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ABSTRACT

Elastic modulus measured through atomic force microscopy (AFM)-based indentation on
single carbon fiber (CF) is found with dependence on lateral applied stress. An in situ
indentation experiment inside a high-resolution transmission electron microscope was per-
formed to quantitatively understand this phenomenon by observing microstructure change
in the indented area. Change of graphitic basal plane misalignment angle during indentation
was linked to a continuous change of modulus with the help of finite element simulation. The
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established relationship between modulus and indentation force was further used to calcu-

late residual stress distribution in CF imbedded in a CF reinforced polymer composite using
the AFM indentation technique. The stress-induced formation of nanoscale defects in the CF
and their transformation into fracture were directly characterized.
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1. Introduction

Modulus characterization by atomic force micro-
scopy (AFM) provides a new method of mapping
residual stress in a material with nanometric resolu-
tion [1,2]. The operating principle can be described
as: the lateral tensile/compressive stress preexisting
in the specimen produces a partial force component
that counters/enhances the vertically applied AFM
probe force; such reduced/increased vertical force
actually applied on the specimen would make the
apparent Young’s modulus sensed by the AFM
probe smaller/bigger than when no residual stress
is presented; the distribution of such apparent
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Young’s modulus over a preassumed uniform mate-
rial would thus reflect local stress distribution. This
phenomenon of modulus hardening is similar to the
superlattice modulus effect observed in metal films
and modulus softening effect observed in nuclear
graphite, but out of very different mechanism [3,4].
This technique is very attractive as nondestructive
stress sensing for carbon fiber (CF)-based composite
materials. Though widely used as filler materials for
CF reinforced plastic (CFRP), the brittle nature of
CF often causes catastrophic fatigue failure of the
CFRP structural component [5,6]. It imposes danger
for  structural  applications  especially  for
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transportation safety, because large passenger air-
planes are now manufactured with more than half
weight percent of CFRP based on polyacrylonitrile
(PAN). The nanometric resolution provided by the
new modulus mapping method thus could poten-
tially resolve a single defect presented in the CF that
may later develop into a fatal fracture [7]. Existing
nondestructive stress characterization methods for
CF, including surface roughness optical sensing [8],
acoustic emission [9], infrared thermography [10],
electric resistance [11], digital image correlation
[12], Raman spectroscopy [13] and X-ray diffraction
[14], do not offer a spatial resolution that is high
enough for single defect detection.

Though the operation principle of the modulus
mapping method is quite straight forward, one must
have the preknowledge of CF Young’s modulus
dependence on applied probe force in order to accu-
rately correlate the modulus measurement results to
residual stress values. This is because in the AFM-
based modulus mapping, the force actually applied on
the specimen is different with and without residual
stress. The intrinsic influence from modulus change
due to probe force difference, out of effect such as
lattice anharmonicity, must be considered before
extrinsic influence from residual stress can be suc-
cessfully decomposed [15]. However, due to the high
anisotropy of graphite atomic structure and the poly-
granular nature of most graphite-based material, the
intrinsic dependence of elastic modulus on applied
load force is quite complex. Large discrepancy exists
in literature about both the elastic modulus values
and their dependence on applied force. For example,
Gauster and Fritz applied hydrostatic compressive
pressure on a densified pyrolytic graphite and
reported modulus values between 30 GPa and 1 TPa
and relative modulus increases between 21%/GPa and
3%/GPa against stress increase [16]; Diss studied
compressive modulus on pyrolytic graphite film and
CF by applying stress through sharp tip indentation.
The resulting moduli are all smaller than 100 GPa
and could either increase or decrease with compres-
sive force, which depends on the modulus of sub-
strate underneath the measured location [17]. Yoda
et al. applied Instron-type compressive force on iso-
tropic graphite and found modulus value of 10 GPa
with decreasing relative modulus with the rate of
642%/GPa [18]; Marrow et al. studied compressive
surface of similar isotropic graphite with coarser
grains under four-point bending load and found no
change of elastic modulus with compressive force
[19]. It is evident that the differences in the graphite-
based material under study and the particular way of
applying load force are the main causes for the scat-
tered elastic modulus data in literatures. Reliable
elastic modulus data must be investigated individu-
ally for a specific experimental setup.
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In this study, we applied a pinpoint indentation
method based on AFM to acquire modulus values on
the surface of PAN-derived CF imbedded in
a commercial CFRP. The modulus measurement is
similar to those widely used in micro and nanoinden-
tation methods, except that the maximum penetra-
tion depth in the pinpoint mode is only a few
nanometers instead of the  over-hundreds
of nanometers depth used in nanoindentation and
over-micrometer depth used in microindentation
[17,20]. The pinpoint mode thus has much less influ-
ence from underneath substrate and could reflect
only the mechanical property of the targeted location.
It is therefore understandable that the pinpoint
indentation modulus is much higher than those mea-
sured by uniaxial tensile test and deep indentation
test, which are influenced by large-sized defects such
as voids [21].

