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A B S T R A C T

The present study explores mechanical behavior of carbon-carbon composites using low-load nanoindenta-
tion. Indentations are performed using flat-punch and Berkovich tips indenting normal to the cross-section
of a single fiber-matrix filament. A systematic set of tests are carried out employing multiple load functions
to critically assess loading behavior and load-unload irreversibility at the filament scale. Flat-punch inden-
tation response clearly shows irrecoverable displacements and an energy loss, accumulating over multiple
cycles. This is compared against the indentation response of single crystal Aluminum where the unload-re-
load behavior is linear-elastic. The mechanical test is coupled with Raman micro-spectroscopy to correlate
energy dissipation with structural changes in the carbon constituents. Three microstructurally distinct regions
are identified using the Raman microprobe. First order spectra were tracked close to the interface revealing
a reduction in the width of the defect peak. Constraining the nanoindentation footprint via a sharp-Berkovich
indentation, the same correlation was confirmed. An incremental load-unload response was analyzed using
the Oliver-Pharr model to reveal a consistent drop in indentation modulus with increasing maximum load. All
observations suggest that graphitization could be the possible mechanism of plastic deformation in the mater-
ial. The implications are discussed in relevance to toughness in structural and tribological applications.

© 2019.

1. Introduction

Carbon Carbon composites (abbreviated as C/C henceforth) form
a special subset of carbon-fiber composites where the presence of an
all-carbon system enriches expected properties of high specific stiff-
ness, strength and toughness with exceptional thermal stability at high
temperatures. These attributes in combination with high thermal con-
ductivity, high specific heat capacity, low thermal expansion coeffi-
cient, high impact resistance, high ablation and wear resistance make
these materials ideal candidates for applications involving severe con-
ditions [1,2]. In that regard, these materials are prominent in advanced
space and aircraft applications such as thermal protection barriers for
atmospheric re-entry, rocket nozzles, exit cones and aircraft brake
discs. Additionally, the biocompatibility and chemical inertness of el-
emental carbon has found use for this class of materials in the biomed-
ical industry, for instance in fracture supporting plates, hip-joint pros-
thetics etc. [3,4].

The choice of an all-carbon system places carbon composites in
the class of ceramic-matrix materials [5] (albeit with some differ-
ences [6]). In this class, the strength of the fiber-matrix interface
plays a central role in determining fracture toughness, in both mo-
notonic fracture and fatigue [7]. Any inelastic behavior (often termed
pseudo-plastic ) in tensile or shear stress-strain response manifests

as a result of micro-fracture processes such as matrix cracking, inter-
face cracking, fiber-bridging and pullout [8 10]. C/C materials, par
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ticularly those with woven fiber architectures, can exhibit good frac-
ture toughness (an order higher than monolithic ceramics) [11] and fa-
tigue tolerance [12] and much of it is attributed to the role played by
these mechanisms in the crack wake zone. The importance of an op-
timal interface strength was highlighted in multiple studies [13 16].
In fatigue, flexure and tensile fatigue experiments had established a
change in residual strength in high-cycle fatigue, dependent on the
maximum applied stress, applied stress ratio and fatigue life [17 22].
Fatigue-induced interface fracture is established as the primary rea-
son behind such effects, recent evidence of which is provided by tech-
niques like Digital Image Correlation [23].

Furthermore, specific to C/C systems, relevance to tribological per-
formance must be considered since it is the dominant commercial mar-
ket for these materials [4]. The wear and frictional behavior are also
dependent on the same pseudo-plastic and inelastic processes outlined
previously. Tribological performance depends on the presence of a
thin friction film ( 1 m) on the brake surface formed by the com-
paction of wear debris during the braking process [24 26]. Thus, the
said processes govern the dynamic equilibrium prevailing between de-
bris-generating fracture mechanisms, high-temperature oxidation loss
and surface friction film formation. The fracture processes fundamen-
tally depend on the interface bond strength and film formation attrib-
uted to the comminution of wear debris is contingent on plastic defor-
mation of fiber and matrix phases [27 29].

In essence, the success of both structural and tribological responses
rely on two basic properties: interface bond strength and inelastic
dissipation in individual constituents. Multiple techniques have been
developed to measure interface strength in brittle matrix

https://doi.org/10.1016/j.carbon.2019.05.038
0008-6223/ © 2019.



UN
CO

RR
EC
TE
D
PR
OO

F

2 Carbon xxx (xxxx) xxx-xxx

systems [5] and applied to C/C materials [30 33]. Possibly the most
convenient of these methods is a single fiber push out test, recently
performed using flat-punch nanoindentation [34,35]. On the contrary,
a systematic exploration of inelastic dissipation mechanisms has not
been attempted, to the best of the author's knowledge. While sharp-tip
nanoindentation (using Berkovich, Vickers, cube-corner indenters)
has been used to infer matrix plasticity via a measure of hardness
[36,37], the primary drawback is in the lack of understanding what
the hardness means in relevance to turbostratic crystallite structures
that constitute the composite. Possible prevalence of buckling mech-
anisms, complex deformation fields and appreciable variability ques-
tions the interpretation of results [38,39]. Moreover, the nature of the
unload curve, whether it is elastic or has some reverse-plasticity, is yet
unclear.

