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Variations in the hardness of a poly (ether ether ketone) beam electrically modified with multi-
walled carbon nanotubes (MWCNT, 0.5%-3%) are investigated. It is shown that both rupture and
hardness variations correlate with the changes in carbon nanotube concentration when using micro
indentation and extended Raman imaging. Statistical analysis of the relative spectral intensities in
the Raman image is used to estimate local tube concentration and polymer crystallinity. We show
that the histogram of the Raman D band across the image provides information about the amount
of MWCNTs and the dispersion of MWCNTs in the composite. We speculate that we have
observed a local modification of the ordering between pure and modified polymer. This is partially
supported by small angle neutron scattering measurements, which indicate that the agglomeration

state of the MWCNTs is the same at the concentrations studied. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4883299]

. INTRODUCTION

Poly (Ether Ether Ketone) (PEEK) is a high perform-
ance polymer with excellent thermal stability and mechani-
cal properties used in aerospace industry.! While the
mechanical properties of the polymer depend on its crystal-
linity, typical PEEK processing conditions yield 30% crys-
tallinity. Sandler er al.® showed that PEEK adheres well to
carbon nano fibers (CNF) and crystallinity of 30% with
15wt. % CNF was measured. Using multi-walled carbon
nanotubes (MWCNT), it has become possible to reduce filler
content at percolation (1-5 wt. %) and improve the electrical
conductivity.> The distribution of CNTs in the polymer
matrix can be assessed by transmission electron microscopy
or scanning electron microscopy. Electron microscopy is
useful to image tube alignment due to shear flow®’ but is
unsuitable to estimate tube concentration due to ambiguity in
the image interpretation since PEEK can form thin filaments,
which are difficult to distinguish from nanotubes as it can be
seen in Fig. 1.

To determine variations in tube concentration in poly-
mers, we use Raman spectroscopy. Raman spectroscopy is a
versatile tool to detect the amount of carbon nanotubes and
their alignment at the micrometer scale.*”'® Optical spectros-
copy is non-invasive and requires no specific sample prepa-
ration but is limited by the optical penetration depth. It has
been shown that the use of Fourier Transform Raman
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spectroscopy is limited for CNF in PEEK composites'' due
to strong background luminescence and low anti-Stokes scat-
tering. To avoid too large luminescence and overexposure
with the illuminating laser beam, we use laser excitation at
785nm where vibrational bands of both CNTs and PEEK
can be observed. Alternatively, picosecond time-resolved
Raman spectroscopy in the visible range which rejects lumi-
nescence has been successfully applied to PEEK.'* Small
angle X-ray and neutron scattering (SAXS/SANS) are com-
plementary techniques able to observe the distribution of
CNTs in polymer composites. SAXS and SANS provide in-
formation about CNT bundling and the morphology of the
polymer.'>'* The CNT distribution can be imaged by
Raman mapping of the composite surface by analyzing quan-
titatively the Raman vibrational bands. So far, Raman spec-
tral mapping has not been fully exploited to image the
distribution of CNT in polymer composites.'” Even if the
uncertainty is large with one spectrum, the statistical analysis
reduces the uncertainty by a factor by /n for n measure-
ments. As our maps deal with hundreds of spectra, the
extracted values are significant.

To better understand hardness variations in the compos-
ite, we first report tensile strain measurements as a function
of carbon nanotube content in PEEK. We then use differen-
tial scanning calorimetric measurements (DSC) and micro
indentation to determine the crystallinity of the polymer and
the hardness. We then employ Raman imaging to determine
the amount of CNTs and their dispersion. Finally, SANS
measurements indicate that the polymer structure is influ-
enced by the presence of carbon nanotubes.

© 2014 AIP Publishing LLC
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Il. EXPERIMENTAL

