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Abstract

The effect of sterilization on the structural integrity of the thermoplastic matrix composite polyetheretherketone (PEEK) reinforced
with carbon fibers (CF) is investigated by nanoindentation and nanoscratch tests. The use of the material as a medical implant grade
requires a detailed understanding of the micromechanical properties which primarily define its in vivo behavior. Sterilization is a man-
datory process for such materials used in medical applications like bone implants. The steam and gamma radiation sterilization processes
employed in this study are at sufficient levels to affect the micromechanical properties of some polymer materials, particularly in the inter-
phase region between the polymer matrix and the reinforcing fibers. Nanoindentation and nanoscratch tests are used in this work to
reveal local gradients in the hardness and the elastic properties of the interphase regions. Both methods help to explore microscopic
changes in the hardness, reduced stiffness and scratch resistance in the interphase region and in the bulk polymer matrix due to the dif-
ferent sterilization processes employed. The results reveal that neither steam nor gamma radiation sterilization entails significant changes
of the reduced elastic modulus, hardness or coefficient of friction in the bulk polymer matrix. However, minor material changes of the
PEEK matrix were observed in the interphase region. Of the two sterilization methods used, the steam treatment has a more significant
influence on these small changes in this region and appears to increase slightly the thickness of the interphase zone.
© 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction namely, the interface and the interphase zones. The interface

is defined at the atomic scale as the layer of the immediate

The macroscopic behavior of composites depends not
only on the properties of their individual constituents but
also on the elastic—plastic interaction between the different
phases, such as fiber and matrix. During processing of a poly-
mer matrix composite material, the interaction between the
surfaces of the fibers and the polymer matrix may create var-
ious chemical and morphological inhomogeneities. These
are typically discussed in terms of two distinct regions,
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chemical bond between the fiber and the polymer matrix.
The interphase region is much larger. It is formed by local
changes of the polymer matrix in the vicinity of a fiber. In this
region local properties like morphology, thermomechanical
behavior and chemical composition can differ from the cor-
responding values observed in the bulk polymer matrix
[1-3]. It is obvious that the overall mechanical properties
of fiber-reinforced polymer composite materials are influ-
enced by the micromechanical behavior of both the interface
and the interphase regions.

Sterilization is a mandatory process for materials used in
medical applications like bone implants. Sterilization
procedures commonly employed are steam sterilization
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and sterilization by radiation, such as gamma radiation.
These two methods are employed in the present study at
a level sufficient to affect the micromechanical properties
of some polymer materials, particularly in the interphase
region between the polymer matrix and the reinforcing
fibers. The influence of the steam or radiation treatment,
respectively, is known to affect the amount of moisture that
can be absorbed by the polymer.

The structural integrity and overall performance of
fiber-reinforced polymer composites are strongly influ-
enced by the stability of the fiber/polymer interfacial
region. The absorption of moisture causes dilatational
expansion and induces stresses which are associated with
the moisture-induced expansion entailing degradation of
the structural stability [4]. The mechanism of moisture
absorption in the polymer matrix or at the interface region
is by diffusion or capillary processes [5-7]. This may induce
plastic deformation by plasticization or differential strains
due to swelling while stretching the polymeric chains [8].
These effects may strongly alter the physical, chemical
and mechanical characteristics of the material at different
scales [9]. This results in a significant mismatch in mois-
ture-induced volumetric expansion between the matrix
and the fibers, and thus leads to the evolution of localized
stress and strain fields in fibrous composites [10,11]. Men-
sitieri et al. [12] studied the diffusion kinetics of water from
vapors with different activity and from liquid state into
amorphous and semicrystalline PEEK sheets at different
temperatures, respectively. At higher activity levels, the
amorphous material showed the occurrence of a relaxation
process. However, the water uptake values obtained for
both amorphous and semicrystalline PEEK confirmed the
good moisture and liquid water resistance of this kind of
high-performance thermoplastic polymer. However, the
water absorption behavior can be very different under
external stress conditions in terms of both the rate of pen-
etration and the solubility (swelling) processes [13]. In these
cases the authors reported an increase in the kinetics asso-
ciated with both processes.

The effects of radiation are also of considerable scientific
and commercial importance to the material investigated.
Previous studies [14,15] on ultra-high molecular weight
polyethylene (UHMWPE) have shown an influence of
gamma radiation at low doses. The authors concluded that
irradiation at low doses produces simultaneous cross-link-
ing and chain scission events that occurred preferentially in
the amorphous phase and at the crystal fold surfaces. At
high doses, they concluded that chain scission may become
a significant competitive process to cross-linking [16]. Such
chain scission phenomena may lead to an increased crystal-
linity by cutting molecules that may then join the crystal-
line regions, thereby increasing crystallinity and 7,. If
irradiated specimens are melted and recrystallized, the
cross-linking may inhibit crystallization associated with
reduced crystallinity, and therefore modify the mechanical
properties [15]. Similar low-energy gamma irradiation at
low temperature studies on PEEK have shown excellent

mechanical properties [17]. The mechanical properties at
high temperature were improved by the formation of
cross-links and by an increase in the glass transition tem-
perature of the PEEK matrix [17-19].