The main objective of this article is on the intrinsic
modulus dependence on load force for PAN-derived
CF, measured using the pinpoint indentation
method. Intrinsic modulus changing mechanism
was studied using an in situ AFM holder inside
a transmission electron microscope (TEM), where
atomic structure change in CF could be directly
observed [22]. Focus was put on the buckling of CF
graphitic layers, which phenomena were speculated
many times in literature but have not been quantita-
tively investigated [23-27]. This microstructural
information combined with numerical simulation
gives a quantitative prediction of the indentation
modulus response to externally applied stress.
Finally, the established modulus-stress relationship
was used to obtain local stress map on a CF subjected
to tensile stress applied by an AFM in situ three-point
bending holder. Stress concentration, defect forma-
tion, fracture and stress redistribution were directly
characterized. The pinpoint indentation technique
thus proves to be a highly sensitive and nondestruc-
tive method to monitor stress distribution and defect
formation in CFRP components in operational
conditions.

2. Experimental details

PAN-based high strength standard modulus CF
(T700s) provided by Toray company was chosen for
this study. The CFRP material used in this study is
a unidirectional composite T700S/2592. It consists of
the high strength CF T700S and an epoxy resin 2592
with the cure temperature of 130 °C. The unidirec-
tional carbon/epoxy laminates were fabricated from
the prepreg tape of P3252-20 (TORAY). They were
laid up by hand and cured in an autoclave. The glass
transition temperature of the epoxy resin in the lami-
nates was about 100 °C. The CF is with nominal
tensile modulus of 280 GPa and tensile strength of
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2 GPa. A bar-shaped specimen with the dimensions
of 30 mm x 1.5 mm x 1 mm was cut along the fiber
direction and has its surfaces polished with alumina
paste. This specimen was mounted onto a three-point
bending holder, which could be mounted on the stage
of an AFM (NX10, Park System) for pinpoint inden-
tation experiment.

During pinpoint indentation, a sharp diamond tip
with approximated cone geometry is scanned over
the top surface of the CFRP specimen. At each pixel
locations, the tip is pressed into the specimen surface
until a preset indenting force is reached. Piezo stage
records each indentation depth into the specimen,
which was used to calculate the apparent elastic mod-
ulus at each pixel locations. What also been recorded
is the stage height at each tip-specimen contact point
and these height values could be used to generate
a topological height map of the specimen. Three-
point bending holder is used to apply a series of
bending forces to the specimen during the pinpoint
indentation experiment.

A thin slice of sample (3 x 3 x 0.1 pm) was dug
out from the CF surface using focused ion beam
processing. The slice was attached onto the tip of
a tungsten needle which could be mounted onto an
indentation holder for TEM  (Nanofactory
Instruments AB). The indenter tip of the holder can
press into the CF slice with known force values, while
microstructure of the CF could be observed by TEM.
The TEM used in this study is a JEM-3100F operated
at 300 kV.

