEEK at
23°C

C(ms ") C,(ms") E(GPa) » G (GPa) K (GPa)
PEEK 450G 259010 1130+£10 4.6 038 1.7 6.6

Material

by Brown and Dattelbaum [52]. The test geometry, as defined
in ASTM Standard E-1820-01, is modified to enable a crack
opening displacement (COD) gauge to be mounted along the
loading line. The specimen notch was cut to have an inclusive
angle of 40°, which was subsequently sharpened with a razor
blade according to ASTM D5045. Tests were performed using
a MTS 880 load frame under constant crosshead displacement
rates of 0.025 mms~'. Load—line displacements were mea-
sured with a MTS COD gauge 632.03E-31. Tests were per-
formed at —50, 23, 100, and 150 °C using an MTS 612
environmental chamber. J-integral values corresponding to the
ith data pair are given by:

I
Kfz(l - Vz) i nplAf

Ji=Ja+Jy =
1 E b(w —ap)

(5)

where J,; and J,,; signify the division of energy into recover-
able elastic deformation and permanent plastic deformation,
respectively. The linear-elastic stress-intensity factor K; for
a specimen with a crack length of g; is calculated according
to ASTM Standard E-1820-01. The Poisson’s ratio, v, is
taken to be 0.38, E is the Young’s modulus, 7, =2+
0.522(w — ap;))/w is a dimensionless constant (ap; = ag+
Jil20ys is the blunting corrected crack length corresponding
to the ith data point), A}’l is the area under the load—
displacement curve, and a is the initial crack length. The
width, w, and the thickness, b, of the specimen are nominally
39.8 and 19.1 mm, respectively. The initial tangent moduli and
2% offset yield stress values used in this work are given in
Table 2. For unstable brittle fracture, as observed in PEEK
below T,, the peak load (Pp..) provides a rigorous critical
fracture criterion, J{(P; = Pnax) =Jic. To rigorously evaluate
Jic during stable crack propagation as observed above T,
J—R curve data are constructed with the critical fracture crite-
rion, Jic, defined as the fracture toughness of the material at
fracture instability prior to the onset of significant stable
tearing crack extension (the point of 0.2 mm of crack growth
beyond crack-tip blunting) through the normalization tech-
nique. The normalization technique was proposed by Landes
and Herrera [53] and has been included in ASTM Standard

E1820 for elastic—plastic fracture toughness. Although
Table 2

Mechanical properties for PEEK in tension as a function of temperature
Temperature Tangent modulus 2% Yield
“0O) (GPa) stress (MPa)
150 2.99 42.1

100 3.88 76.3

23 4.10 107.1

-50 4.28 141.3
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developed for metals, the normalization technique has been
demonstrated to yield equivalent results to multi-specimen
methods for a variety of polymers [54—56]. This method,
as presented in full by Brown and Dattelbaum [52], uses an
analytical solution with power law behavior for blunting and
initiation, and smoothly transitions to a linear relationship
for steady-state crack growth thus giving an accurate estimate
of the crack-tip position over the course of the test.

3.7. Scanning electron microscopy

Fracture surface morphologies were examined with a JEOL
JSM-6300FXV scanning electron microscope (SEM). After
fracture, specimens were notched along the centerline from
the backside and subsequently immersed in liquid nitrogen
for approximately 30 min. Samples were immediately re-
loaded to propagate a brittle crack from the arrested crack
tip. Areas of interests were then dissected, mounted, and sput-
tered with carbon to promote electrical conductivity to reduce
charging. Micrographs were obtained using 5 keV secondary
electrons.

3.8. Density measurements

A Micromeretics AccyPyc 1330TC helium pycnometer was
used to measure density. The instrument has interchangeable
10, 3 and 1 cc sample cups and the smallest that would contain
the specimen was used. Sample cup calibrations were verified
against tungsten carbide reference spheres. Automated repeat
runs were made until five sequential sample volume measure-
ments had a standard deviation less than that of 0.02% of the
nominal sample cup volume. Density was calculated from the
sample mass and the average volume from the last five runs.

3.9. Taylor impact

Taylor cylinders were machined from the plate with dimen-
sions of 7.62 mm in diameter by 38.1 mm long. Rods were
fired at velocities between 150 and 360 ms~' and tempera-
tures of 23 and 100 °C. An Imacon 200 high-speed framing
camera coupled to a Cordin 463 proportional delay generator
was used to record back-lit images of the impacts. In all cases
a 350 ns exposure was used and 16 frames were recorded with
15 ps inter-frame time. The system has been more fully de-
scribed elsewhere [46]. Recovered specimens were potted in
epoxy prior to polishing in the same manner as the hardness
specimens.