A main feature of the mechanical behavior of such com-
plex microstructures is the formation of heterogeneous
plastic-flow patterns when stressed. When complex com-
posite materials are subjected to external mechanical loads,
the lateral distribution of the accumulated residual defor-
mation is heterogeneous, entailing strain localization. Such
strain localization phenomena in general may lead to crack
initiation via fiber breakage, microvoid formation, or deb-
onding between matrix and fibers. The resistance of the
interphase to transverse crack propagation is important
in preventing surrounding fibers from experiencing the
effects of the stress concentration that could ultimately lead
to additional fiber failure.

The mechanical properties of many composites for bio-
medical applications depend to a large extent on the pro-
cessing and loading history to which they are exposed
before their actual use in the body. One of the most impor-
tant factors in that context is the influence of the cooling
and loading rates on the fiber-matrix interface adhesion
[20-23]. The interface adhesion between PEEK and carbon
fibers was correlated to the degree of crystallinity and the
crystalline morphology, as well as to the bulk mechanical
properties of neat PEEK resin, all of which were in turn
controlled by the cooling rate [20,21]. It was shown that
the interface bond strength, the tensile strength and the
elastic modulus of PEEK resin decreased while the ductility
became better with increasing cooling rate due to its posi-
tive effect on crystallinity and spherulite size. The improve-
ment of crystalline perfection and flattened lamella chains
with high crystallinity in the interphase regions were
mainly responsible for the strong interface bond in carbon
fiber-reinforced PEEK composites processed at a low cool-
ing rate. The interphase failure was characterized by brittle
debonding in slow-cooled composites, whereas the amor-
phous PEEK-rich interphase introduced in fast-cooled
specimens failed in a ductile manner with extensive plastic
yielding [22,23].

The width of the interphase regions between either phe-
nolic or polyester matrices and the glass fibers embedded in
them showed the cumulative influence of the processing
history and of the type of experiment [24-26]. It was also
observed that the shape of the indenter is important and
that scratch tests proved in part to be more reliable for
the integral micromechanical characterization of the inter-
phase region then nanoindentation. Gregory et al. [26]
made comparative studies between different in situ neat
polymer matrix materials such as epoxy resin and PEEK.
The results revealed that for both types of matrix materials
the modulus and the hardness were affected in the same
fashion by the manufacturing process. In another work
along these lines it was reported that the influence of envi-
ronmental exposure can alter the micromechanical
response of some polymers and induce aging phenomena.
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These entail degradation effects that act on the viscoelastic-
ity, stiffness and hardness [27].

Another aspect is that a chemical treatment of fiber sur-
faces which is referred to as “sizing” can play a significant
role in the adhesion between matrix and fibers by interfer-
ing with the interpenetrating diffusion process at the inter-
face region and into the interphase region. Such effects
were noticed in a glass fiber-reinforced epoxy composite
when the glass fiber surfaces were treated with the coupling
agent y-aminopropyltriethoxy silane (y-APS) in conjunc-
tion with polypropylene or polyurethane film formers in
an aqueous spinning bath [28]. This treatment led to differ-
ent thickness values for the interphase region in similar
fiber-matrix systems [28]. Based on the analysis of such
boundary effects, with the help of nanoindentation studies,
Gao et al. [28] showed that an interphase zone with a
higher modulus and a transcrystalline microstructure
simultaneously increased the tensile strength and the
impact toughness of carbon fiber-reinforced PEEK com-
posites. Tai et al. [29] examined the effects of low-energy
impact and cyclic thermal loading on the fatigue behavior
of carbon fiber-reinforced PEEK laminates. The thermal
cycling did not significantly affect the tensile strength of
the impacted laminates but broadened the strength distri-
bution. The fatigue tests showed that both the low-energy
impact and the cyclic thermal loading properties reduced
the fatigue life of carbon fiber-reinforced PEEK compos-
ites significantly. The influence of cyclic thermal loading
on the fatigue life was more obvious than the low-energy
impact. The carbon fiber-reinforced PEEK laminate
displayed better fatigue resistance than carbon fiber-
reinforced epoxy laminates. X-ray inspections indicated
that no cracks were generated due to the cyclic thermal
exposure.