The composite was prepared from PEEK fine powder
(grade 2000, EVONIK DEGUSSA GmbH'®) mixed with dry
MWCNTs (Graphistrength C100, ARKEMA, average car-
bon purity: 90%, diameter: 9-30nm, length-0.1-10 um,
number of layers: 5-15). Fig. 3(a) shows a typical Raman
spectrum of the ARKEMA C100 MWNTs. A twin screw
extruder'® was used at the temperature of 380 °C to mix the
tubes into the polymer. A bone shaped tensile test beam
was manufactured using an injection press (OPSYS from
DK-Le Guen Hemidy) by heating the composite to 400 °C.
Stress-strain curves were measured using an INSTRON
8501 instrument and DSC measurements were carried out
using a Q100 instrument from TA Instruments Corporation.
All reported DSC values are averaged values of three meas-
urements. Nano-indentations were made using a Nano
Hardness Tester from CSM Instrument Corporation after
the samples were polished. A Berkovich indentation tip
was used at an indentation speed of 100 mN/min. All meas-
urements were carried out according to standard ISO
14577-4, which requires that the surface roughness value
needs to be less than 5% of the maximum penetration depth
(4000nm). Raman spectroscopy was carried out on an
XPloRa instrument from Jobin-Yvon-Horiba with a x100
optical objective and a motorized XY-Table. The 785 nm
laser excitation wavelength was used at low laser power
(0.4mW). SANS measurements were performed on the
LOQ and SANS2D diffractometers at the ISIS Facility,
Oxfordshire, UK.!” These are “white-beam” time-of-flight
instruments covering scattering vector ranges of 0.009 <Q
<1.2A7'(0.5m and 4m sample-detector distances, wave-
lengths 2.2 <A< IOA) and 0.0015<Q §0.191°%_1 (12m
sample-detector distance, 150mm detector offset, wave-
lengths 1.5<1<12.5 /0\), respectively, where Q=4mn/.
sin(0/2) and 0 is the scattering angle. Each raw scattering
data set was corrected for the detector efficiencies, sample
transmission, and background scattering and converted to
scattering cross-section data (0X/0Q vs. Q) using the
instrument-specific software.'® These data were placed
on an absolute scale (cm_l) using the scattering from
a standard sample (a solid blend of hydrogenous and
perdeuterated polystyrene) in accordance with established
procedures."”
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FIG. 1. SEM micrographs from frac-
tured surfaces of (a) unfilled PEEK
and (b) PEEK/1%MWCNT.
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Ill. RESULTS AND DISCUSSION
A. Tensile strain measurements

The tensile strain measurements have been carried out
on the test beams. Fig. 2 shows the stress strain curve for
PEEK composites containing 0.5-3.0 wt. % CNTs and the
PEEK matrix without CNTs. The introduction of MWCNTSs
into PEEK results in drastic change in the PEEK mechanical
behavior. The behavior of PEEK changes from ductile
(&fracture = 28.6%) with no tubes to semi-brittle (&facture
=5%) when filled with 0.5 wt. % MWCNT. The modifica-
tion of the ductile regime with filler particles in PEEK has
also been observed for CNF' and SiO, nanoparticles.”® The
tensile modulus average value (E) increases by 7% between
PEEK without tubes and with 2wt. % MWCNTs. The ulti-
mate tensile stress value at sample break (0?”) goes up from
78 MPa for PEEK without tubes to 96 MPa with 0.5 wt. %
MWCNTs. Once filled with MWCNT the nanocomposites
exhibit ultimate tensile stress values laying between 88 and
96 MPa independent of the amount of MWCNT present in
the composite. Table I shows the crystallization X, calcu-
lated from the peak enthalpies normalized by the actual
weight fraction of PEEK

Ah,
X, =——°"" %100, (1)
Ah?-wpolymer

120

100 | PEEK+1,2,3%CNT
EEK+0.5%CNT

Pure PEEK

Stress (GPa)
[+2] Q
o o

N
o

20

0 1 I 1 1 1
0 5 10 15 20 25 30

Strain (%)

FIG. 2. Stress/stain curves with different amounts of CNTs in PEEK and
comparison with the PEEK matrix.
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TABLE I. Degree of crystallinity of PEEK nanocomposite.

J. Appl. Phys. 115, 234901 (2014)

TABLE II. Micro-hardness at two positions.

Sample X, (%) centre X (%) edge Sample Edge micro-hardness (GPa) Core micro-hardness (GPa)
Pure PEEK 31514 31.6 £0.5 Pure PEEK 4.16 =0.07 4.16 £0.07
PEEK 0.5% CNT 33118 329+19 PEEK 0.5% 4.00 = 0.05 4.52 £0.05
PEEK 1% CNT 31.6 2.0 314+0.6 PEEK 1% 3.86 =0.05 4.34 £0.05
PEEK 2% CNT 337*1.1 310+ 1.2 PEEK 2% 3.92+0.15 4.58 £0.15
PEEK 3% 4.00 =0.10 4.28 +£0.10

Ah?. is 130J/g (Ref. 21) and Wo1ymer is the weight fraction
of the polymer-matrix. Experiments were conducted from a
sample taken at the edge and the centre of the beam. The
measurements show that the amount of crystallinity (32%) is
about the same, independently of CNTs content (see in
Table I). It has been shown that the presence of carbon fillers
(i.e., short fibers) changes the mechanical behavior irrespec-
tive of the crystallinity of the PEEK matrix.** The measure-
ments here show that the amount of crystallinity (32%) is the
same in the volume of beam and between the core and the
outer surface of the beam. This is consistent with reports
which showed that the presence of CNTs increases the crys-
tallization temperature of PEEK but does not influence the
crystallinity.23 We conclude, therefore, that the reduction of
the ductile regime is not caused by any increased polymer
crystallinity.