4. Results and discussion
4.1. Compression and tension, 10~*—10° s~

Figs. 2 and 3 show the compressive response of the PEEK
billet at various true strain rates and temperatures, respec-
tively. It may be seen that over seven decades of strain-rate
change, the yield strength increases by 30% from 128 to
184 MPa. Additionally, both plots show little or no strain

200

o 150
a = =
E e -] -
2 J
@ 100
=
ﬁ —e—10s" — -103s"
=}
= o —m—1st 10% s

5

—a— 10" s"
0 A
0 0.1 0.2 0.3 0.4 0.5 0.6
True Strain

Fig. 2. Effect of strain rate on compressive properties of PEEK at 23 °C.

hardening, indeed at higher rates (>1 x 1072 s_l) and the
—85 °C test show strain softening. The temperature tests
show a monotonic reduction in yield stress with increasing
temperature. At 200 °C, well above the glass transition tem-
perature (T, = 143 °C), the samples exhibited no obvious yield
point unlike specimens at lower temperatures. It may also be
observed that the sample at 150 °C shows a very similar re-
sponse to 140 °C suggesting that the T, measured by DSC is
slightly different from that found from mechanical techniques
[57]. This is not too surprising since 7T, is over a range that is
frequency (or strain rate) dependent.

The compressive response at a strain rate of 3000 + 200 s~
is shown in Fig. 4 as a function of temperature. It may be seen
that at all temperatures the material appears to strain soften.
This effect was also seen in the higher rate quasi-static tests.
The first part of each curve has been removed since the spec-
imen was not in dynamic stress equilibrium at low strains.

Figs. 5 and 6 show the tensile response of the material. In
all cases a distinct yield point is observed that represents the
onset of necking, examples of which are shown in Fig. 7.
This point also represents the breakdown in uniaxial stress.
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Fig. 3. Effect of temperature on compressive properties of PEEK at
I1x1073s7".
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Fig. 4. Hopkinson bar compressive properties as a function of temperature.
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Fig. 6. Effect of temperature on tensile properties at a strain rate of
L7x10 % s

The engineering strain to failure shows no clear relationship in
the case of the strain-rate experiments (i.e., there is no mono-
tonic relationship). However, there is a clear upward trend in
strain to failure when the temperature was increased. At tem-
peratures of 100 °C and above, the travel on the extensometer
was not large enough to follow the neck to failure. This was
not thought to be important given the complex stress state ex-
isting at this stage. It may be seen from Fig. 5 that increasing

23 °C 1 mm/min

23 °C 10 mm/min

Fig. 7. Necking formation and failure in PEEK under tension.

the strain rate increases the yield stress and from Fig. 6 that
increasing the temperature lowers it. It can be seen that the
loading modulus up to yield seems unaffected by either the
strain rate or temperature.

The variation in yield strength with temperature is shown in
Fig. 8 for both tension and compression. It may be seen that
the trend is generally linear over the studied temperature range
with a suggestion of a non-linearity occurring at around T, in
both tension and compression. Additionally, the yield stress is
lower in tension than in compression. Fig. 9 plots the variation
in yield stress with changes in strain rate. As with temperature,
the tensile yield stress is lower than the compression value but
the gradient is similar between the two. The compressive yield
stresses can be fit with a bilinear line although a smooth curve
might work almost as well over the eight decades of strain
rates studied. The intersection of the lines that fit to our data
at a strain rate of =5 contradicts with the previous findings
in PEEK 150G [17] where plots at four widely differing rates
indicated a significant jump at strain rates above 5 x 10*s™".
Fig. 10 plots the relationship between Young’s modulus and

250 T T
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—&— Tension
LN

200 \

150

100 e '\\.
50 \\
~

0
-100 -50 0 50 100 150 200 250
Temperature / °C

Yield Stress / MPa

Fig. 8. The variation in yield stress with respect to temperature for tension and
compression. Tensile strain-rate = 1.7 x 10~*s~!. Compressive strain-rate =
I1x1073s7"
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Fig. 9. The variation in yield stress with respect to strain rate in tension and
compression at 23 °C.
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Fig. 10. The variation in Young’s modulus with respect to temperature for
tension. Strain rate = 1.7 x 10~*s~".

temperature. While, as expected from DMA scans, the modu-
lus only decreases slightly with temperature below the T,
a significant decrease is observed just above T,.

4.2. Taylor impact, =1 0*s7!

Approximately 30 Taylor cylinders were fired at velocities
between 150 and 360 ms™' and at temperatures of 23 and
100 °C. No substantial differences were noted in the response
of the material at the two temperatures that would not be ex-
pected from the lower yield strength at elevated temperatures.
The rest of this paper therefore deals exclusively with the qual-
itative and quantitative differences due to impact velocity.