The material investigated in the present study is of med-
ical implant grade because of its versatility, mechanical
strength and biocompatibility. Medical device manufactur-
ers have routinely used implantable-grade PEEK polymer
in long-term medical implant applications. Therefore, the
sterilization treatments are of considerable scientific and
commercial importance to the material investigated. The
concise literature survey on experimental [1-29] observa-
tions conducted on fiber-reinforced polymer composites
shows that the overall performance of these materials is
influenced in particular by the micromechanical properties
of the interphase region. Therefore, a detailed understand-
ing of its micromechanical properties, which primarily
define the in vivo behavior, is required.

The nanoindentation technique is able to detect material
properties like hardness and reduced modulus of different
constituents in composite systems with high lateral resolu-
tion. Hodzic et al. [24,25] employed the combination of
nanoindentation, atomic force microscopy and nano-
scratch tests to characterize the micromechanical proper-
ties of polymer—glass composites with the aim of
determining the width of the interphase regions. Their
methodology has been adopted for the present study and

results are discussed following a similar approach of anal-
ysis to compare the influences of the sterilization processes
on the mechanical changes, emphasizing the interface/
interphase region of PEEK and CF.

2. Experimental methods
2.1. Material

The investigated composite material, consisting of
PEEK as the polymer matrix and carbon fibers as the rein-
forcing fibers, was provided by Invibio Ltd. The material
was in accordance with the supply manufacturing defini-
tion and supported by a certificate of analysis. The material
was prepared by Invibio Ltd. by extrusion compounding,
consistent with normal practice in the polymer industry,
but under enhanced processing conditions adopted for
medical use. The supplied 3K fiber bundles, with a proprie-
tary surface size, were chopped to 6 mm before introducing
into a twin screw compound extruder at a feed ratio of
35wt.% fiber to 65wt.% PEEK polymer matrix and
extruded as laces of 2-3 mm diameter, which subsequently
were chopped into pellets 3-4 mm long. The fibers were
coated via a chemical process. The test specimens used in
this work were injection molded into sheet-shaped forms
with dimensions 150 x 150 X 4 mm in accordance with pro-
cessing guidelines, including pre-drying of the material
overnight at 120 °C. After the injection molding process
the average residual length of the carbon fibers was con-
firmed to be between 200 and 250 pm, as determined by a
digital image analysis method.

2.2. Specimen surface preparation

The polishing step is crucial for a proper evaluation of
the interface properties. A cross-section area (4 X 10 mm)
of the specimens was polished according to the polishing
protocol shown in Table 1 by Cloeren Technology, Ger-
many. Careful attention was paid to the alignment of the
sample so that the longitudinal, or fiber, direction was per-
pendicular to the surface to be polished. The specimens

Table 1
Polishing protocol to prepare the surface of the test specimens (Cloeren
Technology)

Grinding Grinding Polishing Final
(G) (G) 1(F) polishing
11 (F)
Substrate SiC paper SiC paper PT AlO, PT Chem
G/F- SiC SiC Aluminum OxyPol
material oxide

Grain size 600 1200 - 50 nm
Lubricant Water Water - -
Rotation 300 300 150 150
Force 25N 25N 25-30 N 15N
Time Until planar 1 min 3-5 min 1-2 min

surface
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were mounted in a two-part epoxy and cured overnight. In
order to obtain the best possible polished surface, the
epoxy was mixed extensively until a homogeneous state
was achieved. The air bubbles were removed by keeping
the mounted sample in a vacuum chamber before curing
overnight. Excess epoxy was removed prior to polishing.
The polishing procedure involved a series of silicon carbide
(SiC) sandpaper from 600 to 1200 grit and a special polish-
ing pad requiring aluminum pastes and suspensions.

2.3. Sterilization treatment

In order to investigate the influence of different steriliza-
tion treatments on the micromechanical properties, a test
specimen which was not subjected to any sterilization treat-
ment (reference specimen) was compared with the sterilized
test specimens. The sterilization methods employed were a
set of steam sterilization cycles (steam-treated specimen)
and a gamma irradiation treatment (gamma-irradiated
specimen). Both procedures were conducted in accordance
with the ISO quality management system standards [30].
The steam sterilization process was performed by Miinch-
ener Medizin Mechanik, Germany. It involved three steam
cycles of about 50 min each. The temperature and pressure
of the sterilization chamber during the process were main-
tained at 134 °C and 3.115 mbar, respectively. The gamma
irradiation was performed by Isotron Deutchland, Ger-
many. The samples were irradiated with an affluence of
75 kGy.