B. Nano-indentation

The elastic reduced modulus, E;r*, is determined by

VTS 1 (1—u2)+(1—ulz)

E. = or = , (2
= VA, Ejr Eir E;

T2

where subscript i corresponds to the specific properties of
the indenter, v the Poisson’s ratio, A, the residual area, and
S the stiffness of the contact. The manufacturer gives for
the intender: v;=0.07 and E;= 1141 GPa. To see whether
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fracture is caused by inhomogeneous distribution of CNTs in
the polymer, we have carried out micro-indentation experi-
ments. The measured micro-hardness on the two sets of sam-
ples is shown in Table II. The measurements reveal that the
edges are less hard than the core of the composite. The
micro-hardness varies by 10%—15% between the centre and
the edge of the beam. We have verified that PEEK without
CNTs shows no difference in hardness at the edge and the
centre of the beam. This result suggests that the variation in
hardness is caused by variation in the CNT content within
the beam.

C. Raman spectroscopy

We have used Raman spectroscopy to determine directly
the CNT content at different locations of the beam. Four sam-
ples with different amounts of nanotubes (0, 0.5, 1, and
2 wt. %) in a polymer matrix were cut parallel with respect to
the direction of the extrusion. Fig. 3(b) shows the locations
where Raman images were recorded. To determine the amount
of CNTs at three different places, we recorded Raman images
of size 400 um x 400 um. Raman spectra were recorded every
4.6 um with focal spot size of 1 um (84 x 84 =7056 spectra).
Figs. 3(c) and 3(d) show examples of Raman spectra obtained
for pure PEEK and PEEK with CNTs.

Three Raman bands are observed:>* the D, G, and P
bands. The disorder induced D band at approximately
1300 cm " shifts with laser energy and is caused by double

Core Edge

FIG. 3. (a) A typical Raman spectrum
of ARKEMA MWNTs, (b) locations
on the beam where Raman measure-
ments were performed: in the middle of
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FIG. 4. Raman map of background (BG), D band, and deduced histogram of relative intensity of D band.

resonance scattering. The G band located at 1580cm ™" is

characteristic for sp” bonded carbon. A shoulder at the higher
energy side of the G band, the D’ band is due to defect
induced double resonance scattering. It has been observed
that the intensity of the D and D’ bands remains constant,
while the intensity of the G band varies with laser energy.>
The G band is found to be less intense in the near-infrared
spectral region when compared to the visible spectral region.
A narrow band at 1144 cm_l, referred from here on as the P
band, corresponds to the asymmetric C-O-C stretch vibration
in the PEEK polymer.?® In pure PEEK, one can also observe
a less intense G band (we keep this name for simplicity) due
to the presence of sp”> bonded carbon in the benzene ring of
the polymer. The background in the PEEK spectra is caused
by luminescence of PEEK and by the Raman signal of the
amorphous PEEK polymer. Since PEEK does not have any
D band, we use the D band as an indicator of the presence of
CNT. The D band is fitted with a Lorentzian line shape and
the D band intensity and background signal are used for sta-
tistical analysis (Fig. 4). For each Raman map, we have gen-
erated a histogram of the ratio of the D and PEEK band
integrated intensity with respect to the background signal:
Ap/Agg, Apeek/Agg. The background signal is stable within
the mapped area. The line under the peak (Figs. 3(c) and
3(d)) shows the limit of the background signal. We recorded
several Raman maps for each location and generated an aver-
aged histogram of the relative band intensities. Even if each
Raman spectrum is noisy, the statistical analysis reduces the
uncertainty by a factor of 84 leading to perfectly interpreta-
ble data. While the position of the maximum in the histo-
gram gives a measure of the CNT content, the width of the
histogram or standard deviation gives a measure of the dis-
persion of the tubes. Our statistical analysis assumes that the
oscillation strength variation due to the tube surrounding and
organization is sufficiently small and can be ignored. We
note that standard deviation in Fig. 4 should not be confused
with the noise of one Raman spectrum. The standard devia-
tion in the histogram of the Raman map is also referred to as
image noise. We note that the statistical error, which limits
the statistical analysis, is less than the extracted image noise.
From the literature, it is known that the P band does not
change in amorphous and crystalline PEEK?’ but increases
in intensity (x1.5) when approaching the melting tempera-
ture (300°C). The P band is, therefore, expected to be

uniform across the Raman map. However, some variation in
the ratio of the P band and the background signal was found,
which we attribute to be induced by the presence of CNTs.
The presence of CNTs can modify the optical field and struc-
ture in their neighborhood and as a result change the inten-
sity of the P band.

