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Abstract— This paper explores the effect of nanodiamond (ND)
surface chemistry on the structure and properties of compos-
ites of ND melt-blended with poly(ether-ether-ketone) (PEEK).
ND functionalized with phenylphosphonate (PPA) resulted in
ND/PEEK composites with improved filler dispersion based
on visual observations and surface topography measurements.
As-received oxidized ND (OND) reduces PEEK’s lamellar spacing
and degree of crystallinity, as does PPA-modified carboxy-
lated ND, which has low PPA graft density. PPA-modified
OND does not significantly alter PEEK’s crystalline structure
or degree of crystallinity. Sonication during PPA grafting on
OND increases composite thermal conductivity by up to 38%
relative to pure PEEK. ND/PEEK composites have dielectric
permittivity values comparable to and in some cases lower than
pure PEEK and electrical conductivity values no greater than
pure PEEK. The combination of enhanced thermal conductivity,
low dielectric permittivity, and low electrical conductivity makes
ND/PEEK composites attractive for high-temperature electronic
device applications.

Index Terms— Composite, dielectric permittivity, electrical
conductivity, nanodiamond (ND), phenylphosphonate (PPA),
poly(ether-ether-ketone) (PEEK), thermal conductivity.

I. INTRODUCTION

THE continued miniaturization of electronic device
components requires new polymer materials with high

thermal conductivity and low dielectric constant. Heat dissipa-
tion in polymer-based microelectronics is an important issue:
A 10 °C–15 °C increase in operating temperature can result
in a twofold reduction in the lifespan of a device [1]. Heat
generated in the device must be dissipated efficiently to keep
the operating temperature low and extend device lifespan.
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To address this issue, filler particles with high ther-
mal conductivity have been blended with polymers to pro-
duce composites with improved heat dissipation performance.
Many candidate filler materials [metals, ceramics, carbon
nanotubes (CNTs), and graphene] also increase the composite
dielectric permittivity or electrical conductivity. Keeping the
dielectric permittivity low minimizes signal crosstalk and
propagation delay [2]. If the loading of electrically conductive
filler exceeds the percolation threshold, the composite becomes
electrically conductive. In order to overcome these issues
and achieve enhanced thermal performance, high-temperature
engineering polymers containing thermally conducting electri-
cally insulating low-permittivity nanoparticles are desired [3].

Poly(ether-ether-ketone) (PEEK) is a high-performance
thermoplastic that has attracted attention due to its high
temperature stability and good mechanical and chemical prop-
erties [4], [5]. Due to its relatively stiff aromatic polymer
backbone, PEEK has a continuous-use temperature up to
260 °C, a melting temperature of 343 °C, and thermal stability
in the melt state up to 400 °C. However, PEEK has a thermal
conductivity of only about 0.25 W/m K [6]–[9]. This is about
average for engineering polymers (typical values range from
0.11 to 0.45 W/m K for [9] and [10]), but only tenfold higher
than typical foamed insulation, and more than two orders
of magnitude lower than metals. In principle, the thermal
conductivity of PEEK could be improved through the addition
of highly conductive filler particles.

Most studies of PEEK composites, reviewed elsewhere [5],
have focused on improving mechanical or dielectric properties.
With regard to thermal conductivity, composites of CNTs in
PEEK have been investigated intensively (see [5] and the
references cited therein). PEEK composites containing as little
as 1 wt% CNTs exhibit thermal conductivity increases of as
much as 150% relative to pure PEEK [5], but the CNTs make
these composites electrically conductive [5], [6], especially
above the percolation threshold. More recent work found [11]
that PEEK blended with 1 wt% graphene oxide resulted
in composites with 100% increase in thermal conductivity;
further addition of up to 0.5 wt% multiwalled CNTs produced
additional increases.

Nanodiamond (ND) is a carbon allotrope with nanoscale
primary particle size [12]–[18], high specific surface area
(>200 m2/g [13]), and rich surface chemistry [12], [13],
[19]–[25]. Purified ND has high electrical resistivity due
to its sp3 electronic structure and the absence of π
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electrons [26]. Annealing ND above 1170 K leads to the
formation of graphitic phases [26] and decreasing resistivity.
ND is said to behave as a nearly ideal dielectric at temperatures
below 350 °C [27], although this is sensitive to ND surface
chemistry [28].

The high resistivity of ND makes it an attractive candi-
date for boosting the thermal conductivity of PEEK without
increasing its electrical conductivity. Comparison of experi-
mental data and theory for ND/poly(vinyl alcohol) (ND/PVA)
composites [29] suggests that ND may have a thermal con-
ductivity comparable to bulk diamond (∼2000 W/mK). This
study found that aqueous solution blending of 1 wt% ND in
PVA resulted a 25% increase in the thermal conductivity of
a solution-cast ND/PVA film relative to pure PVA. Blending
2 wt% ND with polydimethylsiloxane increased the thermal
conductivity by 15% [30]. Increased thermal conductivity has
also been reported for ND/epoxy composites [31]. There has
been one study of ND dispersed in sulphonated PEEK for fuel
cell applications [32], but none to date have reported thermal
conductivity or other properties of ND/PEEK composites.

This study aims to fill that void. Wahab et al. [33] demon-
strated grafting of phenylphosphonate (PPA) onto ND, produc-
ing phenyl-functionalized ND. Sonication during PPA grafting
did not increase the PPA graft density, but it did result in
better ND dispersion in organic solvents (DMF and toluene).
These results suggest that PPA-modified ND may disperse well
in PEEK and yield composites with enhanced mechanical,
thermal, and dielectric properties.

II. EXPERIMENTAL SECTION

A. Materials and Sample Preparation

Oxidized ND (ONDNB), carboxylic acid ND (CNDNB),
and octadecylamine ND (ODA-ND) were purchased from
NanoBlox, Inc. BET measurements indicated specific surface
areas of 283 and 327 m2/g for OND and CND, respectively.
The as-received NDs from NanoBlox are labeled with a
subscript “NB.” Surface modification of ONDNB and CNDNB
with PPA followed procedures described previously [33].
PPA-modified NDs prepared with heating are denoted by OND
and CND without subscripts. PPA-modified OND prepared
with heating and sonication during PPA grafting is denoted
by ONDson. Full details on the characterization of the surface
chemistry of the PPA-modified NDs used in this paper have
been reported in [33].