2.4. Nanoindentation and nanoscratching

The tests were conducted using a Hysitron nanoindenter
system (TriboIndenter). The instrument includes an XYZ-
sample-stage and a set-up which combines a piezo-scanner
with a transducer and a Berkovich diamond indenter tip.
The XYZ-stage is used to position the sample under the
piezo-scanner for the fine positioning as well as the
approach of the indenter in the normal direction. After
positioning the indenter tip on top of the sample, it can
be either directed into the sample by applying a bias volt-
age on the bottom capacitor of the transducer (hardness
test) or it can be moved in a lateral direction, i.e. within
the x—y plane (scratch test), with the help of a piezo con-
troller. The piezo controller images the sample surface
comparable to a conventional atomic force microscope.

The reduced elastic modulus was calculated by the
Oliver and Pharr method [31], which is included in the Hys-
itron software (Triboview version 6.0.0.31). The contact
stiffness S, defined as the slope at the beginning of the
unloading curve, is given by:

dpr
where P is the indentation load and / the indentation

depth. For the determination of the slope, the initial por-
tion of the unloading curve is fitted by a power law:

S

P=oax (h—h)" (2)

where o contains geometric constants, the elastic modulus
and the Poisson’s ratio of both the sample and the indenter,
m is power law exponent that is related to the geometry of
the indenter, and /¢ is the final indentation depth. The elas-
tic modulus E of the indented material is related to the con-
tact stiffness by:

2 1= 1=\
S:\/I;X(E + Eil> X \/Ae (3)
where v is the Poisson’s ratio and £ is the elastic modulus of
the material, and v; is the Poisson’s ratio and E; is the elastic
modulus of the indenter material. 4. is the contact area of the
indenter and /5 is a constant for the indenter geometry (1.034
for the Berkovich indenter). Consequently, the reduced
elastic modulus, E,.q, can be defined as:

va oS
Ere =", N 4
' VL @
It is linked to the elastic modulus E by:
E
e =720 G)

if the indenter is considered to be much stiffer than the
probed material. The hardness is defined by:

Pmax
Ac

where P, is the maximal achieved loading force.

The coefficient of friction, y, is determined from the ratio
of the lateral force, F, (tangential force) and the normal
force, Fy;, at the constant applied load of 100 uN. Therefore,
the coefficient of friction indicates the resistance of the mate-
rial to the tip penetration in the tangential direction (Fig. 1).

H =

(6)

2.4.1. Nanoindentation test protocol
The nanoindentation tests were conducted in a load-
controlled mode with a Berkovich indenter. A triangular

reference specimen

damaged
fibers

\misaligne(l
fibers

Fig. 1. Optical micrograph of the polished surface of the reference
specimen (not subjected to any sterilization treatment) indicating some of
the misaligned and damaged fibers.
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loading—unloading function with a maximum peak load of
70 uN was applied. The peak load was achieved within 5 s
and was removed again in 5s without any holding time
(Fig. 2b). The indent pattern of 1x 50 indents (one line
of 50 indents) was chosen in such a way that it covered
the carbon fiber and the matrix present on both sides
of the fiber (Fig. 2a). Simultaneously the displacement of
the indenter was measured to give a load-displacement
curve. In order to avoid overlapping of the plastic zones
created by neighboring indents, the optimal distance
between them was evaluated by performing indentation
tests at a peak load of 70 uN with different adjacent spac-
ings between the successive indents. Thereafter, the width
of the indentation marks was obtained by in situ scanning
probe microscopy topographic images, Fig. 3. The images

213

were recorded using an in situ imaging mode provided by
the TriboIndenter (Hysitron). In its in situ imaging mode
the TriboIlndenter utilizes the indenter stylus with a small
static force to scan the surface like an atomic force micro-
scope operating in contact mode. As a result, small features
in the scan can be addressed with a high positioning
accuracy.

In the present study the total width of the plastic zone,
indicated by the pile-ups around an indent, was around
0.35 um. Hence, the successive indents were separated by
0.5 um. There is no indication of a plastic zone overlapping
at the applied peak load. The experiments were repeated
several times for each specimen at several positions of sim-
ilar matrix/fiber arrangements. For the calculation of both
the elastic modulus and the hardness from the load—

a b r 3
matrix/fiber interface/interphase
S —
0.5um .
o0 c0cevccsoe eevsecedicnee E
=
[x]
i
PEEK matrix carbon PEEK matrix
fiber
0 I5 1|0’
time [sec]
A
c d scratch path [10 pm]
indenter tip 100 . >
Z
.................................. el
=
I T T —
0 5 35 40

time [sec]

Fig. 2. Scheme of the nanoindentation test protocol displaying: (a) a nanoindentation pattern of 1 x 50 indents with each of the successive indents
separated by 0.5 um and (b) the triangular loading—unloading function with 70 uN as peak load and 5 s each for both loading and unloading without any
holding time. The nanoscratch test protocol displays (c) the scratch path covering a part of the carbon fiber surface and of the PEEK matrix and (d) the
scratch test loading—unloading function with 100 pN maintained as the peak load during a scratch path of 10 um.

reference specimen

(a) nanoindentation

Fig. 3. Surface

(b) scratch reference specimen

topography of the reference specimen (no sterilization treatment) of the carbon fiber-reinforced PEEK composite: (a) after

nanoindentation testing, showing a line of indents in the matrix, and (b) after nanoscratch testing, showing the scratch path in the matrix.
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displacement data, the indenter contact area function was
derived from indentation tests conducted previously on a
quartz standard sample.

