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Key relationships between molecular structure and final prop-
erties are reported for standard flow and high flow grades of
commercially-available polyetheretherketone (PEEK) resins
that differ primarily in molecular weight and molecular weight
distribution. Despite similar chemistry and composition, the
molecular size-dependent structural differences associated
with the PEEK resins in this study are shown to influence the
crystallization rate, final crystallinity, and melt rheology during
processing, which subsequently affects mechanical proper-
ties, including strength, ductility, and impact resistance.
These structure-property relationships provide fundamental
understanding to aid in the design and manufacturing of
industrial and medical devices that leverage both the advan-
tages common to all PEEK resins, including chemical and
thermal resistance, mechanical strength, and biocompatibili-
ty, as well as more subtle differences in crystallization kinet-
ics, melt rheology, ductility, and impact resistance. POLYM.
ENG. SCI., 57:955-964, 2017. © 2016 Society of Plastics Engineers

INTRODUCTION

Polyetheretherketone (PEEK) is a semi-crystalline thermo-
plastic with a linear, highly aromatic molecular structure includ-
ing ether and ketone linkages [1-3]. PEEK exhibits unparalleled
properties as compared to most other plastic resins. For exam-
ple, PEEK exhibits excellent mechanical properties over a wide
range of environmental conditions, including a high elastic mod-
ulus and ultimate strength coupled with post-yield ductility, and
excellent creep resistance [1-6]. Moreover, PEEK exhibits
excellent solvent resistance, thermal oxidative stability, and radi-
ation resistance [1-6]. Because of these properties, PEEK can
be sterilized by steam, ethylene oxide, and gamma radiation,
and implantable grades are biocompatible and bioinert [5, 6].
PEEK is also readily fabricated into complex shapes and forms
using traditional thermoplastic molding operations and readily
compounded with fiber reinforcements (e.g., carbon, glass, etc.)
or particulate fillers (e.g., barium sulfate, hydroxyapatite, etc.)
for enhancing mechanical properties, radiopacity, and bioactivity
[2-6]. Compared to metals, PEEK exhibits lower density, lower
thermal, and electrical conductivity, greater corrosion resistance,
and compatibility with X-rays and magnetic fields often used
for quality control and diagnostic imaging [3-6]. Thus, for all
the above reasons, PEEK has been used to replace metals, or in
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place of metals, in a growing number of industrial applications
across the aerospace, automotive, biomedical, defense, electrical,
electronics, energy, food processing, petroleum, and semicon-
ductor industries [1-6].

Structure-property relationships for PEEK resins have been
characterized using a wide variety of spectroscopic, thermal,
mechanical, rheological, and microscopic techniques [2, 6-26].
These studies have reported relatively consistent behavior for neat
PEEK resins and predictable effects of functional additives, which
has contributed to the adoption of PEEK in applications requiring
superior performance as compared to common polymeric resins.
However, most previous studies have focused on the earliest com-
mercial grades of PEEK resin (ICI or Victrex 450G and 150G) [2,
6-26]. PEEK, like most commercial polymers, is available from
several suppliers and in several grades. Current commercially-
available resins are polymerized using nucleophilic synthetic routes
that include hydroquinone and 4,4’'-difluorobenzophenone as start-
ing monomers. In this reaction, the two difunctional monomers
combine to create a linear polymer with a glass transition tempera-
ture (T,) and melting temperature (T,,,) around 145°C and 335°C,
respectively [27-29]. Suppliers typically develop resin grades for
specific markets, processes, or applications [3, 4]. Grade designa-
tion often encompasses neat resins, filled resins, and resins with
different flow properties. While different flow properties can sug-
gest different physical properties, only a few of these are described
in the processing recommendations of comparable grades offered
by various suppliers. A detailed understanding of these physical
properties is required for the design and manufacturing of industri-
al and medical devices made with PEEK [29, 30].

Therefore, the objective of this study was to examine key
structure-property relationships in current commercial, extrusion
and injection molding grade, PEEK resins to improve under-
standing for the effects of the inherent polymer molecular struc-
ture and selected processing conditions on material properties.
The molecular structure of the PEEK resins was characterized,
including the composition, crystal structure, crystallinity, and
molecular weight. Thermal, rheological, and mechanical proper-
ties were measured by standardized tests and analyzed in light
of resin structural characteristics and processing history. We
anticipate that improved understanding of the structure-property
relationships associated with commercially-available PEEK res-
ins will enable expanded use of PEEK in high performance
applications by aiding design and manufacturing engineers.