In this work, a coupled exploration of C/C inelastic behavior is at-
tempted at the scale of a single fiber-matrix filament (refer Fig. 1).
Flat-punch nanoindentation is used along with Raman micro-spec-
troscopy to connect energy dissipation with structural changes in both
the fiber and the matrix. The choice of Raman spectroscopy was
made for several reasons. One is the known sensitivity to low-en-
ergy structural defects [40] effectively covering the full range of crys-
talline states from amorphous carbon to crystalline graphite [41 43].
It has successfully served as a simple yet effective tool to rank the ex-
tent of quasi-crystallinity of different synthetic carbon materials, be-
yond just C/C systems [44 47]. Secondly, the technique is easy to
perform and allows non-contact non-destructive monitoring of struc-
tural changes before and after a mechanical test. And lastly, the sam-
pling spots of Raman micro-spectroscopes are well improved to di-
ameters within 1 m, appropriate to characterize heterogeneous com-
posite cross sections [48] while matching the scale of nanoindenta-
tion's spatial footprint. Berkovich indentations are also performed to
provide supporting evidence corroborating the findings. It must be
mentioned that a similar experimental coupling was carried out in
Ref. [49] where carbon fibers were treated as strain sensors in duc-
tile polymer-matrix composites. However, the measurement required
a calibrating setup and primarily focused on correlation of Raman fre

quency shifts caused by elastic straining of carbon fiber to composite
stress/strain measures. An understanding of plasticity or irreversibility
wasn't addressed especially at a scale where the role of the fiber and
matrix can be partitioned.

The goal of this study is to narrow focus to a scale where the
load-displacement response is a direct indicator of the inelastic behav-
ior of the fiber, matrix and the interface. Treating the interface anal-
ogous to a monolithic material, the motivation is to establish if there
is an alternate intrinsic toughening mode which would impact friction
film formation, monotonic crack growth resistance and also bring to
the fore cyclic-inelastic effects involved in fatigue crack nucleation.

2. Methodology

2.1. Materials

The C/C specimens in this study were obtained from commercial
aircraft brake discs, courtesy of Honeywell Aerospace. The fiber ar-
chitecture constituted a needle-punched non-woven structure consist-
ing of polyacrylonitrile (PAN)-based carbon fibers and low-tempera-
ture chemical vapor infiltrated (CVI) carbon matrix. The final com-
posite was subject to graphitization heat treatment in an inert atmos-
phere. A diamond wafering blade mounted on a milling machine arbor
was used to slice thin specimens of dimensions 15×15×0.5mm. The
orientation was chosen so that a large number of fibers were oriented
perpendicular to the specimen's indent plane (Fig. 1). The average di-
ameter of the fibers was 8 m.

2.2. Experiments

2.2.1. Sample preparation
For structural characterization, samples were embedded in epoxy

and polished, first using SiC papers (320 to P4000 grit) and then Alu-
mina slurries (1 m to 0.05 m). Since the material is brittle and sus-
ceptible to abrasion-induced fracture, care was taken to have gener-
ous flow of lubricant (in this case, water) while applying minimal

Fig. 1. (a) Schematic of carbon/carbon stator/rotor brake discs within aircraft landing wheels (b) Illustration of the coupled exploration using Nanoindentation and Raman Micro-Spec-
troscopy (RMS) aimed at connecting structural changes to dissipated energy in sample.
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pressure just sufficient to hold the sample in place. For nanoindenta-
tion, samples were polished without the aid of any mount over dia-
mond lapping films of grit sizes 6, 3, 1 and 0.1 m.

2.2.2. Structural characterization
The CVI-microstructure was characterized using Polarized Light

Microscopy (PLM) [50,51] and micro-Raman spectroscopy [41].
Polarized Light Microscopy (PLM) was carried out in an opti-

cal microscope (Olympus BX51 M) with a polarizer, rotatable ana-
lyzer and a CCD having pixel resolution of 1600×1200. Images were
collected at intervals of 1°. The sequence was analyzed in ImageJ
[52], tracking a reference pixel point having maximum intensity in
the crossed-polar configuration. The intensity curve is plotted for this
pixel as a function of the analyzer angle to obtain the extinction angle
curve. A second-order polynomial was chosen to fit the data motivated
by the analytical form derived in Ref. [53].

The first-order Raman spectra were obtained on a HORIBA
LabRAM HR Raman Confocal Imaging Microscope. The laser source
was chosen to be of 532nm wavelength, source power around 50mW
and incident polarization chosen along the preferred textural orienta-
tion of basal planes. For maximum resolution, grating density of 1800
gr/mm was chosen, and spectra was collected over a wide window of
wavenumbers spanning 800 to 2000cm−1 to have a reliable noise floor
estimate. The objective had a magnification of 100× allowing a struc-
tural probe of 1 m size. A five-band spectral fitting procedure was
employed following [41], performed using LabSpec 5. For structural
characterization, five fiber-matrix cross-sections were analyzed. Sites
were chosen in the web-region of the sample because the local struc-
ture is more representative of the deposition and heat treatment con-
ditions and relatively independent of the surface area-to-volume ratio
and hence also the local fiber volume fraction. At each site three lo-
cations are chosen, one in the CVI matrix (closest to the interface),
second in the skin of the fiber [54,55], and the third in the central
core of the fiber.