The deformation of a CF during indentation was
simulated using finite element method (FEM) imple-
mented in a commercial software ABAQUS 6.14 [28].
The CF was assumed as a continuous body having
different elastic properties in the in-plane direction
and the stacking direction of graphene. The model
consists of the fiber part and an indenter part as
shown in Figure 3(b). The graphene layers are stacked
in parallel with tilting 6° to the yz-plane in the fiber.
Therefore, the xy-plane symmetrical model was gener-
ated, and its size was 58.6 x 24.3 x 24.3 nm. It has 15,358
nodes and 14,138 elements of 8-node hexahedron ele-
ment with reduced integration (C3D8R). The mesh size
was decreased in the region underneath the indenter,
where the smallest mesh size was 0.3 nm. The elastic
constants of graphite are cited from literature [29]. The
sphere indenter of 10 nm in radius was generated as
a rigid body assuming the stiffness of the diamond is
higher enough than that of the carbon to ignore its
deformation. The indentation was achieved by displa-
cing the indenter by 0.2 nm in the y-direction.

3. Results and discussion

Figure 1(a) shows a schematic of AFM-based pinpoint
indentation technique to characterize the local stress of
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the CF material. When a CF subjected to bending force,
tensile and compressive stress is generated at outer and
inner arch positions, which are represented by red and
green color, respectively, an external stress was applied to
CFRP bulk specimen by a three-point bending holder as
shown in Figure 1(b). Each stress condition is named by
the average stress applied on the observed region. The
region near upper edge of CFRP under tensile stress is
characterized by AFM. We used a diamond probe for
stress measurement of CF. The helium ion microscopy
image in Figure 1(c) shows that the radius of the dia-
mond probe stayed around 15 nm even after 90 h of
continuous measurement. Modulus values of each pixel
were calculated automatically by AFM software using
Hertz equation (Equation 2) by inputting maximum
loaded force and tip indentation depth. The measure-
ment of modulus could be affected by three factors: the
inherent material property, surface morphology and
external stress. Figure 1(d) shows the large change in
the modulus of CF measured before and after the appli-
cation of 3.85 GPa tensile stress. The modulus value is
twice higher for the stressed CF than for stress-free CF.
Modulus profiles before and after applying the external
stress are created along the white arrows in Figure 1(d).
The modulus profiles in Figure 1(e) showed that appreci-
able modulus change only occurs on CF, while that of
P remains unchanged. We also took height profiles of the
CFRP along the same region with modulus, as shown in
Figure 1(f). The height profiles for CFRP before and after
applying external stress exhibit the same value. An inset
in Figure 1(f) shows such a height. It shows that tensile
stress has no noticeable effect on the morphology of
CERP. Therefore, the changes observed in the modulus
of CF before and after applying external stress are not
caused by surface morphology of CFRP. Measured mod-
ulus response to four cyclic load—unload repetitions is
plotted in Figure 1(g). The modulus values are obtained
by averaging all pixels on CF region. Unstressed CF
produces almost the same modulus except for those
stressed to a high average value of 3.85 GPa. This is likely
due to the viscoelastic nature of the epoxy matrix, which
needs longer relaxation time after being stretched to high
strain values or load cycled for many times. Since we
compare only the relative change in modulus value AE/E,
the abnormal increase in unstressed modulus value
would not introduce errors. In comparison, we also
included stress values measured by Raman spectroscopy
mapping. The red shift of 1590 cm™" peak is averaged
from 2D maps on about the same CF region during
force-load cycles. We adopted the shift rate of
1.8 cm™'/GPa to calibrate the average stress values used
in our experiments [30]. It is noted that Raman response
deviated from expectation after the second cycle. This
clearly suggests the sample heating effect due to the
strong absorption of laser power for CF, even though
we have chosen the lowest laser power that is still capable
of detecting stress-related band shift.
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Figure 1. (a) Experimental principle showing the diamond tip indenting in the in-plane direction of graphene layers of a CF
imbedded in polymer matrix; (b) schematics showing the three-point bending holder used to apply tensile stress to the CFRP
specimen; (c) scanning helium ion microscopy image of the diamond tip after the experiment; (d) compressive modulus map of
the same CF region with and without applied external tensile stress; (€) modulus line profiles created along the white arrows in
(d) showing large modulus hardening of the stressed CF; (f) height line profiles created at the same positions as (e). Inset
showing one height map of the same CF region; (g) indentation moduli obtained from a CF during cyclic tensile loading of four
different average stresses with comparison to Raman spectroscopy measurements.