EXPERIMENTAL

Materials

Standard (STD) and high flow (HF) grade PEEK resins were
obtained from two resin suppliers: KetaSpire® KT-820 NT



(STD-A) (Solvay Specialty Polymers USA, LLC), Victrex®
450G (STD-B) (Victrex PLC, UK), KetaSpire® KT-880 NT
(HF-A), and Victrex® 150G (HF-B). STD-A and STD-B are
standard extrusion flow grades, while HF-A and HF-B are high
flow grades often recommended for injection molding applica-
tions, especially thin-walled moldings. For each test described
below, materials were evaluated in the form of as-received resin
pellets or as-molded shapes following supplier recommendations
(Electronic Supporting Information, Table S1).

Chemical Composition

Chemical composition was characterized for as-molded flex-
ural bars by Fourier transform infra-red (FTIR) spectroscopy
with a standard (nonpolarized) IR beam using a Perkin Elmer
Spectrum System 2000 FTIR spectrometer equipped with a dia-
mond attenuated total reflectance (ATR) cell and a deuterated
triglycine sulfate (DTGS) detector. Ten sequential scans were
averaged for measurements on one lot sampled for each PEEK
resin and grade.

Molecular Weight and Molecular Weight Distribution

The molecular weight (or molar mass) distribution was mea-
sured by gel permeation chromatography (GPC) in g/mol. As-
received resin pellets were dissolved in a 1:1 mixture of phenol
and 1,2,4-trichlorobenzene at elevated temperature. Samples were
passed through Shodex HT-806M columns using a Polymer Lab-
oratories PL-200 unit equipped with a differential refractive index
detector and calibrated with narrow molecular weight polystyrene
standards (Polymer Standards Services). The number average
molecular weight (M,,), weight average molecular weight (M,,),
Z-average molecular weight (M,), Z+ 1 average molecular
weight (M), and polydispersity indices (M,/M,, M,/M,) were
reported to characterize the molecular weight distribution. Three
lots were sampled for each PEEK resin and grade.

Crystal Structure and Crystallinity

Crystal structure and crystallinity were characterized for as-
molded flexural bars by wide-angle X-ray diffraction (WAXD)
using a horizontal Rigaku Geigerflex RU-200B diffractometer
with nickel-filtered Cu Ka radiation (4 1.542 A) generated at 40
kV and 40 mA. Diffraction patterns were collected over 5° to
70° two-theta with a step size of 0.02° and step time of 1 s. Per-
cent crystallinity was estimated from the 110, 111, 200, and 211
reflections, and the crystallite size was estimated from the most
intense reflection (110), using established methods described in
detail elsewhere [7, 14, 19]. Three lots were sampled for each
PEEK resin and grade.

Thermal Properties and Crystallization

The thermal behavior of PEEK resins was characterized by
differential scanning calorimetry (DSC) using a TA Instruments
Q20 DSC. As-received resin pellets were subjected to two heat-
ing and cooling cycles at 20°C/min under nitrogen atmosphere.
The enthalpy of fusion (AHy) and characteristic thermal transi-
tions, including the glass transition temperature (T,), melting
temperature (7y,), and crystallization temperature (7.), were
measured following ASTM D3418 [31]. Percent crystallinity
was calculated from the measured enthalpy of fusion and the

956 POLYMER ENGINEERING AND SCIENCE—2017

theoretical enthalpy of fusion for 100% crystalline PEEK, which
was taken as 130 J/g [4, 6, 8]. Five and three lots were sampled
for each STD and HF grade, respectively, for each PEEK resin.
Dynamic crystallization was characterized under controlled ther-
mal heating and cooling cycles by measuring the peak crystalli-
zation temperatures and corresponding crystallization times. In
these experiments, samples were heated at 20°C/min until reach-
ing 400°C and then cooled at rates ranging from 2 to 50°C/min.
The crystallization temperature and time were measured at the
peak of the crystallization exotherm and the temperature drop
during crystallization, respectively. The crystallization time for a
specific cooling rate was calculated as the time associated with
twice the width of the crystallization exotherm at a position cor-
responding to one-half of its height. One lot was sampled for
each PEEK resin and grade.

Rheological and Viscoelastic Properties

Resin rheology at high shear rates was measured for as-
received resin pellets at 400°C following ASTM D3835 [32]
using a Dynisco LCR-7000 capillary rheometer with a die
3.17 mm in height and 0.50 mm in diameter. Viscosity was
measured over shear rates ranging 10> to 10* s™'. Two lots
were sampled for each PEEK resin and grade. Resin rheology at
low shear rates and viscoelastic properties were measured by
dynamic mechanical analysis (DMA) following ASTM D4440
[33] using a TA Instruments ARES RDA3 rheometer. The com-
plex viscosity (%), loss modulus (G), storage modulus (G”),
and dissipation factor (tan J) were measured over frequencies
ranging 0.1-500 rad/s or temperatures ranging ~25°C-300°C.
Frequency sweeps were measured for as-received resin pellets at
400°C using a 25 mm diameter parallel plate with a 1.5 mm
gap. Two lots were sampled for STD grade PEEK resin. Tem-
perature sweeps were measured for rectangular specimens,
50 mm in length and 1.27 mm in width, sectioned from the cen-
ter of as-molded flexural bars, 3.2 mm in thickness, after
annealing at 200°C for 2 h. Specimens were subjected to a
cyclic 0.05% torsional strain at 1.6 Hz while heating at 5°C/min.
Two and three lots were sampled for STD and HF grade PEEK
resins, respectively.