Fine powder grade PEEK (PEEK 450PF) was purchased
from Victrex plc. Before compounding, both the PEEK and
ND powders were dried in a convection oven at 165 °C for
24 h. Appropriate amounts of ND and PEEK were manually
mixed in a jar to achieve a rough mix with the desired wt%
ND prior to melt blending. Melt-blending employed a DSM
Xplore 5 cc twin-screw microcompounder with conical fully
intermeshing corotating screws rotating at 100 r/min. The
barrel temperature profile was set at 380 °C/370 °C/400 °C
from the hopper to the die. The recirculation valve was initially
closed so that melt blending occurred for 3 min, followed by
extrusion of either filaments or films. Table I lists the pure
PEEK and ND/PEEK composites prepared in this paper.

TABLE I

PEEK AND ND/PEEK COMPOSITES INVESTIGATED IN THIS STUDY

Filaments (0.5-mm diameter) were extruded, cooled by
natural convection, and pelletized to make compression-
molded plaque specimens. Pure PEEK was also processed
this way to prepare specimens with the same process his-
tory. A thin film sample of amorphous/semicrystalline PEEK
(denoted by APEEK) was also prepared by extrusion through a
38-mm-wide slit die followed by rapid quenching with forced
air convection. Since ND does not produce the same level
of abrasion as micrometer-scale diamond [12], [34], the
ND/PEEK composite products are not expected to contain
significant levels of metal contaminants.

To prepare compression molded plaques, pellets were
placed in a 15.2 × 10.2-cm2 (6 × 4-in2) stainless steel
mold/bracket held between by two brass plates. The assembly
was then placed within a compression mold (hot press) heated
to 370 °C, compressed at 10 MPa for 15 min, and then
gradually cooled while still in the hot press (about 45 min to
reach 50 °C) before the pressure was removed. The resulting
plaques had thicknesses of 0.5–0.8 mm. Both plaques and
extruded filaments were further annealed in an oven at 200 °C
for 3 h. A recent study of PEEK recycling (see [35] and the
references cited therein) and our own experience in PEEK
product manufacturing indicate that the thermal processing
history in this study should not result in significant PEEK
degradation (e.g., change in molecular weight distribution).
Annealed plaques were used for X-ray diffraction characteri-
zation and thermal conductivity tests, and annealed filaments
were used for tensile testing and thermogravimetric analy-
sis (TGA) characterization.

Some of the plaques were further compressed to produce
thin film samples (25–75 μm) by placing them between
Kapton sheets, heating to 370 °C, and applying 10-MPa
pressure for 30 min, and then gradually cooled in the hot press
to 50 °C (about 45 min) before the pressure was released.
Kapton was used because it has high thermal stability and
low surface energy, enabling release of the samples without
need for release agents. Film thicknesses were measured with a
micrometer to ensure uniformity. Despite the somewhat longer
time at elevated temperature, we do not expect this time–
temperature profile results in significant PEEK degradation.
However, we have not confirmed this by comparing the
MW distribution before and after processing. These thin film
samples were used for dielectric testing. For this purpose, film
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samples were sputter-coated with gold under argon atmosphere
through a shadow mask to deposit circular gold electrodes
(area 0.283 cm2) on both surfaces of the film. Some thin
film samples were also used for differential scanning calorime-
try (DSC) characterization.

B. Characterization Methods
1) Transmission Electron Microscopy: Specimens for trans-

mission electron microscopy (TEM) were embedded in
EMBed-812 epoxy resin in flat embedding molds, polymerized
at 60 °C for 24 h, and trimmed to a trapezoid shape using
a razor blade. Ultrathin (60–80 nm) sections of the trimmed
specimens were made using a diamond knife mounted on
a Dupont MT2B ultramicrotome and collected on formvar-
coated 300 mesh copper grids. The grids were subsequently
observed using a Hitachi H8000 TEM running at 200 kV.
Images were collected using an SIC L9C undermount charge-
coupled device camera.

2) Surface Topography: 3-D surface topography images
were collected using an nSpec 3-D system (Nanotronics Imag-
ing, Inc.) with a 20× objective lens. Using plaque samples
(0.5-mm thick), bright-field optical images and 3-D topo-
graphic scans were measured on cross-sectional surfaces pre-
pared using a manual cutter with a fresh razor blade for each
cut. Instrument software provides quantitative analysis of the
3-D topographic scans, including surface roughness, number
of asperities in the image, and average asperity volume.

3) X-Ray Scattering: X-ray scattering measurements were
conducted using a SAXSLab Ganesha system. A Xenocs
GeniX3D microfocus source was used with a Cu target to gen-
erate a monochromic X-ray beam with 0.154-nm wavelength.
A Pilatus 300K detector (Dectris) collected 2-D scattering pat-
terns. The 2-D data were reduced to 1-D profiles by radial inte-
gration with SAXSGUI 2.15. The instrument was calibrated
using a silver behenate reference (Alfa Aesar, 99% purity)
with first-order scattering vector q = 1.076 nm−1, where
q = (4π /λ) sin θ with a total scattering angle of 2θ . Samples
(0.5–0.8-mm-thick plaques, annealed) were secured on an
ambient sample stage using kapton tape. Small-, medium-,
and wide-angle measurements (SAXS, MAXS, and WAXS)
were acquired in transmission mode with 20-, 15-, and 5-min
scans, respectively, and a constant sample-to-detector distance
for each angular mode (1050, 450, and 100 mm for SAXS,
MAXS, and WAXS, respectively).

4) Mechanical Characterization: Stress–strain curves were
measured using a SYNERGIE 200 tensile tester (MTS Sys-
tems, Inc.) at room temperature (20 °C–23 °C, 40%–60%
RH). A 100 N load cell was used with a gauge length of
10.16 cm (4 in) and strain rate of 5.08 cm/min (2 in/min). For
each sample, at least five different specimens were tested to
establish mean and standard deviation of measured quantities.