All of our Taylor specimens deformed in a ductile manner
with no formation of fragments at any velocity studied, this is
consistent with a previous study by Millett et al. [47] who only
obtained fragmentation at higher velocities than that reported
here. At low velocities (150—250 ms™ ") a classic three diam-
eter deformation pattern was noticed with the largest residual
strains at the impact face while the back of the projectile re-
mains undeformed. The specimen end remained reasonably
flat and no cracking was observed. At medium velocities,

250—315ms ', more extensive deformation was found at
the impact face with the onset of small radial cracks that
arrested before material separation occurred. In this velocity
range visco-elastic effects appear to retracted the centre of
the sample back after impact and resulted in a concave rod
end with the appearance of a solidified ‘melt’ pool, as seen
in Fig. 11. At higher velocities, 315—360 ms ™', tearing in
the visco-elastic pullback zone is observed with increasing ef-
fect at higher velocities, Fig. 11. Interestingly, the radial crack-
ing present at medium velocities is absent at higher ones.

At all velocities, darkening of the rod is noticed in the
highly deformed regions. These observations are also consis-
tent with those of Millett et al. Efforts were therefore made
to understand the origin of the ‘melt’ pool and the darkening.
It is easy to establish that it is implausible that PEEK reaches
the melt temperature under the conditions imposed at these
impact velocities. The melt temperature of PEEK is 342 °C
at atmospheric pressure, rising to 400 °C under the application
of a hydrostatic stress of 100 MPa [58]. Assuming a specific
heat capacity for PEEK of ¢, = 2180 Jkg~'°C™! [59] (N.B.
in polymers typically ¢, = c,), a perfectly plastic yield
strength of ¢, =150 MPa and a maximum strain of e=3 (a
considerable over estimate) the temperature rise assuming
100% of the input energy is converted to heat is approximately
160 °C (AT = ay¢/cpp). Shock heating might give rise to a fur-
ther rise of ca. 10 °C. Therefore the end state temperature from
an initial one of 23 °C can conceivably be not more than
200 °C, well short of the required melt temperature. The end
section exhibiting the ‘melt’ like appearance must therefore
be a result of the visco-elastic pullback.

Fig. 12 clearly shows the concave rod end and the discolou-
ration associated with the large-strain regions. Investigations

314ms’ 346 ms!

Fig. 11. End on view of two typical Taylor cylinders fired at 314 and
346 ms~'. Starting temperature = 23 °C.

5mmb—

Fig. 12. Cross-section of a PEEK Taylor cylinder fired at 275 ms ' and

100 °C. The colour change associated with the high-strain regions is obvious.
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Fig. 13. Polished sections of four PEEK samples photographed under identical
conditions to show the colour change associated with large-strain deformation.
The grayscale value, in the range 0—255 where 255 is black, is 139 for virgin
PEEK, 178 for ¢ =1.2, 181 for ¢ =0.77, and 181 for e =1.1.

were therefore focused to identify if the colour change was
a result of the strain rate, strain or stress state. Fig. 13 shows
a montage of cross-sections of virgin and three large-strain
samples prepared and photographed under identical condi-
tions. From the associated colour changes it is therefore clear
that the colour change is associated with large-strain compres-
sion, not with strain rate. PEEK in tension undergoes stress
whitening in common with many other polymers. Samples
tested in compression to strains under =0.5 did not show
significant colour change.

4.3. Large-strain compression

From Figs. 2 and 3 it may be seen that at modest strains
(20—40%) in compression PEEK has an almost constant
flow stress at quasi-static rates. Tests were done to see if under
much larger strains the material starts to work harden. Fig. 14
shows two representative curves. In one case a right cylinder
of 6.35 mm in diameter by 6.35 mm tall was loaded in a single
deformation to large strains. Despite careful lubrication on
highly polished WC platens, there can be no doubt that the
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Fig. 14. Large-strain compression plot for PEEK showing the response to

a single and incremental loading at 23 °C. Strain rate =1 x 1073 s~

result was affected by friction at larger strains. In an effort
to remove this artifact and see if the hardening behavior is
real, a similar sized sample was incrementally loaded with
re-machining and lubrication between cycles. No sample bar-
reling was observed at any stage on the incremental loading
yet the work hardening rate seems higher than the friction af-
fected sample. This behavior is not fully understood but may
involve cold crystallization taking place between loadings.
In any event it seems that PEEK does work harden at large
strains under quasi-static compressive loading.

To study the crystallinity of samples deformed to large
strains at various temperatures, samples were deformed at
a strain rate of 1 x 107°s™'. Fig. 15 shows the resulting
stress—strain curves. It may be seen that the —50 °C curve
shows an upward trend from a strain of 0.4 matching the gra-
dient of the sample deformed at 22 °C. The sample tested at
150 °C continues to show slight strain softening.