Mechanical Properties

Tensile properties were measured for as-molded Type I ten-
sile specimens, 3.2 mm in thickness, at a displacement rate of 5
and 50 mm/min using an Instron 5569 load frame and exten-
someter, following ASTM D638 [34]. The elastic modulus (E),
yield strength (o), yield elongation (ey), and elongation at break
(¢p) were measured from stress—strain curves. Three specimens
per lot from three separate lots were tested for each PEEK resin
and grade. Notched Izod impact resistance was measured for
specimens prepared from as molded plaques, 3.2 mm in thick-
ness, using a Testing Machines impact testing system, following
ASTM D256 [35]. Notch sensitivity was investigated for speci-
mens prepared with notch radii ranging from 0.08 to 0.76 mm.
Five specimens per lot were tested for each notch radius, PEEK
resin, and grade. Two and three lots were sampled for STD and
HF grade PEEK resins, respectively. Instrumented impact testing
was also performed with as molded disks, 3.2 mm in thickness
and 102 mm in diameter, using a Dynatup 3000 drop-tower to
measure the total energy absorption during high speed puncture,
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FIG. 1. Representative FTIR spectra showing characteristic absorptions for
as-molded specimens prepared from (a) standard (STD) and (b) high flow
(HF) grade commercial PEEK resins (A and B). [Color figure can be viewed
at wileyonlinelibrary.com]

following ASTM D3763 [36]. Five specimens per lot from two
separate lots were tested for each PEEK resin and grade.

Statistical Analysis

Properties measured on multiple samples and/or lots were
reported as the pooled mean (*standard deviation). Two-way
analysis of variance (ANOVA) (JMP 12, SAS Institute) was
used to investigate the effects of the PEEK resin and grade on
measured properties. Post hoc comparisons were performed
using a Mann—Whitney U-test. Multiple analysis of covariance
(MANCOVA) was used to investigate the effects of the PEEK
resin, grade, and specimen notch size on notched Izod impact
resistance after performing a log transform on the measured
impact resistance to ensure a normal distribution. The level of
significance for all tests was set at p < 0.05.

RESULTS AND DISCUSSION

Chemical Composition

FTIR spectra for each PEEK resin and grade exhibited char-
acteristic absorptions corresponding to carbonyl groups of the
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ketone (~1,650 and 1,305 cmfl), diphenyl ether linkages
(~1,600, 1,490, 1,280, 1,215, 1,190 cmfl), and aromatic hydro-
gens (~1,160 cm ™' and lower wavelength peaks) (Fig. 1). Dif-
ferences between resins of the same grade were minor (Fig. 1),
which suggests that the resins exhibited negligible differences in
chemical composition. Moreover, characteristic absorptions were
similar to those observed previously for the earliest commercial
PEEK resins [16].

Molecular Weight and Molecular Weight Distribution

STD and HF grades of resin A exhibited a higher average
molecular weight and lower polydispersity (narrower distribu-
tion) compared with resin B (Fig. 2 and Table 1). HF grades
exhibited a lower average molecular weight as compared with
STD grades (p <0.0001, ANOVA), as expected (Fig. 2 and
Table 1). However, the shape of the molecular weight distribu-
tion was similar for both STD and HF grades from the same
resin supplier.

The molecular weight distribution of a PEEK resin affects
the crystallinity [26, 29], crystallization kinetics [37—41], rheolo-
gy [29, 37, 41], and mechanical properties [41-—43], but few
studies have reported the molecular weight distribution of
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FIG. 2. Representative molecular weight distributions for (a) standard
(STD) and (b) high flow (HF) grade commercial PEEK resins (A and B)
measured by GPC on as-received resin pellets. Statistical parameters are
reported in Table 1. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 1. Molecular weight distribution characterized by GPC for as-received resin pellets of standard (STD) and high flow (HF) grade commercial PEEK

resins (A and B).