The position of the maximum of the histogram measures
the amount of CNTs and the standard deviation gives a mea-
sure of the dispersion of CNTs in the composite. The max-
ima of histograms and standard deviation of the relative D
band intensities as a function of CNT content are shown in
Table III. We observe that the D band intensity increases
with increasing amount of CNTs in the composite as
expected but at the same time the D band histogram gets
broader, while the broadening/mean ratio remains constant
showing clearly that the distribution of the tubes is homo-
thetic with different CNT concentration. With an average di-
ameter of 10nm and 10 walls, each MWCNT absorbs
roughly 1 —(0.977) (Ref. 20) =0.4 (Ref. 28) of the incident
light when assuming the refraction index of graphene (reduc-
tion of 2.3% after each layer). As a consequence, with a layer
of 1 um with 1 wt. % CNTs, the transmitted light represents
40% of the incident light. The Raman probe depth due to the
light path in the material (direct and return) is less than
1 um. As we do not use a confocal arrangement, the probe
depth with our experiment is thus limited by the absorption
of the nanotubes and is proportional to the concentration. As
a consequence, we assume that the (Ap) value is constant,
while the (Agg) is proportional to the measured volume
(spot size multiplied by the Raman probe depth) and the
(Ap)/{Apk) ratio is proportional to the CNT concentration.
The ratio of the standard deviation and mean value is a

TABLE III Position of the maximum of the histogram of the relative
Raman D and P band intensity and standard deviation as a function of CNT
content.

(Ap/Aga) (Ap/Aga) (Ap/Aga) (Ap/AgG)
Sample mean  broadening/mean mean broadening/mean
Pure PEEK 0.0001 0.08 0.00093 0.26
PEEK 0.5% CNT  0.0064 0.32 0.00090 0.40
PEEK 1% CNT 0.0173 0.40 0.00212 0.30
PEEK 2% CNT 0.0494 0.63 0.00301 0.31
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measurement of the distribution normalized by the volume
(the mean value is proportional to the volume at a given con-
centration). Consequently, this value is nearly constant for
all concentration since the mixing process is the same at all
concentrations (same screw speed and same injection param-
eters). Interestingly, the PEEK band increases with increas-
ing amount of CNTs in the composite. CNTs are known to
act as nano-antennas.”’ The CNT absorption of the optical
field is higher than the polymer matrix. This increases the
local optical field around the CNTs and as a result the
Raman signal of the surrounding matrix is intensified.*®
Furthermore, the smooth surface of CNTs can lead to local
ordering of the polymer molecules, which can also increase
the Raman signal of PEEK. From the DSC measurements,
we know that the average crystallinity does not change with
the presence of CNTs but it is still possible that CNTs
change the nature of the crystallization. This is reflected in
the reduction of ductility with 15% of CNF and with 1% of
CNTs discussed above. This suggests that the presence of
CNTs changes the structural flexibility of the matrix due to a
structuring of PEEK in contact with or near the CNTs. This
is consistent with the literature reports of epitaxial growth of
polymer crystallites around CNTs with no large modification
of the average crystallinity.>'

We carried out the same Raman analysis on maps at the
core and the edge of the composite beam. Surface areas of
200 pm x 200 pm, in steps of 10 um for the PEEK + 1 wt. %
CNTs sample were Raman mapped and histograms for the D
band and the P band were deduced. The average values are
shown in Table IV. The statistical analysis of the intensity
of the D band shows that the concentration of CNTs is
higher in the center of the core. We conclude that the dif-
ference in hardness observed with the nano-indentation
measurements at the core and at the edge of the composite
beam correlates with the amount of CNTs present in the
two different locations. Two hypotheses can be made here:
the tensile strain variations are either caused by a change in
CNT concentration or a change in the agglomeration of
CNTs. In both cases, it could lead to a decrease of the mod-
ulus and to a change in the ratio (Ap>)/(Agg). Since the ra-
tio of standard deviation and mean value of the histogram
does not change much between the edge and the core, we
suspect that this variation is linked to the concentration var-
iation rather than to tube bundling. The higher CNT con-
centration at the core of the beam results in higher hardness
at the core of the beam. Possibly, the injection molding pro-
cess but also the temperature history of different part of the
beam influences local CNT dispersion resulting in varia-
tions in hardness.