5) Thermal Characterization: TGA utilized a TGA/SDTA
(model 851, Mettler Toledo) with samples heated either in
air or N2 (all gases were industrial grade supplied by Airgas)
in alumina crucibles. Dynamic tests ramped the temperature
at 10 °C/min from ambient to 900 °C.

DSC (model Q2000 V24.11 build 124, TA Instruments)
utilized 10-mg samples sealed under N2 atmosphere in

Fig. 1. Schematic of the apparatus used to measure the thermal conductivity
of PEEK and ND/PEEK composite samples.

standard Al pans. Samples were heated to 400 °C, cooled
to 100 °C, and then reheated to 400 °C, all at a ramp rate
of 3 °C/min. Instrument software identifies transition temper-
atures and provides integrated enthalpy values from melting
and crystallization peaks. Degree of crystallinity values (Xc)
are obtained from

Xc(%) = �H f

�H 0
f (1 − w f )

× 100 (1)

where �H f and �H 0
f denote the measured enthalpy of

fusion and the theoretical value for 100% crystalline PEEK
(130 J/g) [11], [36], respectively; w f denotes the ND weight
fraction.

Thermal conductivities of compression-molded plaques
were measured [37] using a customized instrument (Arm-
field HT11) conforming to ASTM 1225-04 (Fig. 1). One
end of a 25.4-mm-diameter polycarbonate (PC) rod is heated,
transferring heat through the sample, through a second
25.4-mm-diameter PC rod, and into a copper heat sink
immersed in flowing water at the other end. Thermocou-
ples monitor the temperatures at various locations (Fig. 1).
To ensure uniform sample thickness with parallel faces,
samples were polished with high grit number (600–1200)
sandpaper using a rotating-wheel polisher. To minimize the
contribution of contact resistance at the sample/PC interfaces,
both sides of the sample were coated with a thin coating of
metal oxide heat sink compound (RS Components, Ltd.). In
addition, a small clamping force was applied to maintain tight
contact between the PC blocks and the sample.

Assuming all materials obey Fourier’s law, a 1-D conduction
model determines the sample’s effective thermal conductiv-
ity (Ke)

Ke =
[

K PC

(
T3 − T4 + T5 − T6

2�XPC

)]
�Xsample

(TH − TC)
(2)

where �Xsample is the sample thickness and �XPC is the
distance between thermocouples in each PC rod. The term
in brackets in the equation represents the heat flux averaged
in the two PC rods, which is equated to the heat flux through
the sample.
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6) Dielectric Characterization: The complex impedances of
PEEK and ND/PEEK nanocomposite film samples were mea-
sured using an LCR meter (Agilent model E4980A) at a fixed
applied voltage (20 mV) and varying frequency (typically from
102 to 2 × 106 Hz). Impedance spectra were collected for three
to five specimens of each sample to ensure reproducibility.
The real and complex parts of the impedance, expressed as
impedance magnitude and phase angle, were analyzed using
a parallel RC circuit model describing a “leaky” capacitor,
yielding values of relative permittivity (εr ) and loss tangent
(tan δ) as functions of frequency.

III. RESULTS AND DISCUSSION

A. Physical and Structural Characterization

1) Physical Appearance: Initial work investigated melt
blending of as-received NDNB powders with PEEK. The
appearance and texture of the NDNB/PEEK filaments suggest
that melt blending did not adequately disperse any of the
NDNB materials in PEEK. With increasing NDNB content, the
surface of the extruded strands became progressively rougher
(by touch) due to the presence of large NDNB agglomer-
ates. At the highest loading (6% ONDNB), extrusion did
not produce uniform diameter strands, another indication of
poor filler dispersion. A strong odor and physical evidence
of off-gassing were evident during blending of ODA-NDNB
with PEEK. Since the ODA in ODA-NDNB appears to degrade
at PEEK processing temperatures, work on ODA-NDNB/PEEK
composites was discontinued. The thermal instability of the
ODA modifier provides the primary rationale for this study of
PPA-modified ND. Phosphonate-based coupling agents grafted
onto oxide surfaces are well known to have thermal stability
to temperatures above that used to melt-process PEEK; this
has been confirmed for PPA-modified ND, as well [33].

Visual and tactile observations suggest that neither
as-received CNDNB nor ONDNB disperses very well in PEEK.
This motivated our work on PPA grafting onto ND [33] in an
effort to prepare phenyl-functionalized ND with better PEEK
compatibility. Qualitatively, the smooth appearance and texture
of extruded filaments of PPA-modified ND/PEEK composites
suggested better dispersion of PPA-modified ND in PEEK
than was found for as-received NDNB. None of the PPA-
modified ND/PEEK composites showed any indication of
outgassing or thermal instability at processing temperatures
up to 400 °C, presumably due to the superior thermal stability
of the PPA modifier.

Compression-molded thin film samples of OND/PEEK
composites differ considerably in their physical appearance
(Fig. 2). Light scattering from large ONDNB agglomerates
causes the 4% ONDNB/PEEK film to be opaque; this has
been corroborated by TEM images, discussed below. The black
color of 4% ONDNB/PEEK probably results from residual
graphitic carbon in the ONDNB [12], which may be as much as
∼5% in the NDs supplied by Nanoblox. In contrast, film sam-
ples of PPA-modified 3% OND/PEEK and 3% ONDson/PEEK
are translucent, indicating that the large majority of OND
agglomerates in these samples are smaller than the wavelength
of visible light. These films exhibit a dark tinge and black
specks that indicate incomplete OND dispersion. Nevertheless,

Fig. 2. Thin film samples of OND/PEEK composites. From left to
right: 4% ONDNB/PEEK, 3% OND/PEEK, and 3% ONDson/PEEK. Film
thicknesses are ∼75 μm.

Fig. 3. TEM images of ND/PEEK composites. (a) and (b) 4%
ONDNB/PEEK. (c) 3% OND/PEEK. (d) 3% CND/PEEK. (e) and (f) 3%
ONDson/PEEK. Black scale bars are 0.2 μm in each image.

the appearance of these films provides visual evidence that
PPA functionalization results in better dispersion of OND
in PEEK.