An estimation was performed to understand
whether the observed CF modulus increase is only
the effect of surface membrane as observed in the
case of Au film [1]. CF modulus is first assumed to
be constant as probe loading force (F;) increased to
1000 nN full value. When the probe indents on the
CF surface, the elastically deformed CF produces
an elastic force F, that counters the probe to pro-
gress downwards. In the same time, the externally
applied stress produced a vertical partial compo-
nent force, F,, through surface membrane effect.
The total loading force of the probe is equal to
the sum of F, and F,, which follows the definitions
of Refs. [1,31]:

F,=4n-R- d-o-cos[tan_l(zmﬂ (1)

F. E-+/Rd"®

3(1—9%)

where R is the radius of diamond probe taken as
15 nm; d is the displacement of probe with respect
to sample surface; y is Poisson’s ratio taken to be 0.3.
Taking the example presented in Figure 1(d): under
a stressed condition with ¢ being 3.8 GPa, and the
assumed constant modulus E, being 200 GPa, F+F,
= F; = 1000 nN. We can calculate the corresponding
d to be 0.75 nm by solving Equations (1) and (2).

4
. @)
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Since the apparent modulus E is determined by the
AFM software assuming F, = F; = 1000 nN, Equation
(2) is used again to obtain an apparent E value of
207 GPa. Therefore, there will be only 3.5% increase
in E if surface membrane effect was the only cause. It
is 30 times lower than the ~100% increase in E from
the experimental observation as shown in the lower
map in Figure 1(d).

To understand the large indentation modulus hard-
ening observed for CF with tensile stress, we have
conducted an in situ study inside a TEM where an
AFM probe indents a thin slice specimen cut from
a CF. Low-magnification TEM showing the specimen
and the AFM probe is presented in Figure 2(a) [22].
The AFM probe position is fixed, and the specimen
moves in the dark arrow direction to perform indenta-
tion. The thickness of CF specimen is 100 nm. The
inset in Figure 2(a) is a high-magnification image
about a region marked by a dark rectangle near the
edge of CF, where graphene layers are shown with
misalignment to the in-graphene-plane axis. We per-
formed fast Fourier transform (FFT) analysis on the
high-resolution TEM images acquired from the same
area as the AFM probe was pushed deeper into the CF
specimen. FFT results of images taken before probe
contact and on the deepest indentation are shown in
Figure 2(b) and (c), respectively. FFT pattern presents
an elliptical shape with long axis parallel to the in-
graphene-plane axis. Perfectly aligned graphene layers
would produce two spots symmetric about the pattern
center. In the case of misaligned graphene layers, these
two spots elongated into two arches with arch exten-
sion angles, which are used to define misalignment
angles in this case. Such misalignment angle is plotted
against the indentation force sensed by the AFM

H. WANG et al.

probe, as presented in Figure 2(d). The misalignment
angle was found to increase with indentation force
with roughly a linear dependence. The TEM observa-
tion is consistent with previous reports about com-
pressive softening of graphite due to graphene layer
buckling.