2.4.2. Nanoscratch test protocol

A nanoscratch test is performed by moving the indenter
tip while it is in contact with the sample surface, as outlined
in detail above. The used Berkovich indenter was oriented
with one of its sharp edges pointing in the scratch direction.
Thereby, the indenter tip scratches the sample surface more
evenly. The applied peak load of 100 uN was achieved
within 5s, and after conducting a scratch of 10 um at a
speed of around 0.33 um s~ ', it was removed again during
5's, as shown in Fig. 2d. The scratch length at peak load
was limited to about 10 um, starting from the matrix and
ending at the fiber surface. Hence, it was not possible to
investigate the matrix/fiber interphase regions on both side
of a single fiber in the course of one scratch experiment.
The experiments were repeated several times for each spec-
imen at different positions of the matrix/fiber arrangement.

3. Results
3.1. Nanoindentation results

The representative load—displacement curves obtained
from the indentation tests performed at maximum peak
load of 70 uN for the reference specimen are illustrated in
Fig. 4. Based on the indentation depth values, the different
regions are schematically indicated on top of the curves in
Fig. 4. The indentation depth values range from 20 nm for
the fiber region to 85 nm for the bulk matrix region. The
carbon fibers exhibit almost identical loading—unloading
paths whereas the matrix region showed significantly differ-
ent paths through the formation of a hysteresis loop. This
hysteresis behavior is explained by the viscoelastic recovery
due to the relaxation of elastic strains with the matrix. The
few curves at intermediate indentation depth represent the

105 reference specimen
901 carbon interphase PEEK
fiber region matrix region
75 e n '
— 607
P4
=
S 457
3
= 307
157
0_
T T T T T T
0 15 30 45 60 75 90
depth [nm]

Fig. 4. Some representative load-displacement curves displaying the
micromechanical behavior of the reference (no sterilization treatment)
carbon fiber-reinforced PEEK composite during nanoindentation per-
formed at a peak load of 70 uN.

transition region formed by the matrix around the carbon
fibers estimated as the interphase. The properties of the
interphase region also seem to vary, as indicated by the
scatter of the curves in this region. A similar pattern of
the load—displacement curves was observed for both the
steam-treated and the gamma-irradiated test specimens,
but with slightly different indentation depth values in the
different regions (fiber, interphase zone, bulk matrix).

For further quantitative analysis of the micromechanical
properties, the hardness and the reduced elastic modulus
values as calculated by the Oliver and Pharr method [31]
are plotted against the indentation path (Fig. 5). The
micromechanical behavior of the reference specimen is
shown in Fig. 5a. The different regions are defined accord-
ing to the values of the reduced elastic modulus, which
range from 4 to 12 Gpa, and the values of the hardness,
which range from 0.1 to 0.3 GPa. The sites with low hard-
ness and low modulus indicate the matrix region whereas
the higher values reveal the position of the fiber surface.
There is 20-30% fluctuation in the values at the fiber
regions for all the specimens (Fig. Sa—c), which is due to
the roughness of the fiber surface. The final polishing step
was performed using a paste consisting of 50-nm-wide
abrasive particles which generated a level of roughness of
10-15 nm and formed a ridged surface, i.e. formation of
“peaks and valleys”. The influence of such nanoscale
roughness is more pronounced when the indentation depth
is of the same order, which is in the fiber regions in the
present study. The location of the interface, i.e. of the
actual fiber edge, is identified by the sudden increase in
the hardness and the reduced elastic modulus. It is referred
to as the estimated interface in Fig. 5a. A similar analysis
was performed for the steam-treated and gamma-irradiated
specimens, as displayed in Fig. 5b and c, respectively.

The zones identified as interphase regions show different
values in the mechanical properties, namely slightly higher
ones than the matrix but much lower ones than the fibers.
The interphase width for the reference specimen has an
extension of about 0.7 pm, which is similar to the width
of the interphase zone observed for both the steam-treated
and gamma-irradiated specimens. The steam-treated speci-
men shows the interesting trend of an increased value of the
reduced elastic modulus near the estimated interface, indi-
cating a modification in the properties of the PEEK matrix
in this region.