Grade-resin M, (g/mol) M,, (g/mol) M /M, M, (g/mol) M,M,, M, (g/mol)

STD-A 51,900 (300)* 107,300 (600)* 2.07 (0.01)* 153,600 (300) 1.43 (0.01)* 196,300 (100)*
STD-B 44,400 (700)* 98,300 (1800)* 2.22 (0.01)* 157,300 (3400) 1.60 (0.00)* 217,000 (5600)*
HF-A 40,000 (400)* 80,000 (1700)* 2.00 (0.03)* 120,500 (3400) 1.51 (0.02)* 163,400 (7500)*
HF-B 34,200 (500)* 72,500 (1100)* 2.12 (0.01)* 120,500 (1900) 1.66 (0.01)* 174,900 (2900)*

The mean (*standard deviation) is reported for three lots sampled for each PEEK resin and grade. Representative molecular weight distributions are

shown in Fig. 2.

M,, = average molecular weight, M, = weight average molecular weight, M, = Z-average molecular weight, M, =Z + 1 average molecular weight,

M /M, and M,/M, = polydispersity indices.
*p <0.05 A versus B for same grade, Mann—Whitney U-test.

commercial PEEK resins. Characterization of the molecular
weight distribution in aromatic polyketones is challenging due
to an inherently strong chemical resistance, which limits solubil-
ity and direct assessment through traditional techniques such as
GPC. In this study, PEEK resins were dissolved in an aromatic
solvent mixture (phenol and 1,2,4-trichlorobenzene), which was
previously demonstrated to enable accurate measurement of the
average molecular weight of noncommercial PEEK resins by
GPC as compared with light scattering using concentrated sulfu-
ric acid as the solvent [11]. The measured differences in the
average molecular weight and molecular weight distribution
between commercial PEEK resins and grades are shown below
to directly influence crystallinity, crystallization kinetics, rheology,
and mechanical properties.

Crystal Structure and Crystallinity

WAXD patterns for each PEEK resin and grade exhibited
characteristic reflections (110, 111, 200, 211) corresponding to
an orthorhombic unit cell (Electronic Supporting Information,
Fig. S1). The orthorhombic unit cell of PEEK contains only
two-thirds of a repeat unit with measured dimensions reported
as a=0.775-0.788 nm, b=0.586-0.594 nm, and ¢ = 0.988-
1.007 nm [7, 10, 14, 19]. The unit cell parameters of PEEK are
not influenced by orientation and crystallization [23], unlike oth-
er polymorphic aromatic polyaryletherketones [44].

Differences in the crystallite size and percent crystallinity
measured by WAXD for resins of the same grade were not sta-
tistically significant, except that STD-A exhibited ~3% lower
percent crystallinity as compared with STD-B (Table 2). HF
grades exhibited a larger crystallite size and greater percent
crystallinity compared with STD grades (p <0.0005, ANOVA),

TABLE 2. Crystallite size and percent crystallinity measured by WAXD
for as-molded specimens prepared from standard (STD) and high flow (HF)
grade commercial PEEK resins (A and B).

Grade-resin Crystallite size (nm) Crystallinity (%)
STD-A 15.0 (0.0) 27.3 (0.8)*
STD-B 14.6 (0.6) 30.5 (0.4)*
HF-A 16.3 (0.6) 36.8 (1.2)
HF-B 16.3 (0.6) 37.3 (1.7)

The mean (*standard deviation) is reported for three lots sampled
for each PEEK resin and grade. Representative WAXD spectra are shown in
Fig. S2 (Supporting Information).

*p <0.05 A versus B for same grade, Mann-Whitney U-test.
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as expected (Table 2). HF grades exhibited a crystallite size in
the (110) plane of ~16 nm and ~37% crystallinity as compared
with ~15 nm and ~29%, respectively, for STD grades.

The crystal structure and crystallinity of PEEK are governed
by molecular structure and processing, and in turn affect final
properties (e.g., mechanical properties, dimensional stability,
and chemical resistance), which ultimately dictate the suitability
of a particular resin for a given application. Therefore, signifi-
cant effort has been devoted to characterizing the crystal struc-
ture, crystallinity, and crystallization kinetics of PEEK.
Crystallinity has been measured in the range of 0%-50%,
depending on processing conditions, using various methods
including WAXD [2, 6, 8-10, 17, 22, 23], DSC [2, 6, 13,
15-18, 22, 24, 29], FTIR [6, 9, 16, 17, 24], Raman spectroscopy
[20], small angle X-ray scattering [8, 23], and nuclear magnetic
resonance [25]. In this study, the decreased crystallinity of STD-
A as compared with STD-B (~3% difference), as well as STD
grades compared with HF grades (~8% difference), is most
likely due to decreased chain mobility [26, 29, 37—41] in higher
molecular weight resins and grades (Fig. 2 and Table 1) as proc-
essing conditions (thermal history) were similar between resins
and grades (Tables S1, Supporting Information). The decreased
crystallite size of STD as compared with HF grades was also
most likely due decreased chain mobility in higher molecular
weight resins, but may have also been influenced by other fac-
tors, such as paracrystallinity [45].