TEM images (Fig. 3) provide additional qualitative informa-
tion on the internal structure of ND/PEEK composites. Images
of 4% ONDNB/PEEK [Fig. 3(a) and (b)] show that this com-
posite contains both submicrometer and micrometer-scale par-
ticles and agglomerates presumably consisting of ONDNB. The
micrometer-scale particles will certainly scatter light, resulting
in the opacity of 4% ONDNB/PEEK observed in Fig. 2.
The images of 3% OND/PEEK [Fig. 3(c)], 3% CND/PEEK
[Fig. 3(d)], and 3% ONDson/PEEK [Fig. 3(e) and (f)] com-
posites show evidence of spheroidal ND nanoparticle agglom-
erates with length scales smaller than about 0.2 μm. Although
the PPA-modified OND and CND nanoparticles in these
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Fig. 4. 3-D topographic reconstructions of cross-sectional surfaces of
(a) PEEK and (b)–(f) various ND/PEEK composites as indicated in the
image labels. The dimensions of each surface are approximately 0.625 mm ×
0.500 mm.

composites are not completely dispersed, the relatively small
agglomerates do not scatter much visible light, so these
composite films appear to be more transparent (Fig. 2).

Comparing Fig. 3(c) to Fig. 3(e) and (f) shows the effect
of sonication during PPA grafting onto ONDNB as described
in [33]. PPA-modified OND (prepared without sonication
during grafting) disperses in PEEK as spheroidal agglomerates
[Fig. 3(d)]. PPA-modified ONDson (PPA grafting assisted by
sonication) disperses as more elongated strands [Fig. 3(e)]
or denser dendritic structures [Fig. 3(f)]. The morphology
of OND and ONDson agglomerates dispersed in PEEK may
help rationalize the measured thermal conductivities for these
composites, discussed later.

2) Surface Topography: 3-D surface topographic recon-
structions (Fig. 4) reveal the texture of cross-sectional surfaces
of PEEK and various PPA-modified ND/PEEK composites.
The textures in the ND/PEEK images clearly differ from
that of pure PEEK [Fig. 4(a)], which appears to have a
smooth surface texture as expected for an unfilled polymer.
The 3% CND/PEEK sample [Fig. 4(c)] has more surface
texture than 3% OND/PEEK [Fig. 4(b)], suggesting better
dispersion of OND in PEEK compared to CND. Among
the composites containing ONDson, the coarseness of the
composite surface texture appears to increase with ONDson
loading [Fig. 4(d)–(f)]. This may be explained by concurrent
increases in the size and number of ONDson agglomerates or
change in the agglomerate morphology. The TEM images for
3% ONDson/PEEK [Fig. 3(e) and (f)] show that this composite
contains a mixture of thinner fibrillar [Fig. 3(e)] and thicker
dendritic [Fig. 3(f)] agglomerate structures. We speculate
that 1% ONDson/PEEK may contain more fibrillar agglom-
erates, while 5% ONDson/PEEK may contain more dendritic

Fig. 5. Values of asperity area density derived from 3-D topography images
of cross-sectional surfaces of PEEK and various ND/PEEK composites.

agglomerates, which would explain the observed increase of
surface texture with ONDson loading [Fig. 4(d)–(f)].

Quantitative analysis of the topography data provides mea-
sures of the asperity area density (number of asperities per
unit surface area) (Fig. 5). Each asperity represents a “feature”
protruding above or below the average plane of the surface.
The surfaces of pure PEEK and 3% OND/PEEK have about
900 and 1270 asperities per mm2, respectively. In contrast,
the surface of 3% CND/PEEK, despite having the same ND
loading, has almost 4800 asperities per mm2. The similarity of
the values for pure PEEK and 3% OND/PEEK suggests that
their surfaces have a similar nature: Although OND aggregates
produce some additional surface roughness, they are relatively
well dispersed in the PEEK.

In contrast, the greater asperity density for 3% CND/PEEK
implies larger more numerous CND aggregates. In other
words, the nSPEC topography data imply that CND does not
disperse as well in PEEK as OND. Comparison of PPA graft
densities [33] rationalizes this finding. CND has a PPA graft
density ranging from 0.11 to 0.22 per nm2, less than half the
PPA graft density reported for OND (0.51–0.58 PPA per nm2).
The higher PPA graft density for OND renders it more
compatible with PEEK, resulting in better OND dispersion.

The surfaces of 3% OND/PEEK and 3% ONDson/PEEK
have similar asperity area densities (Fig. 5). Compared to
the value for PEEK, these results show that OND aggregates
make at least some contribution to surface texture in these
composites. For both of these composites, OND dispersion in
PEEK appears to be relatively good, indicating that sonication
of OND during PPA grafting does not improve OND disper-
sion in PEEK. The asperity density sharply increases with
increasing ONDson loading (Fig. 5). The significant coarsening
of the surface texture of the 5% ONDson/PEEK composite can
be attributed to the increasing number and size of ONDson
agglomerates in this composite.

3) PEEK Crystallinity via X-Ray Scattering: The WAXS
pattern for pure PEEK (Fig. 6) is consistent with previous
reports [38]. The WAXS patterns for all of the ND/PEEK
composites (Fig. 6) exhibit scattering intensity consistent with
(110), (111), (200), (211), and (020) reflections of a PEEK
unit cell. The similar scattering profiles suggest that the PEEK
matrix in each of the ND/PEEK composites has essentially the
same crystalline form as pure PEEK. However, the peaks in the
ND/PEEK patterns are shifted to somewhat larger values of 2θ ,
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Fig. 6. WAXS patterns for (a) pure PEEK and various 3% ND/PEEK
composites and (b) pure PEEK and ONDson/PEEK composites containing
1%, 3%, and 5% ONDson, and 4% ONDNB/PEEK composite. Miller indices
are indicated in (a). All ND/PEEK patterns are shifted upward for clarity.

possibly indicating slight contraction of the unit cell lattice
parameters. The shifts in the ND/PEEK patterns (relative to
pure PEEK) are not due to differences in sample thickness,
sample-detector distance, or other experimental artifacts. The
ND/PEEK composites may have experienced a different ther-
mal history (compared to pure PEEK) due to their higher
thermal conductivity values, discussed below. Fully resolving
this point would require further experiments with more careful
control of the annealing time and temperature. For now,
we note that the differences in PEEK crystal structure and
overall crystallinity between the ND/PEEK composites and
pure PEEK are relatively small, if they are real.