3.2. Nanoscratch results

The nanoscratch tests provide a qualitative measure for
the friction properties at the surface. The method which
was described in detail by Hodzic et al. [24] is adopted in
the present study for the analysis of scratch paths. The test
proceeds by recording the depth profile and the coefficient
of friction while the indenter tip is scratching over the sur-
face. Eighteen different scratch cycles were conducted in
order to achieve meaningful statistics, as illustrated sche-
matically in Fig. 2c and as documented in the surface
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Fig. 5. Indentation response showing the reduced elastic modulus and the hardness of the matrix/fiber arrangement for the reference specimen (a and b);
the steam-treated specimen (¢ and d); and the gamma-irradiated specimen (e and f). The dotted lines marked as “estimated interface” indicate the

transition between the matrix and the fiber regions.

topography in Fig. 3b. The data obtained for the different
scratch paths were very similar, so for the sake of clarity
only one representative scratch path for each test specimen
will be discussed in detail in this study.

The penetration depth is determined by the contact
length between the leading edge of the indenter tip and
the material indented. It is influenced by various factors,
such as the hardness, the modulus and the wear resistance
of the material being scratched. In Fig. 6, following the
scratch direction from the matrix towards a fiber surface,
all the curves show a deviation from their normal path,
indicating a change in the properties of the scratched mate-
rial. The tangents of the slopes of the deviations in the fric-
tion coefficient in the vicinity of such interfaces were used

to identify the micromechanical transition regions. Based
on the intersection points between two tangents (constant
level outside of the transition zone, slope within the transi-
tion zone, see Fig. 6), different regions were identified on
the scratch path, revealing the micromechanical character-
istics of the material in the vicinity of the fibers.

Fig. 6a shows the scratch response of the reference spec-
imen which was not treated by a sterilization process. Fol-
lowing the scratch direction in Fig. 6a, a high indentation
depth can be observed outside of the transition zone, as
expected, indicating the softer characteristics of the matrix.
This observation is in good agreement with the high coeffi-
cient of friction in the same region. At this stage the inden-
ter is still moving entirely within the matrix region. After
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this there is a departure from the normal depth profile,
which indicates a change in the material properties. This
point is marked as D on the abscissa along the scratch
path. Tangent ¢ was drawn to indicate the change in the
slope of the depth profile. As the indenter moves further
towards the actual interface between fiber and matrix, the
gradual decrease in the penetration depth is followed by
a very steep decrease in the penetration depth with a very
sharp change of the slope, indicated by tangent b. The
gradual decrease in the penetration depth indicates a gradi-
ent in the micromechanical properties whereas the large
decrease and the sharp change in slope suggests that the
indenter came into contact with a very hard surface.
Based on the corresponding data for the coefficient of
friction, the edge of the fiber surface may be assumed to
be the reason for such a sharp transition in the slope of
the depth profile. Hence this position was marked as the
estimated interface between the fiber and the matrix. The
tangent ¢ indicates the slope of the depth profile in the fiber
region. All tangents were extrapolated and the intersection
point of tangents a and b was marked as point E on the
scratch path, while the intersection point of tangents b
and ¢ was marked as point F, which is referred to as the
estimated interface. Based on the analysis described above,
points D, E and F on the scratch path provide very useful
information about the positions of the micromechanically
relevant zones in the composite material relative to the
local microstructure. On the right side of point D the
indenter was moved entirely in the bulk matrix, while
between points D and F it still moved in the matrix but
showed a different behavior. The continuous change of
the slope between points D and F further suggests a tran-
sition of properties in this zone. The total thickness of this
transition zone (Wiays) 18 referred to as the interphase
region according to the definition given above. Point E
divides this zone into regions Inty,q and Inty,z. The region
Inty,q (hard interphase) is formed by the chemical coating
of the fiber surface and the matrix very close to it (zone

[ scratch

- N W b OO N
I 1 | | 1 1 1 |

estimated interphase thickness [pm]

steam treated
specimen

reference
specimen

gamma irradiated
specimen

Fig. 7. Estimated thickness of the interphase region determined by the
nanoscratch testing. The comparison with the effective interphase thick-
ness, Wiy, is also shown.

between points E and F). The region Inty (soft inter-
phase) is formed by the matrix zone between points D
and E, which is abutting to the bulk matrix [32,33].

The response of the steam-treated and the gamma-
irradiated specimens is shown in Fig. 6b and c, respectively.
Although the various curves are basically similar, the influ-
ence of the sterilization treatment can be best observed in
terms of the change in the slopes of the depth profiles.
Based on the different regions marked on the scratch path,
the estimated thickness of the interphase region for the ref-
erence specimen is ~3 um. For the gamma-irradiated spec-
imen it showed a slight change, increasing to ~3.8 pum,
whereas for the steam-treated sample it amounted to
~5.3 um (Fig. 7).