A five-band fitting procedure should ideally allow a characteriza-
tion based on peaks and frequencies of five different peaks. However,
only the measure of the full-width at half-maximum (FWHM) of the
defect peak (D peak) is chosen as a marker for the structural state. It
is the only peak in that wavenumber range that can be deconvoluted
easily. The G-peak deconvolution is affected by the presence of the
secondary defect peaks (D',D") and the relative intensity of the minor
I-peak is low, close to the noise floor (refer Fig. 3).

2.2.3. Nanoindentation
Nanoindentation was performed at room temperature on the

Hysitron Triboindenter TI 950®. At select sites, carbon fibers were in-
dented normally using a 60° conical punch having a 5 m diameter
circular flat end. The sites were picked from the web region where the
local matrix volume fraction is the highest. This choice was motivated
by the hypothesis that the soft-CVI matrix would play the primary role
in bearing any plastic deformation. Since the study is focused on find-
ing evidence of behavior that can be reliably resolved, sites showing a
higher propensity for the same are preferred.

There are two motivating reasons behind the choice of a flat tip
for nanoindentation. First is its popularity in interface characteriza-
tion tests in composites. The stress field introduced by flat-punch
contact has been studied analytically and computationally [56]. From
these studies, it is known that the induced deformation is shear-dom-
inated near the edges of the contact zone and the peak is achieved
at a sub-surface point. In that regard, there is a better understanding
of the nature of deformation induced by the indenter, as compared to
sharper tips. In composite systems, particularly ones with appreciable

elastic modulus mismatch, the shear-dominant loading of the interface
is accentuated. Hence, it is reasonable to presume that the fiber-ma-
trix interface is under shear loading. The dimensions are also chosen
in accordance with the desirable stress-fields at the interface. A 5 m
punch is chosen, lesser than the average fiber diameter. In this way,
the interface zone is free from surface tractions and is primarily acted
upon by interfacial shear stress. Now, consider this in relation to the
preferred orientation of CVI crystallites. The applied shear primarily
acts along the basal plane of crystallites shearing them in their most
compliant mode and possibly activating inelastic deformation mech-
anisms. This hypothesis draws on the ease of basal plane dislocation
slip in single-crystal graphite [57] and also on early tests performed
on monolithic high-temperature pyrocarbons [58,59]. These tests were
performed at high-temperatures where vacancy diffusion was domi-
nant. At room temperatures however, it may be possible that a plastic
slip-like mechanism is active, similar to the classical picture of graphi-
tization that was thought to involve movement of whole layer planes
[60].

Secondly, the prevalence of a constant area of contact on the
sample simplifies behavior of the load-displacement curve. Any ma-
terial exhibiting an elasto-plastic response (time-independent plas-
ticity) would exhibit a load-displacement response similar to uni-
axial stress-strain response in a tensile testing machine [56]. There
would be a stiff regime dominated by elastic response and a compli-
ant flow regime dominated by plasticity. This is confirmed by testing
a standard sample, single crystal Aluminum having [1 0 0] orientation
aligned with the indentation axis. Any nonlinearities due to a chang-
ing contact area is eliminated facilitating identification of the onset of
plastic flow. Nevertheless, it must be mentioned that a perfectly elas-
tic regime is hard to obtain in the loading curve. This is primarily be-
cause of limited scale plasticity introduced at tip corners, and also be-
cause of time-dependent effects in low-load nanoindentation. On the
other hand, the unload curve definitely shows recoverable linear-elas-
tic behavior, a fact used in nanoindentation models in the guise of the
flat-punch approximation [58]. Hence, linearity of response can be

expected in the unload curve, an absence of which is definite indica-
tion of inelastic behavior.

The composite sample was gripped on the magnetic stage of the
nanoindenter using small microscope stage-clips. The use of a sec-
ondary mount (e.g. AFM disc) with cyanoacrylate/crystal bond wax
was avoided because the sample's high stiffness in tandem with a
blunt indenter (flat-punch) exacerbated the creeping response of the

adhesive.
With the flat-punch, two types of loading functions were cho-

sen: Single load-unload, two-cycle load-unload at varying R-ratios (
, where Pmin and Pmax represent the minimum and max-

imum nanoindenter loads applied in the second cycle, respectively).
Each loading function is chosen to highlight different aspects of me-
chanical behavior. The single load-unload function is used to probe
typical pre-fracture behavior at different loads. Since the area of con-
tact will be a constant, the loading curve will be expected to show a
linear response unless there are some inelastic effects involved. The
two-cycle load-unload function will be used to check if the unload
curve is elastic, commonly presumed in nanoindentation measure-
ments.

Indentations were performed at low loads (within 10 mN), under
load control at constant loading rate of 0.5mN/s. The maximum load
of indent is chosen to ensure that pre-fracture behavior is probed and
no interface debond is initiated. A safe value is arrived at by per-
forming multiple indents locally. Typically, any initiation of interface
debond reflects as an abrupt transition in the slope of the load-dis-
placement curve [34]. The loading curves are checked for this transi
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tion, and high-magnification optical micrographs (100×) are compared
before and after test to ensure no cracks are formed (revealed by a thin
dark outline around the fiber).