The MAXS scattering intensity profile [I(q)] for pure PEEK
(Fig. 7) exhibited a broad peak similar to previous observa-
tions [39], [40]. This peak was centered at q = 0.039 Å−1,
corresponding to PEEK’s lamellar structure with an estimated
spacing of ∼16 nm. For ND/PEEK composites, a broad
shoulder was observed in the same region, suggesting a less-
well defined periodic lamellar spacing.

The Lorentz correction [41] suppresses the contribution
of single particle scattering in order to isolate and quan-
tify scattering from the PEEK lamellar domains. Fig. 8(a)
shows Lorentz-corrected MAXS patterns for pure PEEK and
ND/PEEK composites. All of these profiles show a peak
in q2I(q) at approximately q = 0.04 Å−1 as is typically

Fig. 7. MAXS patterns for (a) pure PEEK and various 3% ND/PEEK
composites and (b) pure PEEK and ONDson/PEEK composites containing
1%, 3%, and 5% ONDson, and 4% ONDNB/PEEK composite (shifted upward
by a factor of two).

associated with lamellar structures of polymer crystallites.
While the lamellar spacing and thickness may be extracted
from Fourier analysis, the peak center enables the crude
estimation of a 16-nm correlation length. This result shows
that the addition of PPA-modified OND to PEEK did not
significantly alter the correlation length associated with the
lamellar structure. The combination of similar MAXS and
WAXS patterns suggests that the overall crystal structure was
not significantly affected.

Figs. 6–8 also show X-ray diffraction data for the
4% ONDNB/PEEK composite prepared from as-received non-
modified ONDNB. The WAXS pattern for this composite
exhibits peaks consistent with the same previously observed
reflections for PEEK, but were broadened and shifted to lower
angles. The pattern also appears to have a more significant
contribution from amorphous PEEK that produced a broad
superimposed background peak. PEEK’s characteristic peak
in the MAXS pattern (Fig. 8) was broader and shifted to
q = 0.055 Å−1, indicating a shorter lamellar correlation length
of 11.4 nm. These observations suggest that nonmodified
ONDNB interacts with PEEK to limit the extent of crystal-
lization in the polymer composites.

B. Mechanical Properties
PEEK and all ND/PEEK composites listed in Table I (except

ODA-ND/PEEK) were characterized by stress–strain tensile
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Fig. 8. Lorentz-corrected MAXS patterns for (a) pure PEEK and various
3% ND/PEEK composites and (b) pure PEEK and ONDson/PEEK composites
containing 1%, 3%, and 5% ONDson, and 4% ONDNB/PEEK composite
(shifted upward by a factor of two).

testing to determine the tensile modulus, tensile strength at
break, elongation at break, and toughness (the area under
the stress–strain curve, more formally known as strain energy
density at break) (Fig. 9). In general, the low-strain tensile
moduli of these ND/PEEK composites do not differ signifi-
cantly from that of PEEK, regardless of ND type or surface
chemistry. Compared to PEEK, ND/PEEK composites exhibit
significant reductions in tensile strength, elongation at break,
and toughness. Some of the data suggest that the reductions
in these properties are not as great for composites prepared
with PPA-modified OND; additional testing would be required
to establish this more conclusively. In general, blending less
than 5%–6% ND with PEEK does not significantly reduce
PEEK’s tensile modulus, but it does increase brittleness of
the ND/PEEK composites relative to pure PEEK. The design
of devices incorporating ND/PEEK composites for high-
temperature applications should account for these composites’
somewhat higher brittleness. However, most electronic appli-
cations are not expected to involve high-strain deformations
for which the reduced elongation at break or toughness might
be problematic.

C. Thermal Properties
1) PEEK Crystallinity via DSC: DSC measurements pro-

vide additional information on PEEK crystallinity. By heating
the samples well above PEEK’s melting temperature, the first
heating scans ensure that the samples have a consistent thermal
history. The most notable feature in the first heating scans

Fig. 9. Tensile properties, relative to pure PEEK, for various ND/PEEK com-
posites. (a) Relative tensile modulus. (b) Relative tensile strength. (c) Relative
elongation at break. (d) Relative toughness (strain energy density at break).
Filler identities are labeled in (d) as follows: ONDNB (open black squares),
CNDNB (open red circles), ONDson (filled black squares), 3% OND (filled
green circle), and 3% CND (open blue circle).

(not shown here) is a distinct cold crystallization exotherm
observed in APEEK at ∼160 °C, about 15 °C above Tg .
This shows that thermal quenching of APEEK had produced a
nonequilibrium structure with less crystallinity than annealed
PEEK. Neither PEEK nor any of the ND/PEEK composites
showed any evidence of cold crystallization. This shows that
the thermal annealing of these samples (which were used
for other property characterizations) produced fully developed
semicrystalline states in the PEEK that were reasonably close
to equilibrium states.

First cooling scans [Table II and Fig. 10(a)] show that
the PPA-modified ND/PEEK composites (based on ONDson,
OND, and CND) exhibit crystallization exotherms at tem-
peratures approximately 4 °C–5 °C lower than that of pure
PEEK. Other PEEK nanocomposite systems [42]–[44] display
similar crystallization behavior. The presence of filler particles
hinders the mobility of polymer chains and thereby impedes
the formation of crystal lamellae [44], [45], shifting the
crystallization temperature to values lower than pure PEEK
during cooling.
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TABLE II

THERMAL PROPERTIES OF PEEK AND ND/PEEK COMPOSITES AS CHARACTERIZED BY DSC

Fig. 10. (a) DSC first cooling scan and (b) second heating scan for PEEK and
various OND/PEEK composites (3% OND, 3% ONDson, and 4% ONDNB as
indicated; exotherm down).