Thermal Properties and Crystallization

Thermal transitions measured by DSC under cooling and
heating cycles (Electronic Supporting Information, Fig. S2)
were used to determine the crystallization temperature, glass
transition temperature, melting temperature, and percent crystal-
linity (Table 3). STD and HF grades of resin A exhibited a low-
er crystallization temperature as compared with resin B by
~6°C and ~8°C, respectively (Table 3). STD and HF grades of
resin A also exhibited lower crystallinity as compared with resin
B by ~3% and ~5%, respectively (Table 3). Under dynamic
crystallization, STD and HF grades of resin A exhibited
decreased crystallization kinetics as compared with resin B, and
the magnitude of the difference increased with increased crystal-
lization temperature (Fig. 3). HF grades exhibited a higher crys-
tallization temperature and crystallinity (Table 3, p <0.0001,
ANOVA), as well as more rapid crystallization kinetics (Fig. 3),
compared with STD grades, as expected.

DOI 10.1002/pen



TABLE 3.
cial PEEK resins (A and B).

Thermal transitions and percent crystallinity measured by DSC for as-received resin pellets of standard (STD) and high flow (HF) grade commer-

Grade-resin T, (°C) T. (°C) Tm (°C) AH; (J/g) Crystallinity (%)
STD-A 152.3 (1.2) 282.4 (1.0)* 338.9 (0.7)* 48.3 (1.1)* 37.1 (0.8)*
STD-B 151.2 (1.2) 287.8 (1.2)* 340.3 (0.6)* 52.1 (2.8)* 40.0 (2.1)*
HF-A 148.8 (0.2)* 287.9 (4.4)* 340.1 (0.6)* 58.6 (2.3)* 45.1 (1.8)*
HF-B 146.9 (0.7)* 295.8 (0.9)* 342.1 (0.4)* 65.2 (2.1)* 50.2 (1.6)*

The mean (*standard deviation) is reported for five and three lots sampled for each STD and HF grade, respectively, for each PEEK resin. Representa-

tive DSC curves are shown in Fig. S3 (Supporting Information).

T, = glass transition temperature, T, = crystallization temperature, T},, = melting temperature, AH; = enthalpy of fusion.

*p <0.05 A versus B for same grade, Mann—Whitney U-test.

The crystallization temperature, crystallinity, and crystalliza-
tion kinetics were decreased for resin A compared with resin B,
and for STD compared with HF grades (Table 3, Fig. S2 [Sup-
porting Information], and Fig. 3). Note that the ASTM standard
test method includes an initial heating cycle to erase prior ther-
mal history [31]. Therefore, differences in the crystallinity mea-
sured by DSC (Table 3) as compared with WAXD (Table 2)
reflect differences in prior thermal history. Moreover, differ-
ences in crystallinity between resins and grades were more
prominent when measured by DSC and reflect the effect of
molecular structure rather than thermal history. Therefore, these
results suggest that chain mobility was decreased in higher
molecular weight resins and grades (Fig. 2 and Table 1), result-
ing in a decreased crystallization temperature, crystallinity, and
crystallization kinetics (Table 3). Crystallization of PEEK is
highly dependent on the mobility of molecular chains and their
ability to organize during cooling of the melt, such that lower
molecular weight resins and grades crystallize more readily [26,
29, 37-41]. Thus, lower molecular weight grades and resins
were able to crystallize at higher temperatures (Table 3 and Fig.
3) independent of prior thermal history.

The measured thermal transitions of STD-B were similar to
the earliest commercial grades of the same PEEK resin, which
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FIG. 3. Dynamic crystallization of standard (STD) and high flow (HF)
grade commercial PEEK resins (A and B) showing the crystallization kinet-

ics measured by DSC on as-received resin pellets. [Color figure can be
viewed at wileyonlinelibrary.com]
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were reported to exhibit a glass transition temperature above
145°C, a melt crystallization temperature of ~290°C, and a
melting temperature of ~340°C [2]. The ASTM standard for
implantable grades of PEEK specifies a glass transition tempera-
ture of 125°C-165°C, a melt crystallization temperature of 260—
320°C, and a melting temperature of 320°C-360°C, each mea-
sured by DSC at a specified heating/cooling rate of 20°C/min
[46]. Using the same methods, the commercial resins and grades
in this study exhibited a glass transition temperature of
~145°C-155°C, a melt crystallization temperature of ~280°C—
300°C, and a melting temperature of ~335°C-345°C. The great-
er ranges in the ASTM specification are due to the recognition
that the thermal properties and crystallization of PEEK is
strongly influenced by molecular structure, which may be tai-
lored for the development of new resins/grades for new or exist-
ing applications.