Vickers hardness measurements were made on various de-
formed PEEK samples to see the effect of large strains and
associated discolouration. Fig. 16 shows measurements on a
sectioned Taylor cylinder and a sample tested in a drop weight
at a strain rate of =150s~'. In both cases it is clear that
material subjected to large strains is softer than undeformed
material. For reference, virgin PEEK samples had a hardness
of 25.0 4 0.6 kg mm 2 under the same conditions. The hard-
ness measurements were approximately perpendicular to the
loading axis, therefore a quasi-statically loaded sample was
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Fig. 15. Large compressive strain response of PEEK at three temperatures.

Strain rate =1 x 107> s\,

255 25.1 16.9

14.5

19.0

‘ 14.8
-_15‘6 5mm p——mom—

Fig. 16. Polished section of a typical Taylor sample showing the measured
Vickers hardness values (kg mm~?) at various points. Below is a cross-section
of a small cylinder drop-weight deformed at 150 s~ ' to a strain of e = 1.1 with
a corresponding hardness measurement.
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Compression Direction

Fig. 17. Orthogonal hardness measurements (kg mm2) on an incrementally
loaded cylinder, 1 x 107 s7", 23 °C, &;esiqual = 1.07.

sectioned into two orthogonal directions to see if the material
appeared oriented, Fig. 17. While the hardness value along the
loading axis is higher than the perpendicular axis, each mea-
surement is considerably softer than undeformed PEEK.

Samples of PEEK deformed at various temperatures and
under differing conditions were tested to see if the molecular
weight of the polymer was influenced, see Table 3. It was pos-
tulated that this may result in both the observed colour change
and softening. Statistically, no difference was observed be-
tween samples, removing the possibility of chain scission as
a method of polymer softening at high strain rates.

In an effort to understand the colour change associated with
large-strain compression, a sample of PEEK was heated to
365 °C for 15 min before being quenched in ice water. The
heating point was chosen to be well above the melting peak
of 340 °C established from DSC experiments, but below the
onset of thermal decomposition. The resulting crystallinity
was found to be 31 2%, this is higher than that might be
expected for rapid quenching but results from the size of the
sample used so that the glassy skin area could be excluded.
Fig. 18 shows the colour after polishing this quenched material
(a) in comparison to the as received material (b) when pre-
pared and photographed under identical conditions. Clearly
the lower crystallinity material (31 +2%) is darker than the
as received PEEK (41 + 2%). Hardness measurements were

Table 3
Inherent viscosity of various PEEK samples dissolved in concentrated (99%)
sulphuric acid as a measure of molecular weight

Material Inherent viscosity
@Lg™h

Virgin PEEK 450G 0.88 £0.02

Taylor impact zone, 23 °C at 311 ms ' 0.89 +0.02

Taylor impact zone, 23 °C at 346 m s~ 0.87 £0.02

Taylor impact zone, 100 °C at 347 ms ™" 0.90 +£0.02

Hopkinson sample, 23 °C at 3000 s~ 0.88 +£0.02

Fig. 18. The change in colour of PEEK with respect to crystallinity: (a) 31%
water quenched from melt, (b) 41% as received PEEK 450G. The grayscale
value, in the range 0—255 where 255 is black, is 163 for (a) and 135 for (b).

made on this sample and produced an average value of 22.7 &
0.6 kg mm 2, this is lower than the 25.0 + 0.6 kg mm ™~ value
obtained for as received material.

Table 4 shows DSC crystallinity and density measurements
on compression samples deformed to maximum strains of 0.7
and 1.0 at room temperature. The crystallinity clearly drops
after testing in conjunction with the density. The crystallinity
of semi-crystalline polymers is often measured using density
from the assumption that amorphous material is less dense
that fully crystalline and that there is a linear relationship be-
tween the two extreme states. The density values were used to
estimate the mass fraction crystallinity (x.) using the follow-
ing relation:

_pe(p—p,)
B p(pc _pa) (6)

C

where p is the sample density, p, is the extrapolated density
of the pure amorphous phase (=1260kgm >) and p. is
the extrapolated density of the pure crystalline phase
(=1400 kg m ) [10].

The density determined crystallinity change is greater than
the DSC one. This may be attributed to the fact that the DSC
melt endotherm is affected by any polymer chain order while
the density method assumes only a linear relationship between
amorphous and fully crystalline states and ignores what form
the material is in. It is reasonable to assume that large-strain
compression introduced some measure of orientation into the
polymer chains while apparently breaking up crystallinity.
The resulting competing effects could therefore account for
the smaller change in DSC measured crystallinity than that
suggested from density.