TABLE IV. Result of statistical evaluation of relative Raman D and P band
intensity for 1% CNTs in the center and the edge of the sample.

(Ap/Agg) (Ap/Asa) (Ap/ApG) (Ap/Apa)
Sample mean broadening/mean mean broadening/mean
Core-centre ~ 0.0173 0.25 0.0021 0.30
Edge 0.0142 0.26 0.0016 0.37

J. Appl. Phys. 115, 234901 (2014)

D. SANS

We have conducted SANS measurements to probe the
structural organization in the composite at intermediate
length scales (~1nm—400nm). Some representative SANS
data are shown in Fig. 5. The data between 0.2<Q
<1.2 A" are essentially a flat background, consistent with
the persistence length of PEEK. The prominent crystal peaks
are at 0> 12A713 In the pure PEEK samples, the SANS
primarily arises from the difference between the amorphous
and crystalline regions. The broad peak centered at
0 =0.04A"", which corresponds to a length scale (d) of
16 nm on applying the Bragg relation, d =2n/Q, is character-
istic of the two-phase nature of the spherulite sub-structure
in PEEK.*** The limiting behavior of these data at lower Q
values can probably be attributed to the size of the spheru-
lites themselves; the data fit quite nicely to a model for
polydisperse spheres of average radius 28 nm with 40% poly-
dispersity, but does not fit to a model for Gaussian chains
(fits not shown for clarity).

When CNTs are introduced into the PEEK matrix, the
SANS primarily arises from the CNTs rather than the poly-
mer, and so the features discussed above are suppressed.
Instead, power-law scattering manifests itself. The neutron
scattering length density of the CNTs is ~4-5 and that of the
hydrogenous PEEK is ~2 (in units of either 10 ®A~2 or
10'"°cm™2). In the Q range 0.002-0.02 A~!, the exponent
characterizing this power law is ~2.2, consistent with a frac-
tal, network-like, distribution of the CNTs."® The shoulder
centered at O ~0.02 A" is likely from the underlying form
factor from the nanotubes. In the Q range 0.05-0.1 A‘l, the
power law exponent is ~1, and this likely reflects the cross-
over from the aggregate structure to that of individual nano-
tubes. Applying the Bragg relation this time gives
d=2m/0.05=126 A or ~13 nm. This is rather too short to be
an estimate of the length of the nanotubes, but is typical of
the overall diameter of MWCNTS. The lower Q limit of the
0! region is, therefore, masked by the aggregate structure.
Indeed, it can be seen that the SANS intensity approximately
scales with the CNT loading of the matrix. Whilst these data
cannot say anything definitive about the effect of the CNTs
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FIG. 5. SANS intensity versus Q for pure PEEK and nanocomposite with
0.5%, 1%, and 2% of CNTs.
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on the structure of the PEEK chains. The similar form of the
SANS data for the CNT-loaded PEEK samples is evidence
that the aggregate structure of the CNTs is similar at all three
CNT concentrations studied.

IV. CONCLUSIONS

We have investigated the variation in hardness of PEEK
composite beams containing 0.5-2wt. % of MWCNTs.
Tensile strain measurements show that the ductile regime of
the composite is reduced through the incorporation of
MWCNTs in the PEEK matrix. Nano indentation measure-
ments reveal hardness variations at the core and the edge of
the beam, while statistical evaluation of two Raman bands
associated with PEEK and MWCNTs indicate that the
MWCNT concentration is higher in the core as compared to
the edge of the beam. We use histograms of the relative in-
tensity of the D band across a Raman map to measure the
amount of MWCNTs and their dispersion. We find that var-
iations in MWCNT concentration lead to variations in hard-
ness in MWCNT/PEEK composites. While the average
crystallinity of the polymer is not affected by low concentra-
tions of MWCNTs, they appear to influence organization of
the polymer around the tube affecting the overall ductility of
the composite beam. SANS measurements confirm this inter-
pretation. Two peaks in the SANS spectrum disappear when
CNTs are present even as low as 0.5% of CNT incorporated
in PEEK revealing matrix structural changes at the nanomet-
ric scale.
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