4. Discussion
4.1. Hardness

The average values of the elastic modulus (~3.5 GPa)
and hardness (~0.12 GPa) of the bulk matrix region for
the sterilized specimens are very similar to the respective
values observed for the reference specimen (Fig. 5). This
fact indicates the structural stability of the material at the
nanoscale under the employed sterilization methods. Con-
sequently, similar observations may be expected for the
overall mechanical behavior of the material. It is difficult
to estimate the width of the interphase region by nano-
indentation experiments based on the hardness values of
the region. However, overall trends of the hardness results
are in accordance with previous studies, i.e. they display a
significant influence of the hard fiber surfaces on the mor-
phological properties of semicrystalline polymers when
they are in contact with a solid surface while solidifying
[1-3]. This is explained by the cumulative influence of the
enhanced rate of nucleation during the crystallization pro-
cess and the parallel alignment of polymer chains along the
solid surfaces provided by the fibers embedded. The local-
ized enhancement in the rate of nucleation reduces the final
size of the crystalline spherulites in the vicinity of the fiber
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Fig. 8. Schematic illustration of: (a) a fiber-matrix arrangement, (b) a
fiber coating and a sharp interface at the fiber-matrix interface, and (c) a
diffused interface between the matrix and the fiber coating causing an
increase in the interphase thickness [25,26].
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surfaces, which in turn modifies the morphological proper-
ties of the matrix in that region. This modified morphology
influences both the adhesion between the carbon fibers and
the PEEK matrix as well as the micromechanical properties
[20-23]. The presence of fibers can also impose restrictions
on the normal plastic-flow deformation mechanism of the
matrix, hence inducing an artificial increase in the hardness
values within the proximity of the fiber surface.

4.2. Interphase

The morphologically modified matrix with additional
effects of chemical bonding and inter-diffusion at the inter-
face forms the interphase. The thickness of this interphase
region depends on many factors, such as the properties of
the matrix, the fiber surface, the rate of solidification, the
fiber content and the fiber surface coating (also referred
to as sizing) [20-23]. The change in the width of the inter-
phase region inferred from the scratch tests suggests that
the sterilization process probably further induces morpho-
logical changes in the state of the matrix (Fig. 8). As
explained by Hodzoic [24,25], the formation of the inter-
phase region between phenolic resin and glass fibers is a
cumulative effect of the inter-diffusion process and the
chemical bonding between the fiber surface and the poly-
mer matrix, at both the interface and the interphase
regions.

Elevated temperatures and enhanced pressure in the
presence of moisture during the steam sterilization process
probably promotes further chemical bonding and higher
inter-diffusion rates. These effects would entail an increase
in the size of the interphase. Such an increased inter-diffu-
sion zone can also generate a transition in the interphase
region, with a harder zone in the area next to the fiber
and a softer one more remote from it. Our observations
in that context are in accordance with similar behavior
observed before in a silane-treated glass fiber—polyester
interphase system studied by Hodzic et al. [25]. Fig. 8 gives
a schematic illustration of the modification in the polymer
matrix properties surrounding a chemically coated fiber.
Such modifications are the result of interpenetration of
the chemical and the matrix under the influence of steriliza-
tion processes or under other environmental exposure
[25,26]. The results of gamma irradiation are consistent
with previous studies of UV irradiation environmental age-
ing conducted by Nowicki et al. [27] performed on thin
films of polyvinyl chloride, polyethylene oxide and poly-
acrylic acid.

4.3. Factors influencing the results

Although the results of the indentation and scratch tests
are partially in agreement, both separately provide a
detailed insight into the three main micromechanically rel-
evant zones in the composite (fiber, interphase zone, bulk
matrix). Some experimental factors shall be discussed in
the following which may be responsible for a certain scatter

in the data and also for some of the deviations observed
between the two types of tests. Starting from the sample
preparation to performing the final experiments, if one
considers all the different factors involved during the tests,
such as roughness of the surface, microstructure inhomoge-
neity, the exact location of the indentation and scratch
paths, the final results may vary quantitatively. The follow-
ing sections address some of these aspects in more detail.

4.3.1. Surface roughness

The two important goals when polishing the specimens
prior to the mechanical tests are first, to introduce very lit-
tle interfacial stress, which may cause premature interfacial
cracking and artificial surface hardening effects; and sec-
ond, to produce a very flat surface with negligible relief
effects between fiber and matrix. However, it is conceivable
that during such a procedure a fiber becomes cracked or
crushed if it is raised above the surface. Such effects were
indeed observed, as documented by the optical micrograph
shown in Fig. 1. The final surface polishing was conducted
using a 50 nm wet diamond suspension, which leads to a
roughness of the sample surface of around 10-15 nm, as
indicated by surface topography analysis (Fig. 3). As
shown in earlier work [24], such tiny roughness values
can produce a scatter of 10-15% in the mechanical data
obtained from nanoindentation testing, which is in accor-
dance with our results. Desaeger et al. [34] showed a 40%
difference in the debonding loads by simply changing the
polishing procedure for the carbon fibers and the different
thermoplastic and thermoset polymer matrices such as
epoxy, polypropylene and polyamide.