The deformed ends of some Taylor specimens were re-
moved to establish what effect impact velocity had on

Table 4
DSC measurements of residual crystallinity and density after compressive
deformation to large strains

Material DSC Density ~ Density
crystallinity (kgm™)  crystallinity
(%) (%)
Virgin PEEK 450G 41+2 131141 3942
emax=0.7 (1 x1073s ) at 23°C 3442 129441 26+2
emax=10(1x107%sHat23°C 3242 1287+1 2142
emax =0.5 (1 x 1073 s 1) at —50°C  38+2 1307+1 36+2
emax =05 (1 x 103 s ) at 150°C  40+2 1304+1 3342
emax=0.7 (1 x 1073571 at 150°C 3942 1296+1 28+2
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Fig. 19. The change in crystallinity at the ends of the PEEK Taylor samples as
a function of impact velocity measured by DSC and density techniques.

crystallinity. Fig. 19 shows the effects of impact velocity on
percentage crystallinity measured by DSC and density tech-
niques. Clearly increasing the impact velocity lowers the crys-
tallinity measured by both methods but the change by density
is greater. The figure also reports the diameter at the ends of
the rods. As expected, increasing the velocity results in greater
residual strain.

44.DSC

DSC scans at 10 °C min~' were undertaken on specimens
deformed at low and high strain rates. Fig. 20 shows the scans
of four samples compressed to differing true strains and
Fig. 21 shows the scans from the ends of four room tempera-
ture Taylor samples impacted at differing velocities. In each
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Fig. 20. DSC scans of compression cylinders deformed to differing maximum
true strain (1 x 107> s~ ! at 22 °C).
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Fig. 21. DSC scans of the ends of room temperature Taylor cylinders fired at
differing velocities.

case, the DSC scans of virgin PEEK show a T, of 158 °C
and a broad melting endotherm. The melting endotherms dis-
play a small peak at 242 °C with the predominant melting
peak at 341 °C. Upon deformation, by either Taylor impact
or quasi-static compression, the peak at 242 °C disappears
suggesting some disruption in the crystal structure. Further-
more, the region around T, develops an exotherm. This exo-
thermic behavior increases with increasing deformation. The
exothermic behavior may be due to non-equilibrium order im-
posed in the material by deformation. The ordered structure
was then frozen by the high T, and upon heating above T,,
the chains have sufficient mobility to anneal out the order.
In both Figs. 20 and 21, the melting temperature is seen to
increase by 2—3 °C with increasing deformation.

4.5. Fracture

Fracture experiments were performed at —50, 23, 100,
and 150 °C. Quasi-static (0.025 mms ™) load—displacement
curves for PEEK are shown in Fig. 22. Below T,, the load

3500 )(\

3000 7 Critical Crack Extension

2500 {(// N T
Z 2000 - <
g ! /
o 7 ||
S 1500 ?fy// _____ 50 °C

2
1000 ——# A =
/ — -100°C
500 // — 150 °C —
o l

0 1 2 3 4 5
Crack Opening Displacement / mm

Fig. 22. Representative load—displacement curves as a function of temperature
at a displacement rate of 0.025 mm s~ '. The critical crack extension markers
indicate the point of catastrophic crack propagation below T, and stable crack
growth based on J—R curve data above T.
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Fig. 23. Fracture toughness values, Jic, as a function of temperature and elastic
partition from LEFM Gj¢ analysis.

increases with crack opening displacement  to a maximum
load P,.x at which point the crack catastrophically propagates
through the specimen. Increasing temperature leads to a higher
peak load and an increasing degree of non-linearity in the P—
o response. The catastrophic onset of crack growth allows for
the peak load to be used as the critical crack extension crite-
rion. The resulting critical energies from both the full ela-
stic—plastic analysis in the form of the Jic and the elastic
portion representative of a linear-elastic Gyc analysis (or the
elastic portion of Eq. (5)) are plotted in Fig. 23. Fracture sur-
faces are shown in Fig. 24. While at —50 °C the crack propa-
gated nominally along the centerline of the CT specimen, at 23
and 100 °C the crack bifurcated after propagating a short dis-
tance. At room temperature and below, the contribution from
the plastic portion of Eq. (5) is within the error of the

-50 °C
(a)

T

100 °C
(c)

Dynamic
crack
propagation

Plastic
zone

Precrack
tip

5mm

—— Dynamic crack
propagation

Plastic zonej :
Precrack tip N

T,=143°C

linear-elastic measurement. At 100 °C the plastic contribution
is no longer negligible, representing nearly one-third of the en-
ergy in the sample. Above T, the load increase exhibits strong
non-linearity asymptoting to a peak load P, followed by sta-
ble declining load. Both the P—¢ profile and observation of the
sample exhibit stable—ductile elastic—plastic crack propaga-
tion behavior. The J—R behavior of PEEK above Ty is illus-
trated in Fig. 25. The critical crack extension based on
a 0.02 mm extension beyond crack-tip blunting, indicated in
Fig. 22, corresponds to a load level Pc at 99.5% of P ..
While below T, both the elastic and plastic contributions in-
crease with temperature (Fig. 23), above T, the elastic portion
diminishes and over 65% of Jic strain energy comes from the
plastic partition.