Values of Xc from the first cooling scans (Table II) indicate
that the degree of crystallinity depends on the ND surface
chemistry. Xc values for ONDson/PEEK composites are the
same as that of pure PEEK. In these composites, ONDson has
a relatively high PPA graft density [33] and good dispersion
in the PEEK. Although the presence of ONDson aggregates
alters the crystallization rate (indicated by the Tc shift), the
phenyl-rich ND surface neither inhibits nor promotes PEEK
crystallization, resulting in degree of crystallinity similar to
that of PEEK.

The Xc value for 3% OND/PEEK is about 4% lower than
that of PEEK, but the difference may not be significant. The
PPA graft density in nonsonicated OND is also relatively

high [33], so this filler behaves like ONDson in its impact on
PEEK crystallinity. The Xc values for 3% CND/PEEK and 4%
ONDNB/PEEK composites are 7% and 15% lower than that
of pure PEEK. CND has a PPA graft density about half that
of OND [33], and ONDNB has no PPA grafting at all. These
results show an inverse correlation: Lower PPA graft density
correlates with increased inhibition of PEEK crystallization.

This can be rationalized in terms of ND surface chemistry.
The ONDNB surface has polar and H-bond donor groups
(e.g.,-OH) that may interact strongly, via dipolar attraction
and hydrogen bonding, with the polar, electron-rich ketone,
and ether groups in PEEK. The same interactions are present
at a lower level in CND/PEEK. These attractive interactions
shift the equilibrium state so as to reduce PEEK crystallinity.
Increasing PPA graft density makes the ND surface more
aromatic and weakens the attractive forces between ND and
PEEK. Consequently, the crystalline states of OND/PEEK and
ONDson/PEEK differ little from that in pure PEEK.

The second heating scans [Table II and Fig. 10(b)] pro-
vide corroborating information. The melting endotherms of
most ND/PEEK composites have peaks (Tm values) that
are about 1 °C lower than that of pure PEEK, but with
uncertain statistical significance. Considering Xc values, the
crystallinities of ONDson/PEEK and OND/PEEK composites
are comparable to (perhaps even slightly higher than) that
of pure PEEK. The Xc values for 3% CND/PEEK and 4%
ONDNB/PEEK composites are 5% and 11% lower than that
of pure PEEK. These observations are consistent with the
Xc values from the first cooling scans.

The overall picture is that PPA-modified OND does not
reduce the degree of crystallinity in PEEK. The relatively
high PPA graft density increases the aromatic character of
the OND surface, reducing attractive dipolar forces and
H-bonding between ND and PEEK. In contrast, these inter-
actions are strong in nonmodified ONDNB/PEEK, resulting
in reduced PEEK crystallinity. With relatively low PPA graft
density, CND/PEEK lies in between, with some reduction in
crystallinity compared to pure PEEK.

2) Thermal Stability: The thermal stabilities of PEEK and
ND/PEEK composites were characterized via TGA in air
and N2. Fig. 11 shows weight loss data in air for PEEK
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Fig. 11. TGA weight loss in air, expressed as percentage of starting sample
weight versus temperature, for (a) pure PEEK and various 3% ND/PEEK
composites and (b) pure PEEK and ONDson/PEEK composites containing
1%, 3%, and 5% ONDson. Temperature ramp was 10 °C/min.

and various ND/PEEK composites. Arbitrarily choosing 1%
weight loss as the onset of thermal degradation, PEEK remains
thermally stable to temperatures above 560 °C. All but one
of the ND/PEEK composites remain stable to temperatures
above 550 °C. The 5% ONDson/PEEK composite begins to
degrade at a somewhat lower temperature, about 530 °C,
probably due to decomposition of PPA [33]. Previous
work [33] demonstrated that PPA functionalization extended
the thermal stability of ND from ∼500 °C to nearly 550 °C.
The present results indicate that blending PPA-modified ND
with PEEK results in only a small sacrifice in PEEK’s ther-
mal stability. The ND/PEEK composites should have suffi-
cient thermal stability for most high-temperature electronic
applications.

3) Thermal Conductivity: Fig. 12 shows the thermal con-
ductivity (k) of PEEK (0% ND) and various ND/PEEK
composites. Experimental values are compared to predictions
of the Maxwell model [29], [46] (known as the Maxwell–
Garnett model in the dielectric literature [50], [51])

kc = km
k f + 2km − 2φ f (km − k f )

k f + 2km + φ f (km − k f )
(3)

which gives the effective composite thermal conductivity
(kc) as a function of filler volume fraction (φ f ) and the
known conductivities of the filler (k f ) and matrix (km).
The Maxwell model determines kc from the exact solution
of the heat equation for conduction through isolated ran-
domly distributed spherical filler particles in a continuous
matrix, assuming perfect interfacial contact. The Bruggeman

Fig. 12. Thermal conductivity of PEEK (0% ND) and various ND/PEEK
composites as indicated in the plot. The dotted curve illustrates the trend for
ONDson/PEEK. The solid curves show the predictions of the Maxwell and
Bruggeman models [29], [46].

model [29], [46] (“asymmetric Bruggeman” model in the
dielectric literature [50], [51])

1 − φ f = k f − kc

k f − km

(
km

kc

)1/3

(4)

is an effective medium theory (EMT) that accounts for the
influence of neighboring filler particles on each other via an
effective field. Merrill et al. [50] have shown that the Brugge-
man model represents an EMT extension of the Maxwell
model accounting for filler interactions beyond the dilute limit.

The measured thermal conductivity of pure PEEK
(about 0.26 W/mK, Fig. 12) agrees with values reported
in [6]–[9]. To compare experimental and theoretical kc values
for composites, we convert ND wt% to φ f using ρND =
3.1 g/cm3 [47], [48] and ρPEEK = 1.3 g/cm3, and assume
k f = 2000 W/m K for ND [29] and km = 0.26 W/m K as
measured for PEEK. The 3% OND/PEEK and 3% CND/PEEK
composites exhibit modest increases in k relative to pure
PEEK, with values in the same range as predictions of the
Bruggeman model. This outcome can be rationalized by the
filler morphologies observed in Fig. 3(c) and (d). The OND
or CND agglomerates in these composites have spheroidal
shape and are unconnected, consistent with the assumption
of spherical filler particles (Maxwell model) that may interact
via an effective field (Bruggeman EMT model).