Thermal transitions and the crystallization behavior of PEEK
resins measured by DSC have been extensively reported, and are
known to be highly dependent on both molecular mobility and
the heating/cooling rate [2, 6-8, 13, 15-18, 22-24, 26, 29-31,
37-41, 47]. For example, cold crystallization is observed at tem-
peratures close to 180°C under slow heating rates [2]. PEEK crys-
tallization during cooling occurs in multiple stages and is highly
dependent on the cooling rate [2]. Thus, molecular structure and
processing both govern the thermal properties and crystallization
of PEEK, which in turn affects rheological and, via the spherulit-
ic morphology, mechanical properties, respectively [2, 6, 29, 41].
Moreover, differences in thermal properties and crystallization
behavior must be taken into account when optimizing melt proc-
essing conditions for a given PEEK resin and grade.

Rheology and Viscoelastic Properties

The melt viscosity measured by capillary rheometry at high
shear rates, typical of melt processing methods such as extrusion
and injection molding (>200 1/s), exhibited shear thinning with
increased shear rate for each PEEK resin and grade (Fig. 4). The
melt viscosity and overall behavior was similar for PEEK resins
of the same grade. However, STD and HF grades of resin A
exhibited slightly lower viscosity at moderate shear rates (~100—
400 1/s), as well as less shear thinning with increased shear rate,
as compared with resin B (Fig. 4). STD grades exhibited a higher
melt viscosity as compared with HF grades (Fig. 4), as expected.

The complex viscosity measured by dynamic oscillatory rhe-
ometry for STD resins at low shear rates also exhibited shear
thinning (Fig. 5a). STD-A exhibited lower viscosity at low
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commercial PEEK resins (A and B) showing the effect of shear rate on melt
viscosity measured by capillary rheometry on as-received resin pellets at
400°C. [Color figure can be viewed at wileyonlinelibrary.com]

frequencies, as well as less shear thinning with increased fre-
quency, as compared with STD-B (Fig. 5a). The measured
dynamic moduli were also lower for STD-A as compared with
STD-B and the difference between resins was more pronounced
at lower frequency (Fig. 5b). The difference between the storage
(G") and loss (G") modulus was greater for STD-A as compared
with STD-B and more pronounced lower frequencies corre-
sponding to the flow region (Fig. 5b).

Viscoelastic properties measured by DMA on solid speci-
mens of STD resins (Fig. 6) also reflected behavior observed in
the melt (Fig. 5b). STD and HF grades of resin A exhibited a
slightly greater glass transition temperature compared with resin
B by ~4°C and ~1°C, respectively (Fig. 6b and d). At tempera-
tures below the glass transition, the storage modulus measured
for STD and HF grades of resin A was less temperature sensi-
tive as compared to resin B (Fig. 6a and c). HF grades exhibited
smaller, almost negligible, differences between resins in the
glass transition temperature, as well as the temperature sensitivi-
ty of the storage modulus at temperatures below the glass transi-
tion temperature, as compared with STD grades (Fig. 6).

Melt viscosity, shear thinning, and viscoelasticity were
decreased for resin A as compared with resin B at low and mod-
erate shear rates, while melt viscosity was increased for STD
compared with HF grades at moderate and high shear rates
(Figs. 4-6). These results suggest that measured differences in
rheological properties were most likely due to differences in the
molecular weight distribution between PEEK resins and grades.
Increased molecular weight results in decreased chain mobility
or increased chain entanglement [29]. Therefore, melt viscosity
was decreased for resin A compared with resin B at low and
moderate shear rates (Figs. 4 and 5a) due to the greater average
molecular weight of resin A compared with resin B (Table 1).
Melt viscosity was also decreased for STD compared with HF
grades at moderate and high shear rates (Fig. 4) due to the
greater average molecular weight of STD as compared with HF
grades (Table 1). Greater polydispersity creates a disparity in
rheological behavior between smaller chains and longer, highly-
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entangled chains, which affects macroscopic flow in the termi-
nal region. Therefore, shear thinning and viscoelasticity were
decreased for resin A as compared with resin B at low and mod-
erate shear rates (Figs. 4-6) due to the lower polydispersity of
resin A as compared with resin B (Table 1). The ratio of
dynamic moduli is well-known to be sensitive to differences in
polydispersity or branching [29]. Increased polydispersity in the
molecular weight distribution was previously shown to increase
shear thinning and viscoelastic damping behavior in PEEK res-
ins [29].