Jic = 39.7 kd m?

20 /
10 /
N
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Crack Extension / mm

Fig. 25. Representative J—R curve as a function for PEEK at 150 °C obtained
using the normalization technique.
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Fig. 24. Optical micrographs of the fracture plane morphology for PEEK as a function of temperature at 0.025 mms ™' loading rate. Note: crack propagation is

from bottom to top.
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Fig. 26. Measured and LEFM approximation of plastic zone size as a function
of temperature.

Below T, fracture surfaces of PEEK exhibit two distinct
zones. As indicated in Fig. 24, a distinct plastic zone is present
at the location of the precrack tip. Plastic zone sizes from 9-
point averages for the three temperatures investigated are plot-
ted in Fig. 26. Theoretical estimates for the plastic zone size
based on LEFM are plotted using the material properties given
in Tables 2 and 5. Despite neglecting the plastic energy ab-
sorbed by the material, applying the elastic portion reasonably
captures the plastic zone size. The plane strain solution
slightly underestimates the plastic zone size, most likely due
to disregarding the plastic behavior, while Irwin’s analysis
[20] based on the plane stress condition provides an upper
bound. Beyond the plastic zone, the fracture surface is largely
brittle with isolated regions of river markings.

5. Discussion and conclusions

PEEK 450G exhibits the usual sensitivity to both tempera-
ture and strain rate in tension and compression found in many
semi-crystalline polymers. The loading modulus is largely un-
affected by either strain rate or temperature below the glass
transition temperature. In tension, the room temperature
quasi-static Young’s modulus was measured as 4.1 GPa com-
pared with 4.6 GPa from the ultrasonic tests at a similar tem-
perature. The difference can be explained by the minute strain
imposed by ultrasonic deformation requiring almost no poly-
mer chain sliding and a small effect from the higher strain-
rate. The plot of flow stress versus strain rate (Fig. 9) can be
fit by a bilinear relationship as suggested by Hamdan and
Swallowe [17—19] but the intersection is at a strain rate of

Table 5
Comparison of the Jjc solution to the LEFM K¢ solution with respect to
temperature

Temperature (°C)  Gic (kim™2) v Kic (MPam'?)  Error* (%)

-50 7.19 038  6.00 6
23 9.66 038  6.87 14
100 16.21 038 8.8 32

* Error captures the degree to which the LEFM solution for Kic neglects the
non-linear behavior of PEEK, defined as (Jic — Kic)/Jic.

=5 which is an order of magnitude lower than that reported
previously. It is unclear if this discrepancy is due to the differ-
ent material grades tested (150G rather than 450G), the differ-
ing testing methods or the increased number of compressive
rates reported in this report. At modest strains (¢ < 0.7) and
under most conditions, PEEK seems to have either an approx-
imately constant or decreasing flow stress. It has been shown
that at large strains (¢ > 1.0), room temperature and quasi-
static strain rates, PEEK begins work hardening.

In the research reported here, the crystallinity of all samples
deformed to large strains was found to decrease. This differs
from the work of Hamdan and Swallowe [17—19] who re-
ported increase in crystallinity of samples deformed to large
strains under adiabatic conditions, especially when the initial
sample starting temperature was above T,. In a later paper,
Swallowe and Fernandez studied another semi-crystalline
polymer, PET, and again showed an increase in crystallinity
when deformed adiabatically to large strains or when de-
formed at high temperature [60]. This later research also
showed that the crystallinity increase occurred predominately
after the test was complete, but before the sample had cooled
below the crystallization temperature. Therefore the increase
in crystallinity measured after the test could not be responsible
for the increase in flow stress seen under some rapid adiabatic
deformation conditions. In our research, deformations to
strains above 0.7 mostly occurred from samples starting at
room temperature. In this case, the temperature rise associated
with even the large strains seen in the Taylor test would not be
sufficient to heat the sample to a temperature at which rapid
crystallization would occur (ca. 260 °C). From the research
of Hamdan and Swallowe it might be expected that an increase
in crystallinity would be seen in samples deformed adiabati-
cally to very large strains (=1.4), or from starting tempera-
tures around 200 °C.