Figure 3(a) shows two typical force-displacement
curves collected at the same location on CF with and
without tensile stress during the modulus mapping
shown in Figure 1(d). After subtracting deformation
of the calibrated AFM cantilever, d was obtained for
each F). Using the Hertz Equation (2), we then
obtained CF moduli E of 170 and 350 GPa with and
without stress, respectively. This result is consistent
with the 100% increase in E as calculated by software.
To elucidate the effect of graphene layer misalignment
on the measured indentation modulus, we have con-
structed a FEM model to simulate the modulus mea-
surement using AFM probe. Graphene layer
misalignment angle was simulated by tilting a perfect
single crystalline graphite at an angle 8 with respect to
indentation axis, as shown in the illustration in Figure
3(b). Modulus was calculated following the definition
in Equation (2) while d was simulated by FEM using
model parameters as probe diameter being 15 nm and
load force being 1000 nN. The simulation results of
Figure 3(c) show that as the CF misalignment angle
increases, the apparent modulus of CF decreases by as
much as one order of magnitude [32]. The modulus
drop is especially quick when misalignment angle is
within the range between 0° and 45°, which
corresponds to situation encountered during in-plane
indentation in our setup. To verify the simulation
result, we studied AFM indentation modulus obtained
at planes of selected orientations from a block of highly

o
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Figure 2. (a) Low magnification TEM image showing the AFM tip indenting on a specimen sliced from a CF. Inset shows high-
resolution image about the indented region; (b,c) fast Fourier transform patterns of the same region as marked by the dark
square in (a), where misalignment angle of graphene layers changed before and after the application of indenting force of
220 nN; (d) plot of misalignment angle with the applied indenting force to the CF specimen.
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Figure 3. (a) Force-displacement curves obtained from the same position on a CF with and without external stress; (b) finite
element method (FEM) model for indentation modulus simulation of carbon fiber; (c) simulation result of compressive moduli
against misalignment angle for in-graphene-plane indentation; (d) calculated modulus of CF versus loading force compared with
that of experimentally measured values and measured modulus response to loading force for polymer matrix; (e) plot of elastic
force against deformation depth; dark line shows elastic force calculated from misalignment angle—force relationship obtained
in the TEM experiment; colored lines show elastic forces expected by subtracting each stress forces from total load force; (f) plot
of calculated modulus relative change against external tensile stress.

oriented pyrolytic graphite (HOPG). HOPG was cho-
sen as a model system for CF because its modulus
value is similar to that of CF and both materials exhibit
good elasticity even at small loading force, which is the
scenario of this nanoindentation experiment. Bulk
HOPG could be easily made into samples of defined
graphene layer orientation (see supplementary infor-
mation). Average HOPG moduli obtained at 6 of 0°,
10°, 20° from HOPG indentation were also plotted in
Figure 3(c). While the agreement was fair, it shows an
even quicker drop of modulus with increased
misalignment angle compared to simulation. It is
because the experiment was carried out with same
load force other than same indentation depth. Higher
misalignment angle thus produces larger depth and
results in a further reduction of apparent modulus.

From Figures 2(d) and 3(c), the relationship between
modulus E and loading force F; can be established
through the misalignment angle after the correction
of difference between AFM probe and TEM-AFM
probe. Figure 3(d) is a comparison among such calcu-
lated E-F) curve for CF and experimentally measured
data from CF and P. The loading force ranges for CF
are chosen from 0 to 1000 nN while that for P is from 0
to 50 nN, because of their very different modulus
values. It is shown that while measured modulus for
CF shows a clear drop with increasing indentation
force, agreeing quite well with calculation, that for
P presents an almost constant modulus value. It proves
our point that the modulus drop for CF is due to the
strong heterogeneity of graphite structure while P is
with an isotropic structure. According to the Hertz
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equation, we can thereby derive the relationship
between the elastic force, F., and the deformation
depth, d, of CF, which is presented by a black curve
in Figure 3(e). Under each deformation depth, the
partial force component, F;, from externally applied
stress can then be determined through Equation (1). In
Figure 3(e), the cross points between the black line F.
and the color lines (1000 nN-F;) give the deformations,
d,, of CF under each external stress, o,, during the
same indentation load force of 1000 nN. The ratio of
the deformation depth under stress, d,,, over that with-
out stress, dy, thus gives the relative increase of the
apparent modulus, AE,/E,, through Equation (3) as

AE, E, do

_ 1.5

Finally, we arrive at the dependence of AE,/E, on exter-
nal stress, 0,,, which result is plotted in Figure 3(f). The
consistency between the calculation and the experimen-
tal observation proved that indentation modulus soft-
ening must be considered to explain the large stress CF
modulus response to orthogonal stress. In summary,
externally applied stress caused only small change in
AFM probe deformation depth; however, through the
unique modulus softening of CF material, this small
change in deformation causes much larger change in
resistance force sensed by the indentation probe.