PEEK resins can be converted to useful forms using con-
ventional melt processing methods, such as extrusion and
injection molding, despite exhibiting a high melting tempera-
ture. Therefore, the characterization of rheological properties
above the melting temperature, typically at 375°C—400°C, is
critical for process optimization and resin selection [29]. The
results of this study demonstrate a prominent effect of the resin
molecular weight distribution on rheological and viscoelastic
properties.
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FIG. 5. Low shear rheology of standard (STD) grade commercial PEEK
resins (A and B) showing the effect of loading frequency on the (a) complex
viscosity (#*) and (b) dynamic moduli, including the loss (G') and storage
(G") modulus, measured by dynamic, parallel plate rheometry on as-received
resin pellets at 400°C. [Color figure can be viewed at wileyonlinelibrary.
com]
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Mechanical Properties

Stress—strain curves measured for as-molded specimens load-
ed in uniaxial tension exhibited behavior typical of ductile high
performance resins, including yielding and cold drawing prior to
fracture (Fig. 7). HF resins exhibited a larger drop in stress and
more distinct transition to cold drawing behavior compared with
STD resins (Fig. 7). Tensile properties were measured from
stress—strain curves for each PEEK resin and grade (Table 4).
STD-A exhibited a slightly lower yield strength and yield elon-
gation (~1%—-4% relative difference) as compared with STD-B
(Table 4). In contrast, STD-A exhibited a greater elongation at
break (>50% relative difference) compared with STD-B, but the
difference at the higher displacement rate was not statistically
significant (Table 4). HF-A exhibited a slightly lower elastic
modulus (~5%—6% relative difference), but significantly greater
elongation at break (>200% at 5 mm/min and >40% at 50 mm/
min) as compared with HF-B (Table 4). All other differences in
tensile properties between resins of the same grade were not sta-
tistically significant. STD grades exhibited a decreased elastic
modulus and yield properties (p <0.05, ANOVA) as compared
with HF grades (Table 4). Yield properties and elongation at
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break were sensitive to the displacement rate (p <0.0001,
MANOVA) for both resins and grades (Table 4).

The impact resistance of each PEEK resin and grade was
assessed by notched Izod specimens of varying notch radii (Fig.
8) and total energy absorption during high speed puncture (Table
5). Izod impact resistance increased with an increased notch radi-
us (p <0.0001, ANCOVA) for each PEEK resin and grade (Fig.
8), as expected. Resin A exhibited a greater Izod impact resis-
tance (p <0.0001, ANCOVA) and decreased notch sensitivity
(p <0.0005, ANCOVA) compared with resin B for STD grades,
but differences between HF grades were not statistically signifi-
cant (Fig. 8). STD grades exhibited a greater Izod impact resis-
tance (p < 0.0001, ANCOVA) compared with HF grades (Fig. 8),
as expected. Total energy absorption during puncture was also
greater for STD and HF grades resin A compared with resin B,
but differences were lower in HF grades compared with STD
grades (Table 5). STD grades exhibited greater total energy
absorption during puncture compared with HF grades for resin A
(p <0.001, Mann—Whitney U-test), but not resin B (Fig. 8).

STD and HF grades of resin A generally exhibited lower
strength, greater ductility, and greater impact resistance
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compared with resin B, while STD grades generally exhibited
lower strength, lower ductility, and greater impact resistance as
compared with HF grades (Figs. 7 and 8 and Tables 4 and 5).
The measured differences in these mechanical properties were
most likely due to differences in crystallinity and the molecular
weight distribution between PEEK resins and grades, as process-
ing conditions (thermal history) were similar between resins and
grades (Tables S1, Supporting Information). Strength was
decreased for resin A as compared with resin B and for STD
compared with HF grades (Table 4) due to the lower crystallini-
ty of resin A compared with resin B and STD compared with
HF grades, respectively (Tables 2 and 3). Recall, however, that
these differences in crystallinity were due to the greater average
molecular weight of resin A compared with resin B and STD
compared with HF grades (Table 1). Therefore, differences in
strength were primarily and directly governed by crystallinity,
but indirectly governed by molecular weight. Ductility (Table 4)
and impact resistance (Fig. 8 and Table 5) were increased for
resin A compared with resin B due to the greater average
molecular weight of resin A compared with resin B (Table 1) as
differences in crystallinity were relatively small by comparison.
Impact resistance was also increased for STD as compared with
HF grades (Fig. 8 and Table 5) due to the greater average
molecular weight of STD compared with HF grades (Table 1).
The greater difference in impact resistance between resin A and
B for the STD compared with the HF grade (Fig. 8 and Table
5) was most likely due to the greater difference in molecular
weight and crystallinity between resin A and B for the STD
grade compared with the HF grade (Tables 1-3). Therefore,
these results suggest that chain entanglement was increased in
higher molecular weight resins and grades (Table 1), resulting
in increased impact resistance (Fig. 8 and Table 5).