The results of the Taylor impact experiments are fully con-
sistent with those reported by Millett et al. [47] in terms of the
deformation modes with respect to velocity and the observed
browning of the rod ends. Vickers hardness tests on the sec-
tioned rods showed a significant lowering in hardness in the
highly deformed zones. This seems at odds with the observa-
tion that at large strains PEEK work hardens. An explanation
for this is not obvious. It has been shown that the browning ef-
fect in PEEK observed initially in the Taylor impacts is a result
of large compressive strain, independent of the strain rate. It
has also been shown that large compressive strain lowers the
crystallinity at both quasi-static and Taylor impact strain rates
(=10%*s™!). Consistent with these results is the softening
found in the PEEK sample heat treated to obtain lower crystal-
linity compared with virgin material. Significantly, however,
the Vickers hardness observed in undeformed material of
lower crystallinity (31%) is 22.7 kgmm™> compared with
hardness values of 14.5—19 kgmm 2 found in deformed
Taylor ends with a crystallinity of 31—33.5%. This implies
that the drop in hardness cannot fully be explained by the
crystallinity reduction alone and that compressive deformation
also plays a role. Despite this, a consistent picture emerges
relating to the Taylor samples; the high-speed impact imparts
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large strains to the material that lower the crystallinity, this
reduces the hardness and makes the material appear darker to the
eye. The higher the impact speed, the larger the compressive
strain and the lower the crystallinity measure in the deformed rod
ends. Finally, the molecular weight of the material is unchanged
after straining under any of the conditions reported here.

Fig. 27 compares the elastic—plastic and linear-elastic crit-
ical energy fracture toughness values from the current work
with a range of values from the literature. As discussed earlier,
with the exception of work from Hashemi [40] and Arkhireyeva
and Hashemi [41] based on the EWF, all of the literature
values were given as Kjc and have been recalculated as Gic
by the current authors. The vast majority of literature data is
focused on the room temperature condition, which is expanded
in the inset of Fig. 27. The literature values for the room tem-
perature fracture toughness of PEEK show close agreement
with the elastic portion from the current work lying in the mid-
dle of the literature values. Addition of the plastic contribution
to full elastic—plastic J-integral fracture toughness places the
fracture toughness above the mean of the literature values,
albeit still within the scatter of published data. Below room
temperature the current work remains in close agreement with
that of Karger-Kocsis and Friedrich [29].

Above room temperature the elastic portion from the cur-
rent work diverges from the Karger-Kocsis data, which is
likely due to the difference in crystallinity of the PEEK in
these two studies. While both studies investigated PEEK
450G, the material investigated by Karger-Kocsis and
Friedrich had crystallinity of only 23.1 and 22.5% by DSC
and density techniques, respectively, i.e., 17% lower than the
current work. However, above room temperature the plastic
contribution to Jic increases in significance and becomes
dominant above T,. This greatly decreases the consequence
of the difference in the elastic contribution between the current
work and that of Karger-Kocsis and Friedrich. In the higher
temperature regime, the measured Jic values approach the
EWF values of Hashemi and Arkhireyeva and Hashemi. In
some ways this may be reasonable as above T, the mechanism
of crack propagation in PEEK could be convincingly
described as necking and tearing, for which the EWF is
proposed. This is opposed to the rapid-brittle fracture demon-
strated by PEEK below the Ty, for which the EWF is not
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Fig. 27. Fracture toughness of PEEK from Fig. 23 compared with literature
values.

intended. Moreover, Hashemi and Arkhireyeva and Hashemi
showed that the bulk yielding contribution to the EWF, which
cannot be directly correlated to the classic linear-elastic frac-
ture toughness, decreases with temperature making only a mi-
nor contribution above T,. That being said, there is insufficient
evidence to conclude that the similarity is not simply coinci-
dence, especially as these EWF studies investigated non-
pedigreed PEEK of unknown grade or crystallinity. Also, as

— 05 1M

Fig. 28. SEM micrographs of PEEK plastic zone fracture plane morphology at
23 °C. Note: crack propagation is from bottom to top.
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demonstrated by Zhao and Li [61] the EWF technique is ex-
tremely sensitive to thickness for PEEK in the range used by
Hashemi [40] and Arkhireyeva and Hashemi [41]. This makes
their results specimen specific rather than material properties.

Changes in the fracture mechanisms of PEEK associated
with temperature were further elucidated by scanning electron
microscopy investigation of the fracture plane morphology.

Fig. 29. SEM micrographs of PEEK plastic zone fracture plane morphology at
—50 °C. Note: crack propagation is from bottom to top.