The above described modulus hardening of CF
was utilized in the following example where stress
distribution on CF was mapped by measuring local
indentation moduli during an in situ fracturing
experiment on a bulk CFRP material. As shown in
Figure 4(a), upon applying a small tensile stress, the
average stress of the lower intact CF is 2.0 GPa which
is about 66% higher than 1.2 GPa of the upper broken
CF. When specimen bending amount was increased,
the lower CF average stress became 2.8 GPa. It is 86%
higher than that of the upper CF, which only
increased a little to 1.5 GPa. It is consistent with
literatures that an ineffective length exists in broken
CF over the range of which stress is no longer carried
[33]. Two defect lines were also observed in the lower
intact CF as marked by the two white arrows in
Figure 4(b). Such defects were not presented in
Figure 4(a) under a smaller stress. No difference in
height maps between these two stress states could be
noticed if one compares Figure 4(d) with (e). The
defect lines exhibited lower modulus values com-
pared to surrounding area. It suggests that local
yield of material might have occurred, where local
stress stopped increasing with increasing local strain.
A line profile created crossing the defect is shown in
Figure 4(g) as profile 1. The full width at half max-
imum (FWHM) of the first defect line is 150 nm,
which is consistent with previous observation about
fracture-initiating defect size in CF [7]. Three other
line profiles in area outside of the highlight were also
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created in Figure 4(b) to show that the defect contrast
observed in profile 1 was not due to AFM noise.
Next, the external stress was further increased till
the lower CF fractured at the location of the pre-
viously observed defects. In Figure 4(c), the average
stress on lower CF dropped to 1.1 GPa by 60%. The
stress of the upper CF became 1.3 GPa, which is
within 10% deviation of its initial state. This deviation
should be experimental uncertainty. Figure 4(h) is
a stress line profile of CFRP created along the white
arrows in Figure 4(a-c). It is clearly seen that the
stress in the upper CF did not change appreciably
while that in the lower CF changed much more
dramatically with the applied bending force to the
CFRP specimen. Figure 4(i) is height line profiles
taken along the black arrows in the height maps of
Figure 4(d-f). The height profiles of the unstressed
and 3.5 GPa stressed are identical, which agrees with
our previous observation that the local modulus
change did not come from the effect of the surface
topography. The 4.3 GPa stressed CF showed a differ-
ent height profile from the other cases, which might
indicate CF-P debonding at the interface during the
lower CF fracture [34].

4. Conclusions

It has been found that pinpoint indentation modulus
of CF increased with external tensile tress in the
orthogonal direction. The phenomenon was investi-
gated in a quantitative way using TEM in situ inden-
tation experiment and FEM modeling. The
mechanism was applied as a method of sensing stress
distribution in a CFRP bulk material during an AFM
in situ fracturing experiment. Tensile stress was
observed developing in the CF when external load
increased. Nanometer-sized defects were found form-
ing in the CF. As stress keeps increasing, the defects
were found developing into a complete fracture and
stress disappeared in the broken CF. The introduced
technique thus provides a nondestructive way to
monitor stress status of CFRP material to evaluate
its load-carrying ability and to prevent catastrophic
fracture. It would be interesting as one future plan to
apply the technique on new CF-polymer composite
where CF was pre-grafted with functional
groups [35].