An important challenge in nanoindentation is the issue of variabil-
ity [61] depending on choice of indent location. Particularly in C/C
systems, the indentation response at each location can be influenced
by the extent of local porosity, local textural variations of the CVI de-
posits or presence of micro-cracks in the matrix. These can affect cer-
tain characteristics of the load-displacement response such as the max-
imum depth of indent at peak load, or the stiffness of loading response
etc. Typically a large number of sites are averaged over to get rep-
resentative load-displacement curves. On the contrary, the focus here
is not on obtaining a representative load-displacement curve for the
sample but more toward establishing the behavior in the material. To
that extent, the results presented are from a select number of individ-
ual tests and not averaged.

Supplementary to the flat-punch indents, standard Berkovich-tip
indents are also performed on carbon fibers normal to the cross sec-
tion. The purpose of the Berkovich indent is many-fold. It allows com-
parison with response of a popular calibration sample, fused quartz.
The deformation zone is localized to a small region, much smaller than
the flat-punch's footprint. This allows the indentation response of the
fiber and the CVI matrix to be probed independently. An incremental
load-unload function is chosen to compare the indentation response of
CVI and fiber against that of fused quartz. The unload curves at each
incremental cycle are analyzed using the Oliver-Pharr model [62]. In
this model, a power-law fit of the unload curve is used to extract the
contact depth at each cycle's maximum load, allowing a measure of
indenter contact area and consequently the indentation moduli. It must
be emphasized the indentation modulus is different from the elastic
modulus measured in tension/compression, as has been shown in re-
cent indentation studies on carbon fibers [63 67]. Lastly, the sharp
Berkovich tip (tip radius within 100nm) can be used to perform imag-
ing using Scanning Probe Microscopy (SPM). The surface can be
scanned for residual deformation which can otherwise be difficult to
spot using optical/electron microscopy. This is because the penetration
depths are low at the chosen applied loads and because the C/C com-
ponents exhibit a high level of recovery [38]. As an additional check,
a surface scan is used to measure the surface roughness, an important
measure to ensure that the observed low-load response is not caused
by partial contact at surface asperities.

2.2.4. Nanoindentation with ex situ Raman characterization
RMS was also used to track structural signatures before and after

nanoindentation. The Raman optics included an analyzer parallel to

the incident polarization direction. This was done to selectively em-
phasize structural changes in preferentially oriented crystallites [52].
Optical microscopes on each instrument ensures that the indentation
is performed at the site characterized by Raman spectra. However, to
track structural changes it must be ensured that the same spot ( 1 m
size) is probed before and after nanoindentation. If not, a case of mis-
taken identity results where the sampled spot after test may not be the
same one probed before the test. No reliable trend may be observed
because the spectral changes will be marred by spatial variability of
Raman spectra in the same sample. The HORIBA LabRAM HR has a
motorized stage allowing positioning to the nearest micron. Neverthe-
less, there is significant backlash at the start and stop of motor move-
ments causing offsets of the order of half micron. There are also er-
rors associated with angular misalignments of the sample's preferred
basal plane orientation with the incident polarization. By fixing an ori-
gin reference on physical features visible next to each site and keeping
the relative X Y positions of the sampled spot consistent within 1 m,
both positioning and alignment errors are eliminated to a large extent.
To make the measurement more robust, multiple spots are probed at
each target location. A tradeoff is apparent here. Sampling of multi-
ple spots increases the likelihood of probing the same location in an
average sense. But this comes at a cost of loss in sensitivity of mea-
surement because local structural gradients [38,48] will cause scatter
and obscure the trends.

With flat-punch indents, structural signatures are tracked in the
CVI matrix and fiber skin close to the interface. Two cycles of a
5mN indent are applied with intermittent Raman characterization at
these locations. As additional evidence, the experiment is repeated on
a Berkovich indent in the fiber. The fiber is chosen as the site of in-
dent because of transverse isotropy in its structure. If the CVI is cho-
sen, there could be additional artifacts introduced by the orientation
of the Berkovich tip with respect to the preferred texture. A benefit of
choosing the Berkovich indent is that it causes a localized deforma-
tion zone which can be sufficiently covered by the micron-sized RMS
laser spots. In a sense, it allows a more direct correlation between the
energy loss and spectra changes in a confined region.

3. Results

3.1. Structure

An optical micrograph of the composite cross-section viewed un-
der crossed-polars is shown in Fig. 2 (a). The reference pixel that was
tracked is indicated. The extinction angle was determined from the
position of the minimum of the curve plotted in Fig. 2(b). The value
is found to be approximately 17°. Results of Raman characterization

Fig. 2. (a) C/C cross-section viewed under crossed polars (b) Extinction angle curve plotted by tracking a reference pixel in the PLM micrograph.
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are shown in Fig. 3. The FWHMD values of the fiber core, skin and the
CVI are tabulated in Table 1. There is a clear difference in structural
signatures in each of these regions.