The measured mechanical properties of resin B were similar
to previous data for commercial grades of the same resin, which
were reported to exhibit a tensile modulus of ~4 GPa, a tensile
yield strength of ~90-100 MPa, an elongation at break of
~25%-45%, and an Izod impact resistance of 50-75 J/m for a
0.25 mm notch radius [2, 4, 5, 41, 43]. The ASTM standard for
implantable grades of PEEK specifies a tensile yield strength
>90 MPa, an elongation at break >5%, and an Izod impact
resistance >50 J/m for a 0.25 mm notch radius [46]. Using the
same methods, the commercial resins and grades in this study

TABLE 4. Tensile properties measured for as-molded specimens prepared from standard (STD) and high flow (HF) grade commercial PEEK resins (A

and B).

Displacement rate Elastic modulus

Yield strength Yield elongation Elongation at

Grade-resin (mm/min) (GPa) (MPa) (%) break (%)
STD-A 5 3.79 (0.07) 89.5 (0.7)* 491 (0.04)* 73 (7)*
STD-B 5 3.89 (0.23) 92.6 (1.1)* 5.03 (0.02)* 48 (9)*
HF-A 5 3.84 (0.03)* 98.6 (0.7) 5.57 (0.06) 120 (17)*
HF-B 5 4.06 (0.02)* 98.9 (0.8) 5.73 (0.12) 55 (15)*
STD-A 50 3.74 (0.12) 94.8 (0.4)* 5.17 (0.02)* 37 (16)
STD-B 50 3.95 (0.21) 98.2 (0.4)* 5.22 (0.02)* 21 (1)
HF-A 50 3.80 (0.01)* 103.5 (0.7) 5.73 (0.06) 27 (1)*
HF-B 50 4.04 (0.02)* 104.6 (0.4) 5.80 (0.10) 19 (1)*

The pooled mean (*standard deviation) is reported for three specimens per lot from three separate lots sampled for each PEEK resin and grade. Repre-
sentative stress—strain curves are shown in Fig. 7.
*p <0.05 A versus B for same grade and displacement rate, Mann—Whitney U-test.
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exhibited a tensile yield strength of ~90-105 MPa, an elonga-
tion at break of ~20%-120%, and an Izod impact resistance of
~50-90 J/m for a 0.25 mm notch radius. Therefore, each PEEK
resin and grade examined in this study was able to meet the
ASTM specification.

TABLE 5. Total energy absorption during high speed puncture measured
for as-molded disks prepared from standard (STD) and high flow (HF) grade
commercial PEEK resins (A and B).

Total energy

Grade absorption (J)
STD-A 84.9 (4.3)*
STD-B 74.7 (1.8)*
HF-A 77.8 (1.8)*
HF-B 75.6 (2.7)*

The pooled mean (*standard deviation) is reported for five speci-
mens per lot from two separate lots sampled for each PEEK resin and grade.
*p <0.05 A versus B for same grade, Mann—Whitney U-test.
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PEEK resins exhibit superior mechanical properties compared
to most commercially available thermoplastic materials [1-6].
However, the mechanical properties of PEEK resins are known
to be highly dependent on intrinsic factors, such as the molecu-
lar weight [4, 41-43], crystallinity [37, 43], and processing
methods (thermal history) [13, 17, 42, 43], and extrinsic factors,
such as the strain rate [5, 6], temperature [2, 5, 12, 21], and
notch radius [6, 13, 48]. Therefore, each of these factors must
be taken into careful consideration for resin selection. The
results of this study highlight the effect of the resin molecular
weight distribution on tensile properties and impact resistance,
via crystallization and the spherulitic morphology [30, 42],
which must be taken into account for resin selection and process
optimization, especially in complex designs where enhanced
ductility and impact resistance may be desirable to increase
durability of the final part.

CONCLUSIONS

A comprehensive investigation of key structure-property in
standard flow and high flow grades of commercial PEEK resins
revealed differences that were primarily derived from the resin
molecular weight distribution and associated molecular mobility
or entanglement. The decreased chain mobility (or increased
entanglement) associated with increased resin molecular weight
resulted in decreased crystallization kinetics and final crystallini-
ty; decreased melt viscosity, shear thinning, and viscoelasticity;
and decreased strength, increased ductility, increased impact
resistance, and decreased notch sensitivity. These structure-
property relationships provide fundamental understanding to aid
in the design and manufacturing of industrial and medical devi-
ces that leverage both the advantages common to all PEEK res-
ins, including chemical and thermal resistance, mechanical
strength, and biocompatibility, as well as more subtle differ-
ences in crystallization kinetics, melt rheology, ductility, and
impact resistance.
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