The plastic zone observed by optical microscopy (Fig. 24)
below the T, consists of ductile flow in from the precrack
tip with numerous radial slow-growth domains indicative of
void nucleation and coalescence type failure processes (see
Fig. 28a). In the region closest to the precrack tip the bound-
aries are primarily parabolic in shape, Fig. 28b. The preferen-
tial direction is that of ultimate crack growth, but more
importantly demonstrates an evolution in the direction of the
sweeping stress-intensity profile. At the interface between
the plastic zone and the onset of fast fracture, nucleation sites
are observed to exist beyond the continuous plastic zone. That
is to say that previously nucleated parabolic features have not
propagated to join with the stable propagation from these lone
nucleation sites, but rather surrounded by fast fracture, shown
in Fig. 28c. These sites are near perfect disks with uniform
propagation in all directions. These parabolic features have
previously been observed [29,30,32] in PEEK 450G in regions
of high stress concentration, although not directly correlated to
the crack-tip plastic zone. Interestingly, however, while Chu
and Schultz [30] observed these fracture features to be present
in PEEK 450G, they do not occur in the lower molecular
weight PEEK 150P. Chu and Schultz proposed a mechanism

Fig. 30. SEM micrographs of PEEK plastic zone fracture plane morphology at
100 °C. Note: crack propagation is from bottom to top.
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of defect-induced microcracks in the high stress concentration
region near the crack tip due to the inclusion of impurities.
In the current work, close investigation of the nucleation
sites failed to reveal a distribution of second phase impurities.
The containment of these features to the region of yielded ma-
terial and the drawn nature of the morphology suggest ductile
deformation rather than stable crack growth per se. The fail-
ures initiated at randomly distributed weaker nucleation points
and coalesced. The effect of temperature on the plastic zone
morphology is illustrated in Fig. 29 and 30. Karger-Kocsis
and Friedrich [29] reported his surprise at finding a relatively
large plastic zone in front of the crack tip even at temperatures
far below room temperature. As discussed earlier the size of
the plastic zone size is as expected given the polymers’ frac-
ture toughness and yield stress. However, as seen in Fig. 29,
the occurrence of nucleation ahead of the crack tip is substan-
tially retarded by the decreased temperature. The majority of
the plastic zone consists of ductile yielding propagating
from the crack tip. It is worth noting that these features asso-
ciated with deformation from nucleation points decrease sub-
stantially in size in the direction of crack growth and a lesser

degree parallel to the precrack tip. Conversely, as seen in
Fig. 30, increased temperature leads to larger parabolic fea-
tures as well as more uniform nucleation.

Much less has been reported on fractography from the fast
fracture regime. Karger-Kocsis and Friedrich reported charac-
teristic veins or river markings representative of plastic flow.
Moreover, they suggested that the density and thickness of
veins increase qualitatively with temperature. Although
Kemmish and Hay [39] made no comment of river markings,
they are present in his micrographs. In the current work river
markings are also a prominent feature in the fast fracture re-
gime, as shown in Fig. 31. As illustrated from Fig. 31a, the den-
sity and thickness of river markings can have as much to do
with location on the fracture plane as it does to do with vari-
ables such as loading rate or temperature. That said, the results
of current work broadly agree with Karger-Kocsis and
Friedrich observation. At decreased temperature, shown in
Fig. 32, river markings are much more subtle and are com-
pletely absent in large areas (Fig. 32b). At increased tempera-
tures, shown in Fig. 30, the river markings are much more
distinctive and the overall morphology exhibits a greater

Fig. 31. SEM micrographs of PEEK brittle fracture plane morphology at
23 °C. Note: crack propagation is from bottom to top.

Fig. 32. SEM micrographs of PEEK brittle fracture plane morphology at
—50 °C. Note: crack propagation is from bottom to top.
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Fig. 33. SEM micrographs of PEEK brittle fracture plane morphology at
100 °C. Note: crack propagation is from bottom to top.

degree of micro-scale deformation (Fig. 33). Of interest the
increasingly dramatic micro-scale features with temperature
is contrary to the meso-scale fracture morphology, which
actually becomes increasingly planar with temperature (see
Fig. 24).

Above T,, the fracture morphology offers much less of
note, as shown in Fig. 34. There is no clear plastic zone
(Fig. 34b) or noteworthy morphology in the region of constant
crack growth rate (Fig. 34d). Moreover, the micro-scale mor-
phology at the microscale (Fig. 34c and e) exhibits similarly
drawn finger-like morphology. This structure is also very sim-
ilar to the underlying structure observed below T in the plastic
zone (Figs. 28b,c, 29b,c and 30b) and in the fast fracture re-
gime (Figs. 31b and 32b). This suggests that at the length scale
of the crystalline spherulite, there is a common fracture mode
independent of temperature or deformation regime. Chu and
Schultz [30] previously showed that the drawn finger-like mor-
phology at this length scale to be representative of intraspher-
ulitic fracture in 450G at room temperature, i.e., the crack
prefers to propagate through the softer amorphous polymer
rather than the harder and stronger crystalline domains. The
current work shows intraspherulitic fracture to dominate in
PEEK 450G over a much wider range of conditions.
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