3.2. Nanoindentation: flat-punch and Berkovich indents

Typical pre-fracture indent behavior of C/C is shown in Fig. 4. Test
results are shown at two representative loads of 5mN and 10 mN. It
must be mentioned that this behavior was observed at loads as low
as 100 N. The loading curve seems linear with no evident signs of a
transition from an elastic to a plastic regime. Since the unload curve
did not retrace the loading curve, there are definite inelastic effects
involved. Going by the hypothesis that the sample shows time-in-
dependent plastic mechanisms, one would expect the unload curve
to be completely elastic and linear. On the contrary, the unloading
curve shows a high nonlinearity indicative of some reverse-plasticity
or other unknown inelastic effects. It is possible that a part of the un-
load curve is elastic and there was an onset of reverse-plasticity at
some point. The incremental test on Al [1 0 0] serves as a reference
standard for elasto-plastic response (Fig. 5). The envelope of the re-
sponse resembles the stress-strain response of ductile single crystals
with a distinct flow regime [56]. The unload-reload segments at dif-
ferent stages retrace perfectly, implying a perfectly elastic unload.

To check for reverse plasticity in C/C, a two-cycle indent was
performed, at two different R-ratios. A lower R-ratio was chosen at
a higher load of indent to exemplify any hysteresis. A higher R-ra-
tio was chosen at a lower-load to check for possible elasticity at low
loads. The results are shown as inset plots in Fig. 4. It is clear that the
unload curve is not elastic and there is a hysteresis in the response. At
a higher R-ratio, the reload curve tends to approach the unload curve
and there seems to be a retraceable near-elastic region.

The results of Berkovich indents performed on standard sample
Quartz are presented in Fig. 6 (a). The non-linearity of the load-
ing curve is primarily because of elasto-plastic deformation under a
changing area of contact. Note that the unload curves are clearly elas-
tic because they are perfectly retraced upon reload. The apparent in-
crease in slope of the unload curve should come as no surprise be-
cause the contact area of the indenter is also increasing. However, the

estimated indentation modulus is expected to stay constant. Any in-
crease/decrease is indicative of possible structural change causing the
sample to become more stiff/compliant respectively. The Oliver-Pharr
model is adopted to infer the indentation modulus from the unload
curve. The tip-area function is calibrated on the Quartz sample be-
cause it is known to have lesser time-dependent effects and repro-
ducible properties irrespective of the depth of indent [61]. The inden-
tation response of the CVI matrix and the carbon fiber are shown in
Fig. 6 (b) and 6 (c) respectively. Note that the inelastic dissipation is
higher in the CVI than the carbon fiber. The unload curves are not
elastic. Nevertheless, following the result of low-R unload-reload be-
havior, the existence of a brief near-elastic regime is hypothesized.
With this approximation, the Oliver-Pharr model is fit to the unload
curve within 20% of the maximum load and the inferred moduli are
compared. The results are shown in the insets. It is worthwhile to note
that the trend doesn't change much when the analysis is repeated by
fitting the entire unload curve. Both the CVI and the fiber show evi-
dence of becoming more compliant.

3.3. Indentation and Raman spectroscopy

The change in Raman signatures before and after flat punch in-
dentation are presented in Fig. 7. Significant spectral changes are ob-
served in both the skin of the fiber and the CVI matrix. The width
of the D-peak reduces. Additionally, a marginal decrease in G-peak
width along with its frequency is also observed. Those results are
not presented here for brevity, and also because of aforementioned
complications associated with G-peak deconvolution. This observa-
tion has been consistently observed at 4 different fiber push sites. All
the spectral changes correspond to an increase in crystalline perfec-
tion, tending towards a more graphitic structure [41,45,48]. In other
words, the shear-loading of the interface has caused a local graphiti-
zation at the interface, causing the fiber skin and the CVI matrix to
graphitize. Graphitization refers to the solid-state transformation of
quasi-crystalline non-graphitic (or partially graphitic) carbon to crys-
talline graphite, so far known to occur under high-temperature heat
treatment ( 1700 3000 centigrade) [68,69]. The work done by the
nanoindenter has been absorbed in the form of energy for the graphi

Fig. 3. (a) Schematic cross-section of a single fiber-matrix filament and sampling of multiple Raman spots in different regions (b) Typical spectra in the three microstructurally
distinct regions, ranked from highest to lowest in terms of graphitic order (the relevant peaks are indicated).
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Table 1
Width of defect peak (D) in Raman spectra.

Micro-constituent FWHMD (cm−1)

CVI Matrix 46.63±2.30
Fiber Skin 48.18±2.71
Fiber Core 66.72±1.69

tization process. To check if this change accumulates in the form of
cyclic inelasticity, the spectra changes with intermittent two-cycle in-
dents are presented. The load-displacement data of a single-cycle is
also presented concomitantly.

A validation of the observed spectral change was carried out us-
ing Berkovich indentation. The idea was to constrain the deformation
zone and conclusively establish that there is a spectral change in that
region that could have only been caused by the Berkovich indent. The
results are presented in Fig. 8. Note that the indent was in the core of
the fiber, and it has graphitized.

Two validation checks are carried out using the Berkovich tips.
Firstly, the above indent mark is imaged to see if there is indeed an
irrecoverable impression created on the sample, corresponding to the
residual displacement in the load-displacement curve. The imaging is
carried out in the SPM (Scanning Probe Microscopy) mode. The cor-
responding post-test surface scans are presented in Fig. 8. The scans
are tilt corrected and plotted using Gwyddion [70]. The tilt angle was
approximately 0.5°, which doesn't cause significant change in the re-
sponse or inferred properties [71]. The impression resembles the be-
havior of a sample exhibiting high recovery. Additionally, the surface
scans allow an estimate of roughness, which is found to be less than
1nm. The check was to confirm that all depths of indents are atleast
5 times the roughness value to avoid errors caused by partial contact.
Clearly, this condition is satisfied in all indents.