4.3.2. Microstructure inhomogeneity

The random fiber orientation also plays an important
role in this study since this effect renders the microstructure
inhomogeneous. For instance, in the indentation tests, the
scatter in the hardness values obtained in the matrix
regions far away from the fiber surface inspected may well
be due to the presence of other fibers underneath the matrix
surface. Due to the thickness of the material and the sto-
chastic spacing between the randomly oriented fibers, over-
lapping of the interphase regions is another issue to
consider before aiming at drawing quantitative conclu-
sions. Therefore, in the scratch tests the test regions
(fiber/matrix arrangement) were chosen very carefully to
avoid any constraint influences caused by the presence of
other surrounding fibers, but the effect cannot be com-
pletely ruled out.

4.3.3. Indenter geometry

The thickness of the transition zone which is estimated
as the interphase region between the carbon fiber and the
PEEK matrix not only reflects the actual interphase thick-
ness, but also includes the region created by the lateral res-
olution of the indenter geometry. This lateral resolution,
therefore, must be defined as the indenter width, Wig.
Hodzic et al. [24] described such influences in detail,
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considering different cases for the interphase thickness.
However, in the present study only the relevant case where
the interphase thickness exceeds the indenter width, as indi-
cated by the larger total thickness of the transition zone,
Wirans, 18 discussed. Fig. 9 shows a schematic illustration
of the geometry of a Berkovich indenter as used in this
study and the position of the indenter at various stages dur-
ing the progression of a scratch test. At position I, the
indenter tip is moving in the bulk matrix while the leading
edge of the indenter touches the edge of the interphase for
the first time. At position II, the interaction between the
leading edge of the indenter and the interphase region
causes a gradual decrease in the depth profile though the
indenter tip is still moving in the matrix region. At position
1, a similar interaction is expected between the leading
edge of the indenter and the fiber edge, but with a much
higher slope because of the harder edge of the fiber. This
can cause slight wearing of the fiber edge, generating
rounding-off as a consistent feature in the depth and the
coefficient profiles at the estimated interface, as seen in
Fig. 6. The hard edge of the fiber surface may undergo
damage, as indicated in Fig. 6a, and cause slipping of the
leading edge of the indenter rather than scratching over
its surface. Such effects, which are hard to avoid owing to
the geometry of the indenter, may cause inconsistent
results. At position IV, once the indenter tip is completely

on the fiber surface, both the depth profile and the coeffi-
cient profile show reduced values.

Because of the indenter geometry and the penetration
depth, one can separate the effective interphase thickness,
Wint, from the total thickness of the transition zone
(Intyarg + Intgog), Wirans, by using the following equation:

Wlnt = Wtrans —dtan 0 (7)

where d is the scratch penetration depth and 6 is the scratch
tip angle = 76.9° (Fig. 9).

The difference between the total thickness of the inter-
phase, also referred to as the transition zone (the distance
between points D and F in Fig. 6), and the effective thick-
ness of the interphase is not very significant (Fig. 7). This
observation suggests that there is a minimal influence of
the interaction between the indenter geometry and the
interphase edge. This is because the soft part of the inter-
phase region, Int.g, is unable to resist the movement of
the leading edge of the indenter when compared with the
stiffer response of the hard fiber edge.

5. Conclusions

The complementary experimental approach of using
nanoindentation and nanoscratch tests proved very
successful in investigating the influence of two types of
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sterilization processes on the interphase properties of a car-
bon fiber-reinforced PEEK composite. The nanoindenta-
tion tests were used to determine the properties of the
different micromechanically relevant zones, such as the bulk
PEEK matrix, the interphase region and the carbon fibers
present in the material. The nanoscratch tests revealed more
details about the physical and micromechanical changes in
the interphase region being continuously in contact with the
surface. The latter method, hence, appeared to be a more
sensitive and reliable technique in detecting the interphase
properties. The continuity in data acquisition obtained
from the nanoscratch tests was crucial for the analysis of
the gradients in the micromechanical properties within the
PEEK matrix. The data reveal that the bulk polymer is lar-
gely unaffected in terms of the measured parameters by ster-
ilization and only a slight modification in the properties of
the PEEK matrix occurs at the interphase. This applies in
particular to the steam sterilization process.
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