Composites incorporating ONDson exhibit much higher
kc values (Fig. 12) than pure PEEK, nonsonicated OND or
CND in PEEK, and model predictions. The 1% ONDson/PEEK
composite has kc = 0.32 W/m K, a 25% increase over pure
PEEK. For 3% ONDson/PEEK, kc reaches a maximum of
0.35 W/m K, 38% higher than pure PEEK. However, increas-
ing the ONDson loading to 5% results in kc = 0.31 W/m K,
a decline relative to 3% ONDson/PEEK, but still 22% greater
than km for pure PEEK. Previous studies [29]–[31], [49] have
reported enhanced kc values in various ND/polymer compos-
ites. In particular, a recent study [49] found that addition of
only 0.5 wt% nonmodified OND to crosslinked polyethylene
(PEX) more than tripled kc, from 0.17 to 0.53 W/m K.
However, higher OND loadings (>1%) produced lower kc
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values, although still higher than unfilled PEX. The decline in
kc at higher ND loading was attributed to ND agglomeration
or less efficient ND dispersion.

The high kc values for ONDson/PEEK composites in this
paper (Fig. 12) may be rationalized by the distinct morphology
of ONDson agglomerates observed by TEM [Fig. 3(e) and (f)]
and nSPEC surface tomography [Figs. 4(d) and (f) and 5]. The
observed fibrillar morphology of the ONDson agglomerates
[Fig. 3(e)] would provide a facile pathway for heat conduction,
thus enhancing thermal conductivity more than spheroidal
agglomerates at the same loading level. This may explain
why the kc values for ONDson/PEEK composites are much
greater than those predicted by the Maxwell and Bruggeman
models, which assume spherical filler particles. However, the
denser thicker dendritic agglomerates observed in Fig. 3(f)
may not be as efficient for heat conduction, per unit weight of
ND, as the thinner fibrillar agglomerates. TEM images (not
shown) and surface tomography results [Figs. 4(d) and (f)
and Fig. 5] suggest that the agglomerate structure coarsens
with increasing ONDson loading, perhaps due to the formation
of less-conductive dendritic ONDson agglomerates. This may
explain the decline in kc values for ONDson/PEEK composites
at 5% ONDson loading.

The enhanced kc values for ONDson/PEEK composites seem
plausible and consistent with studies of other ND/polymer
composites [29]–[31], [49]. Sonication during PPA grafting
onto OND results in superior ND dispersion in organic
solvents [33] due to more complete OND deagglomeration
and PPA surface coverage. This may also promote better
OND dispersion in hydrophobic PEEK and the formation of
more ramified fibrillar agglomerates, rather than the more
compact spheroidal agglomerates seen in OND/PEEK and
CND/PEEK [Fig. 3(c) and (d)]. The higher thermal conductiv-
ity of ONDson/PEEK composites makes them good candidates
for high-temperature electronic device applications requir-
ing insulating polymer films with enhanced heat conduction
performance.

D. Dielectric Properties
Impedance spectroscopy was used to characterize the

dielectric properties of PEEK and ND/PEEK composites.
Fig. 13 shows the frequency-dependent relative permittivity
(εr ) of pure PEEK and various ND/PEEK composites. Above
1.0 kHz, the permittivity of pure PEEK is nearly independent
of frequency and has a value between 4.1 and 4.2, consistent
with past studies [52] for thermally annealed PEEK. For the
5% ONDson/PEEK composite [Fig. 13(a)], εr is about 4.0,
nearly independent of frequency, and not significantly different
from the permittivity of pure PEEK. Likewise, we observe
no significant difference in the εr values of 3% CND/PEEK
and pure PEEK [Fig. 13(b)]. Since all of the annealed
ND/PEEK composites have crystallinity percentages similar to
pure PEEK (Table II), one might expect all of the composites
to have permittivity values close to that of semicrystalline
PEEK.

The permittivity of 1% ONDson/PEEK [Fig. 13(a)]
monotonically decreases from 3.9 to 3.4 over the measured
frequency range. Conductivity data (shown below) suggest

Fig. 13. Relative permittivity versus frequency for pure PEEK and various
ND/PEEK composites (labeled by ND filler identity). (a) ONDson/PEEK
composites. (b) 3 wt% ND/PEEK composites.

that this composite contains an ionic contaminant, result-
ing in frequency-dependent charge migration and dielectric
relaxation. Despite this, 1% ONDson/PEEK has a relative
permittivity 10%–15% lower than that of pure PEEK. The 3%
ONDson/PEEK composite has εr ∼ 3.7, nearly independent of
frequency and not significantly different from the εr value
for 1% ONDson/PEEK. The εr values for these compos-
ites are comparable to that reported for amorphous PEEK
(∼3.6) [52]. However, considering that all of the annealed
ND/PEEK composites have similar percentage crystallinity
values (Table II), this does not explain the lower εr values
found for 1% and 3% ONDson/PEEK. The lower εr values
may be due to restriction of the mobility of polarizable groups
in the PEEK through interactions with the ND [53]. Similar
observations have been made for silica/polyacrylamide [53]
and phenyltrimethoxysilane-treated nanosilica/PEEK compos-
ites [3].