4. Discussion

Characterization using PLM provides a quick and effective way
to classify C/C based on the textural arrangement of crystallites. The
sample is found to be optically anisotropic with a relatively high ex-
tinction angle. According to the classification proposed in Ref. [51],
the microstructure is one among Rough Laminar or Regenerative
Laminar textures [72]. RMS analysis complements the inter-crystal-
lite arrangement with intra-crystallite information. The width of the
defect peak (FWHMD) in the Raman spectrum serves as a useful para-
meter corresponding to that information. Following the structure-tex-
ture map proposed by Bourrat [52], it is clear that the microstructure
is Rough Laminar (RL).

As mentioned previously, RMS is a convenient method to probe
structure at a sub-micron scale. When used to characterize the fiber
structure, it has revealed a distinct skin-core effect where the fiber
skin is better ordered than the fiber core. This effect has been explored
primarily using Transmission Electron Microscopy (TEM) [54]. The
crux of these studies is that there is a fiber skin, not larger than 1 m in
thickness where the turbostratic crystallites have better circumferen-
tial texture than in the core and are also aligned end-to-end along the
length of the fiber. Hence, the information was still on a textural scale.
The present study complements this observation with evidence from
Raman spectra. The skin is indeed found to be more graphitic than the
core, possibly having a higher propensity for slip-like behavior or for
vacancy diffusion along basal planes.

The flat punch was chosen with the idea that the shear-dominated
loading at the interface would cause a slip-like behavior in the prefer-
entially oriented CVI matrix and also possibly the fiber skin. In such
a scenario, a load-displacement response analogous to that of single
crystal Aluminum was expected where there is a stiff elastic regime

Fig. 4. Flat-punch indentation behavior of C/C before initiation of any interface debond. The inset plots show the unload-reload hysteresis from distinct maximum loads and R-ratios.
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Fig. 5. Flat-punch indentation behavior on reference sample Al [100].

followed by a plastic flow regime. The unload curves were expected
to be perfectly elastic allowing a complete retrace upon reload. How-
ever, none of these behaviors were exhibited by C/C. The flat punch
indentation did seem to exhibit a deceptively linear loading response
although its true nature is better understood as an increasingly stiffen-
ing curve, as explained in reference to other test results. The unload
curve exhibits a highly non-linear trajectory which is not retraced by
the reload curve. Hence, there is a clear pre-fracture inelastic response
and energy dissipated in the sample. Incremental load response un-
der Berkovich indents emphasized this inelasticity individually in the
CVI and the fiber. The CVI seemed to exhibit a more pronounced en-
ergy dissipation capacity as compared to the fiber. An analysis using
the Oliver-Pharr model reveals that the indentation modulus shows a
consistent drop with an increase in the magnitude of unload. The re-
ducing indentation moduli are reminiscent of the trend found in elastic
characterization of C/C samples heat treated at different temperatures
[39]. The study on heat-treatment had established that the graphitiza-
tion induced by the heat-treatment correlated with a reducing inden-
tation modulus. This was explained based on the increased suscepti-
bility of graphitized crystallites to basal plane shear. It seems likely
that a similar phenomenon may be underway here. There could be a
mechanical graphitization occurring with the energy absorbed at each
cycle. The fact that the CVI shows a higher hysteresis than the fiber
is consistent with the commonly held notion that the matrix is more
graphitizable in C/C materials. If the incremental response evidences
a progressive graphitization at increased load magnitudes, then a sim-
ilar process must be underway during flat-punch indentation. Since
graphitization is associated with an increase in in-plane tensile/com-
pressive elastic modulus, the loading response in flat-punch indenta-
tion must be non-linear possibly exhibiting a stiffening response.

The evidence of Raman spectra change provides conclusive ev-
idence that the inelastic behavior is caused by graphitization of the
sample. The CVI matrix and the fiber skin are both subject to this
change exhibiting significant reductions in the spectral width parame-
ters. The graphitization also explains the subtle stiffening behavior in
the loading curve. The degree of structural perfection is increasing
in the basal-planes, stiffening the indentation response at increasing
loads. Although not established here, the magnitude of this increase
would be highest closest to the interface and recede further away

Fig. 6. (a) Incremental load-unload response of Quartz, left inset shows a schematic of
the load function and the right insets plots a single unload-reload segment (b) Incremen-
tal response of CVI matrix and (c) fiber, left inset plots indentation moduli against mag-
nitude of unload, the right inset shows the correspondence between one of the unload
segments and associated data point in the indentation modulus plot.
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Fig. 7. Results of ex situ study with RMS and flat-punch nanoindentation: Defect peak width reduces with indentation (accumulates over multiple cycles).