The phenomenon of stress-sensitive indentation
modulus has been observed on CFRP in this study
and reported on Au films through a similar AFM-
based technique. In our recent experiment with
indentation pre-stressed Si wafer, the modulus pat-
tern mapped around the indentation pit also shows
good agreement with stress field distribution con-
firmed by Raman microscopy (see supplementary
materials). A general mechanism may exist for these
observations on different material systems, which
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Figure 4. (a) Tensile stress map created in an area on CFRP containing a broken CF at the upper position and an intact CF at the lower
position; (b) same region with applied external stress showing stress concentration on the lower intact CF and some newly formed
defects; (c) fracture occurred at the lower CF when external tensile stress was further increased; (d—f) height map obtained simultaneously
with modulus maps in (a—c); (g) modulus line profiles created at the position marked with 1-4 in (b), showing spatial resolution better
than 150 nm at two defect locations; (h) modulus line profiles created along the white arrows in (a—c), respectively; (i) height line profiles

created at the same position as in (h).

however first needs further investigation on each
different case.

Disclosure statement

No potential conflict of interest was reported by the
authors.

Funding

This work was supported by Cross-ministerial Strategic
Innovation Promotion Program—Unit D66—Innovative
Measurement and Analysis for Structural Materials.

ORCID

Kenta Goto (1) http://orcid.org/0000-0002-0102-0658
Ikumu Watanabe (°) http://orcid.org/0000-0002-7693-1675

(1]

(2]

References

Polop C, Vasco E, Perrino AP, et al. Mapping stress
in polycrystals with sub-10 nm spatial resolution.
Nanoscale. 2017;9:13938.

Vasco E, Polop C. Intrinsic compressive stress in
polycrystalline films is localized at edges of the
grain boundaries. Phys Rev Lett. 2017;119:256102.
Cammarata RC, Sieradzki K. Eff'ects of surface stress
on the elastic moduli of thin films and superlattices.
Phys Rev Lett. 1989;62(17):2005-2008.

Oku T, Eto M. The effect of compressive prestressing
on the mechanical properties of some nuclear
graphites. Carbon. 1973;11:639-647.

Chawla KK. Composite materials science and engi-
neering. 3rd ed. New York: Springer; 2012.
Paepegem WV, Degrieck J. Coupled residual stiffness
and strength model for fatigue of fibre-reinforced com-
posite materials. Compos Sci Technol. 2002;62:687-696.
Honjo K. Fracture toughness of PAN-based carbon
fibers estimated from strength-mirror size relation.
Carbon. 2003;41:979-984.



Sci. Technol. Adv. Mater. 20 (2019) 420

8]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

[21]

Ramirez PZ, Arconada A, Frovel M, et al. Optical
sensing of the fatigue damage state of CFRP under
realistic aeronautical load sequences. Sensors.
2015;15:5710-5721.

Dzenis YA. Cycle-based analysis of damage and fail-
ure in advanced composites under fatigue 1.
Experimental observation of damage development
within loading cycles. Int ] Fatigue. 2003;25:499-510.
Mian A, Han XY, Islam S, et al. Fatigue damage
detection in graphite/epoxy composites using sonic
infrared imaging technique. Compos Sci Technol.
2004;64:657-666.

Wang X]J, Chung DL. Self-monitoring of fatigue
damage and dynamic strain in carbon fiber
polymer-matrix composite. Compos Part B-Eng.
1998;29(1):63-73.

Canal LP, Gonzalez C, Molina AJ, et al. Application
of digital image correlation at the micro scale in fiber
reinforced composites. Compos Part A Appl Sci
Manuf. 2011;43:1630.

Miyagawa H, Sato C, Ikegami K. Experimental deter-
mination of fracture toughness of CFRP in Model II by
Raman spectroscopy. Appl Compos Mater. 2001;8:25.
Withers PJ, Preuss M. Fatigue and damage in struc-
tural materials studied by X-ray tomography. Annu
Rev Mater Res. 2012;42:81-103.

Hiki Y, Granato AV. Anharmonicity in noble metals;
higher order elastic constants. Phys Rev. 1966;144
(2):411-419.