Considering various 3% ND/PEEK composites [Fig. 13(b)],
all of the εr values are essentially independent of frequency
above 1.0 kHz. Within experimental error, the εr values of
3% ONDson/PEEK and 3% OND/PEEK composites are the
same. Sonication during PPA grafting on OND appears to have
no impact on dielectric properties, even if it does improve
OND particle dispersion in PEEK. This result also shows
the reproducibility of the dielectric measurement since both
composites are essentially 3% OND in PEEK. We conclude
that blending ND with PEEK certainly does not result in an
increase in composite permittivity compared to pure PEEK,
and may actually reduce εr values at low ND loadings. This
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Fig. 14. Conductivity versus frequency for pure PEEK and various ND/PEEK
composites (labeled by ND filler identity). (a) ONDson/PEEK composites.
(b) 3 wt% ND/PEEK composites.

could be advantageous for electronic applications involving
high electric field strengths: The low εr values for ND/PEEK
composites can help minimize circuit crosstalk and reduce
dielectric stresses that can weaken the material over time.

With regard to dielectric loss, expressed in terms of loss
tangent (tan δ), we generally observe little difference between
ND/PEEK and pure PEEK (data not shown here). Pure PEEK,
OND/PEEK, and CND/PEEK composites have tan δ values
below 1.5% and independent of frequency above 1.0 kHz.
Tan δ values up to 3% at frequencies below 1.0 kHz may be
due to dielectric loss in the PEEK matrix, possibly associated
with local molecular motion of polarizable groups in PEEK.
The exception is the 1% ONDson/PEEK composite, which has
somewhat larger tan δ values at all frequencies and a peak
value (∼3%) near 1.0 kHz. This supports the view that 1%
ONDson/PEEK contains an ionic contaminant that migrates
in response to the applied electric field, resulting in energy
dissipation.

Conductivity data (Fig. 14) provide additional evidence in
this regard. The 1% ONDson/PEEK composite has a higher
specific conductivity than pure PEEK at all frequencies, again
suggesting the presence of an ionic contaminant. All of the
other ND/PEEK composites have conductivities similar to or
lower than pure PEEK (Fig. 14). This implies that ND/PEEK
composites may be useful in electrical insulation applications
that demand higher heat transfer rates than pure PEEK.

Interestingly, the conductivity of 3% ONDson/PEEK com-
posite lies below those of the other composites and pure PEEK.
More uniform grafting of PPA on OND, achieved through
sonication, may mitigate charge conduction mechanisms

arising at the ND/PEEK interface, thereby decreasing the com-
posite’s conductivity. Loss tangent data (not shown) indicate
that 3% ONDson/PEEK has the lowest measured tan δ value
among all samples. More complete and uniform grafting of
PPA on OND, achieved through sonication, may play a role in
mitigating charge conduction in ND/PEEK composites. This
suggests that both charge conduction and dielectric loss in
ND/PEEK composites have an interfacial component that can
be mitigated through sonication-assisted PPA grafting.

IV. CONCLUSION

Preliminary efforts to produce ND/PEEK with as-received
ND (ONDNB and CNDNB) resulted in composites with poor
ND dispersion in PEEK and inferior mechanical proper-
ties. Wahab et al. [33] prepared phenyl-functionalized ND,
via PPA grafting, for incorporation in PEEK as realized
in this paper. PPA-modified OND or CND has been melt-
blended with PEEK to explore the effect of surface chem-
istry on ND dispersion in PEEK and ND/PEEK composite
properties.

Visual and tactile observations indicate that PPA-modified
ND (OND and CND) achieves better dispersion in PEEK
than as-received nonmodified NDNB. Surface topography data
indicate that OND/PEEK has a smoother surface texture than
CND/PEEK, suggesting better dispersion of OND than CND
at the same weight loading. This may be rationalized by
OND’s higher PPA graft density [33], which makes the ND
surface more aromatic and reduces the number of exposed
polar groups. The grafted PPA promotes attractive π–π inter-
actions with the PEEK matrix while weakening attractive
dipolar and H-bonding forces between ND agglomerates.
Both factors promote better dispersion of ND in the PEEK
matrix.

X-ray scattering and DSC results provide corroborating evi-
dence for this conclusion. WAXS scattering patterns, Lorentz-
corrected MAXS data [q2 I (q) versus q], and Xc values from
DSC all show that PPA-modified ND has little effect on
the lamellar structure in PEEK. In contrast, ONDNB clearly
disrupts PEEK’s lamellar correlation length (MAXS data),
leads to a clear shift in the crystallite lattice constants (WAXS
data), and reduces the degree of crystallinity (DSC data). The
attractive interaction between the polar and H-bond donor
surface groups on ONDNB and PEEK’s electron-rich ketone
and ether groups may restrict PEEK chain motion and inhibit
crystallization. For CND, which has lower PPA graft den-
sity than OND, the DSC data indicate some inhibition of
PEEK crystallization, consistent with an intermediate level of
exposed polar groups on the CND surface.

Wahab et al. [33] demonstrated that sonication during PPA
grafting on OND had a profound effect on the dispersabil-
ity of OND in organic solvents. In this paper, sonication-
assisted PPA grafting on OND does not appear to have a
significant impact on OND dispersion in PEEK or upon PEEK
crystallinity. Both OND and ONDson appear to be reasonably
well dispersed in PEEK. Data from the DSC second heating
scans suggest that the ONDson/PEEK composites have a
slightly higher degree of crystallinity than both OND/PEEK
and pure PEEK.
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However, sonication-assisted PPA grafting on OND results
in a significant enhancement of the thermal conductivity of
ONDson/PEEK composites compared to both OND/PEEK and
pure PEEK. In general, addition of either OND or CND pro-
duces PEEK composites with k values higher than pure PEEK,
but the impact is much greater for ONDson. Although sonica-
tion does not increase the PPA grafting density, it may result in
more uniform grafting throughout the OND aggregates. This
could account for the superior dispersability of ONDson in
organic solvents as well as marginally better dispersion and
fewer voids in ONDson/PEEK composites, resulting in higher
thermal conductivity.

Finally, impedance spectroscopy data show that ND/PEEK
composites have a dielectric permittivity values compara-
ble to or in many cases lower than that of pure PEEK.
Moreover, addition of ND to PEEK does not result in a
significant increase in the composites’ electrical conductivity.
These findings suggest that the ND/PEEK composites con-
taining low loadings (1%–3% of PPA-modified ND), prepared
with sonication during PPA grafting, have enhanced thermal
conductivity and dielectric properties suitable for high-
temperature electronic applications.
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