Fig. 8. Results of ex situ study with RMS and Berkovich nanoindentation: Defect peak width reduces with indentation. The indent is also imaged in the SPM mode.

from it, consistent with the magnitude of basal-plane-aligned shear
stress at these locations. The open question that remains is the mecha-
nism that brings about such change. If there was a slip-like behavior as
was expected, then the indentation response would be quite different.
The loading curve would have possibly shown an onset of plastic flow.
The unload curve would have been linear elastic at least at higher
R-ratios, as in the case of single crystal Aluminum. However, the re-
sponse was more complicated. The unload-reload hysteresis does not
seem to be eliminated at higher R-ratios, implying a possible absence
of any elastic regime at all. There is an abrupt change in the slope of
the curves, at the point of reversal from unload and reload. The extent
of slope change depends on the magnitude of load at the reversal. Such
a response is uncharacteristic of an elastic-time-independent-plastic
response and indicative of a time-dependent behavior. Drawing on the
studies of high-temperature creep deformation in pyrocarbons [59], it
does not seem unreasonable there may be an in-plane vacancy dif-
fusion even at room temperature. The high interfacial shear stresses
may have provided the primary impetus in place of high temperatures.
The tangential orientation of the graphitic crystallites at the interface
(in the CVI matrix) facilitates the process because the applied shear
acts along the basal planes. Vacancies diffuse along the basal planes
within crystallites, annealing structural defects and making the struc-
ture more graphitic. Consistent with the time-dependent nature of dif-
fusion mechanisms, the observed behavior might be more amenable to
a framework incorporating viscous rate-dependence.

As mentioned before, the purpose of the Berkovich tip was to cre-
ate a local deformed zone and directly connect spectral changes with
dissipated energy in the load-displacement curve. In contrast with the
flat-punch indents, the sampled RMS spots can fully cover the defor

mation zone and it is unlikely that anything other than the imposed
mechanical test could have brought about the change in structural sig-
natures. Consistent with the previous observations, the fiber core also
exhibits a graphitization. This is particularly surprising in context of
PAN-based carbon fibers because they are typically considered to be
non-graphitizable under heat treatment. However, it must be remem-
bered the fibers are not graphitizable to an appreciable extent to be
measurable with X-Ray Diffraction (XRD) or TEM. The mechanical
treatment here is caused by a special sharp tip on a small zone and

the sensitivity of the instrument just happens to pick up the change.
Since the reliability of the measurement rests on averaging over mul-
tiple spots, it is not possible to further resolve gradients in the de-
gree of graphitization within the deformation zone. In this regard, it
cannot be further specified if the region close to the tip periphery or
that directly under the tip graphitizes the most. This approach estab-
lishes inelasticity in the PAN-fiber at room-temperature, contributing
to previous studies in literature where inelasticity of carbon fibers has
been established at high-temperatures [73 75]. For the sake of com-
pletion, it is justified to question occurrence of graphitization in the
core of the fiber, when the flat-punch was employed instead of the
Berkovich tip. The authors did not attempt a comparison of core spec-
tra in this scenario and provide brief arguments that can guide future
studies in this direction. A major challenge in obtaining a measurable
spectral change could be the absence of sufficient stress magnitudes
in the footprint of such blunt indenters, as compared to those induced
by the sharp Berkovich tip. However, it is known that the stress-state
under the flat punch has a high hydrostatic pressure component [56]
which is known to promote graphitization [76]. Contrarily, there may
also be a competing disordering effect from the compression of basal
planes perpendicular to the c-axis of the crystallites [39]. The result
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ing spectra change may involve an interplay of these effects and must
be addressed to establish graphitization of the core under flat-punch
indentation.

C/C materials were known to exhibit graphitization at heat treat-
ment temperature higher than 2000 centigrade [41]. The presented re-
sults indicate that there is local mechanical graphitization at the inter-
face without any high-temperature heat treatment. The term mechan-
ical is used in-place of stress-induced graphitization because the
latter has been used to refer to the role of applied mechanical stress in
facilitating the graphitization process [77]. In stress-induced graphiti-
zation, the presence of a thermal residual stresses at the interface was
hypothesized to explain the anomalously higher graphitization of the
C/C interface at high heat treatment temperatures [77 82]. While a
causal link that determines the most favorable stress-state for graphiti-
zation mechanisms is still missing, experimental evidence of graphiti-
zation through microscopic/spectroscopic techniques and calculations
of matrix-fiber thermal mismatch stresses have established, in a corre-
lational sense, the deviatoric nature of the stress-state [83]. The propo-
sition from the study is that there is a stress-induced graphitization
prevalent even at room temperatures. It seems likely that under any
load, the interface would be subjected to a similar deviatoric state, one
of high basal-plane shear in this case, activating the mechanisms nec-
essary to transform the structure.