Gauster W, Fritz I. Pressure and temperature depen-
dences of the elastic constants of compression
annealed pyrolytic graphite. ] Appl Phys.
1974;45:3309-3314.

Diss P, Lamon ], Carpentier L, et al. Sharp indenta-
tion behavior of carbon/carbon composites and vari-
eties of carbon. Carbon. 2002;40:2567-2579.

Yoda S, Eto M, Oku T. Change in dynamic Young’s
modulus of nuclear grade isotropic graphite during
tensile and compressive stressing. ] Nucl Mater.
1983;119:278-283.

Marrow TJ, Liu D, Barhli SM, et al. In situ measure-
ment of the strains within a mechanically loaded
polygranular graphite. Carbon. 2016;96:285-302.
Marx D, Riester L. Mechanical properties of
carbon-carbon composite components determined
using nanoindentation. Carbon. 1999;37:1679-1684.
Fiber product catalog [Internet]. Japan: TORAY
Industries, INC. High-performance carbon fiber
Torayca. Available from: http://www.torayca.com/
en/download/pdf/torayca.pdf.

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

H. WANG et al.

Tang DM, Kvashnin DG, Najimaei S, et al
Nanomechanical cleavage of molybdenum disul-
phide atomic layers. Nat Com. 2013;5:3631.

Loidl D, Paris O, Burghammer M, et al. Direct
observation of nanocrystallite buckling in carbon
fibers under bending load. Phys Rev Lett.
2005;95:225501.

Farbos B, Costa J, Vignoles G, et al. Nanoscale elas-
ticity of highly anisotropic pyrocarbons. Carbon.
2015;94:285-294.

Gross T, Timoshchuk N, Tsukrov I, et al. Unique
nanoindentation damage for highly textured pyroly-
tic carbon. Carbon. 2013;60:273-279.

Ozcan §, Tezcan J, Filip P. Microstructure and elastic
properties of individual components of C/C
composites. Carbon. 2009;47:3403-3414.

Gross TS, Nguyen K, Buck M, et al. Tension-com-
pression anisotropy of in-plane elastic modulus for
pyrolytic carbon. Carbon. 2011;49:2141-2161.
ABAQUS. version 6.14, Dassault Systemes Simulia
Corp. (Providence, RI, USA) 2014.

Dresselhaus MS, Dresselhaus G, Sugihara K, et al.
Graphite fibers and filaments. Vol. 86. Berlin
Heidelberg: Springer; 2013.

Kobayashi T, Sumiya K, Fujii Y, et al. Stress concen-
tration in carbon fiber revealed by the quantitative
analysis of X-ray crystallite modulus and Raman
peak shift evaluated for the variously-treated mono-
filaments under constant tensile forces. Carbon.
2013;53:29-37.

Braga PC, Ricci D. Atomic force microscopy biome-
dical methods and applications. Totowa (NJ):
Humana Press; 2004.

Gross TS, Timoshchuk N, Tsukrov II, et al. On the
ability of nanoindentation to measure anisotropic
elastic constants of pyrolytic carbon. Zamm
Z Angew Math Mech. 2012;93:1-12.

Rich MJ, Drzal L. Interfacial properties of some high
strain carbon fibers in an epoxy matrix. ] Reinf Plast
Compos. 1988;7:145.

Zhang LQ, Pupurs A, Varna J, et al. Fiber/matrix
debond growth from fiber break in unidirectional
composite with local hexagonal fiber clustering.
Compos Part B-Eng. 2016;101:124-131.

Deng HM, Xu JY, Li XY, et al. The synergistic action
between anhydride grafted carbon fiber and intu-
mescent flame retardant enhances flame retardancy
and mechanical properties of polypropylene
composites. Sci Technol Adv Mater.
2018;19:718-731.


http://www.torayca.com/en/download/pdf/torayca.pdf
http://www.torayca.com/en/download/pdf/torayca.pdf

	Abstract
	1. Introduction
	2. Experimental details
	3. Results and discussion
	4. Conclusions
	Disclosure statement
	Funding
	ORCID
	References