The implications of such behavior can be quite fundamental in
many applications. In tribological applications, the wear surface is
subjected to high temperatures while sustaining braking pressure and
frictional loads. It is likely that the wear debris generated from inter-
face fracture has already undergone graphitization. The hardness of
the wear debris is decided by this final graphitic state. Consequently,
the hardness governs the ease of friction film formation through amor-
phization processes. In structural applications, the most direct rele-
vance is to interface-fatigue. The graphitization of the skin and CVI
matrix under cyclic loading can cause a change in the intrinsic inter-
face strength. The textural arrangement of crystallites at the interface
suggests that the interface strength would be dependent on the num-
ber of unsaturated out-of-plane bonds. As the crystalline perfection is
increased, the out-of-plane bonding will reduce and only weak van
der Waals forces would govern the strength. Hence, it seems likely
that the interface graphitization could in fact weaken the interface over
multiple cycles of loading. Nevertheless, it must be mentioned that the
process could be more complex due to the presence of a semi-crys-
talline phase at the interface [29]. This nano-scale phase is optically
not resolvable and hence not amenable to study by this method. It is
worthwhile to note that the proposed interface graphitization could ex-
plain the observation of modified residual strength post high-cycle
fatigue [22]. The effect is most likely a compromise between in-plane
strengthening via graphitization and also interface cracking during fa-
tigue. Furthermore, in terms of static interface strength, the graphiti-
zation process can have crucial bearing. With increased loading, in-
terface graphitization may tend to change the interface strength by
the same hypothesis presented previously. Simultaneously there is
an increase in the elastic energy release rate because of the increase
in in-plane tensile/compressive modulus associated with graphitiza-
tion. The meeting point of the two trends would decide the interface
strength, the single-most crucial parameter in impacting ceramic com-
posite toughness.

In closing, it seems prudent to complement presented experimen-
tal evidence with a brief discussion on possible modeling approaches.
Based on previous assessment of the indentation response, a time-de-
pendent visco-elastic or visco-plastic model is deemed appropriate.
The load-displacement data can be translated into continuum prop-
erties of storage elastic moduli and loss moduli, the latter of which

quantifies the extent of toughening [61]. Material parameters extracted
from Berkovich indentations are representative of individual con-
stituents while those from the flat-punch indentations express the com-
bined response. At the crystallographic scale, atomistic simulation
techniques may provide insight into governing deformation mecha-
nisms participating in interface graphitization. The shear-dominated
loading at the continuum scale can be abstracted to a basal plane shear
applied to a nanostructural model of turbostratic crystallites [84]. Mol-
ecular Dynamics (MD) simulations [85] under applied stress can be
used to determine the operative mechanisms, possibly motion of dis-
location-like elements [84] or simply vacancy diffusion. This would
clarify, at a fundamental scale, how the atomic-scale movements ac-
commodate inelastic deformation, and establish graphitization as a
mechanism of inelastic deformation in C/Cs. The reliability of this
approach rests on the performance of the underlying empirical in-
teratomic potential and it is fortunate that a number of such poten-
tials have been developed to capture carbon's versatile bonding na-
ture ([86 88] to name a few). A more ab initio approach would be to
compute energy barriers for the determined mechanisms using Density
Functional Theory (DFT) [89]. At that scale, the propensity of graphi-
tization may be modeled by exploring the dependence of the energy
cost on the degree of crystallinity of the model structure. Such under-
standing at multiple scales would go much further than explaining C/
C behavior and delve into mechanics of graphitization, pertinent to all
pyrocarbon materials.

5. Conclusions

The presented study explores the mechanical behavior of car-
bon-carbon composites through nanoindentation, with special empha-
sis on inelastic energy dissipation within the material. The composite
is tested using flat punch indentation to focus attention to the scale of
a single fiber-matrix filament. It was revealed that nanoindentation re-
sponse has some peculiarities unlike elasto-plastic indentation behav-
ior of metals like Al [1 0 0]. These features are attributed to possi-
ble time-dependent viscoelastic or viscoplastic processes. The loading
curve shows a subtle stiffening behavior while the unloading curve is
highly nonlinear. The behavior was understood by an ex situ coupled
study of flat-punch nanoindentation and Raman spectroscopy. It was
found that the hysteretic energy loss causes a change in the Raman
signature that is typically associated with graphitization of turbostratic
structures. The graphitization was found in the CVI matrix and also
in the fiber skin. Validating checks were performed using Berkovich
indents on fibers and CVI matrix. The differences in the extent of hys-
teresis reiterates the well-known difference in graphitizabilities of the
two constituents. The indentation modulus exhibits considerable re-
duction with increase in indentation load, also consistent with the pre-
sented hypothesis. Raman characterization at Berkovich-indented lo-
cations confirmed similar spectral trends. A surface scan was also per-
formed to check for the residual impression and to invalidate possible
complexities due to surface roughness.

The novelty of this study derives from the nexus of two techniques
that have hitherto been employed independently. In what would be
considered an atypical exploration for ceramic systems, an inelas-
tic dissipation mechanism has been established which is intrinsic to
the system and independent of any micro-fracture processes. To the
best of the author's knowledge, this is the first study in C/C mate-
rials to conclusively establish the energy-absorbing behavior to be
a direct consequence of graphitization. And contrary to the synony-
mous correlation of graphitization with high temperature treatment,
this process is observed at room temperature, driven by mechanical
stress. Finally, this study finds that the carbon fiber also plays a role
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in composite toughening apart from acting as a stiff structural back-
bone. The fiber skin graphitizes similar to the CVI matrix, highlight-
ing the fundamental structural similarity between fiber and matrix
constituents in C/C systems. The implications of interface graphitiza-
tion on the structural and tribological properties are discussed along
with possible modeling approaches. Graphitization is the mechanism
of inelastic energy dissipation and the propensity to graphitize in the
fiber and the matrix can dictate composite properties.
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