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Characterization of the interphase region in carbon fiber reinforced polymer (CFRP) is challenging because
of the length scale involved. The interpretation of measured load-displacement curves using indentation
is affected by the lack of analytical solutions that account for the fiber constraint effect. A combination of
AFM (Atomic Force Microscopy) based indentation and FE (Finite Element) simulations showed a gradient
in the elastic modulus of the interphase evaluated along a radial line from the fiber. 3D FEA (Finite Element
Analysis) indicated that fiber constraint effect is significant in the region less than 40 nm away from the
fiber. Nonetheless, the apparent rise in elastic modulus due to fiber constraint is limited when compared to
the gradient in the elastic modulus of the interphase. Additionally, this technique is used to demonstrate
that UV irradiation causes a rapid decrease in the modulus of the region near the fiber due to photocatalytic
degradation of carbon fiber but subsequently increases due to high cross-linking. Whereas, the modulus of
the matrix at 8 mm away from the fiber decreased by 32% after 24 h of UV irradiation. This indicates that the
response of epoxy to UV irradiation is influenced by the proximity to the reinforcement.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

generation, aerospace, and infrastructure. This can be attributed
to the exceptional properties of composite materials such as high

Fiber-reinforced polymer-matrix composites find extensive strength to weight ratio and high modulus [1,2]. Furthermore, the
application across various sectors including transportation, energy design and fabrication process can be tailored to generate direction-
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dependent material properties [3]. Nonetheless, understanding and
predicting the influence of near-fiber region on the long-term dura-
bility of composite materials and its performance under harsh envi-
ronments continue to be a matter of concern [4,5]. Characterizing
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Fig. 1. Schematic of indentation in interphase region.

the mechanical response, damage tolerance, and long-term durabil-
ity of these materials is further complicated because it involves the
response of the two individual components, namely the fiber and the
matrix, and also by the interaction between the two. This study is
focused on the near-fiber region known as interphase, which is often
characterized by a matrix material with properties distinct from the
rest of the bulk material [6]. Its presence is a result of the chemi-
cal interaction between the fiber and the matrix, during the curing
process in composites [7]. The response of the interphase region
governs the load-transfer mechanisms in composites and can be con-
sidered as an important determinant of the type of failure and the
overall load bearing capabilities of the composite material [4]. The
following sections discuss the challenges associated with the deter-
mination of true properties of the interphase region at very small
length scales and the impact of severe environmental conditions
such as UV irradiation on the nano-scale properties.

1.1. Span of fiber-matrix interphase and influence of fiber constraint

The interphase properties as well as its width are dependent
on the materials considered and can be influenced by fiber surface
treatments [8-10]. The width of the interphase region in polymer-
matrix composites has been found to vary from several hundred
nanometers to few micrometers, depending on the chemical interac-
tion between fiber and matrix [11,12]. Due to the small length scale
of the interphase region, several nanomechanical methods based
on tip-specimen interaction have been developed to characterize
the interphase region. These include instrumented nanoindentation
[13,14], nano-scratch techniques [15], and atomic force microscope
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(AFM) indentation [16-18]. Nonetheless, the application of the above
described methods to determine the mechanical properties of the
interphase region is limited by the assumption of an unconstrained
space, as all of the solutions available are for indentation in a semi-
infinite half-space [19]. In the case of indentation in the interphase
region, the loading is applied in the vicinity of a rigid boundary (note
that the elastic modulus of fiber is very large as compared to the
matrix), as indicated in Fig. 1. This produces a constraint effect or a
fiber-bias in the indentation data, which requires the use of appropri-
ate solutions to determine material properties from the load versus
displacement data. However, most indentation studies on the behav-
ior of interphase region completely ignore or only partially address
the influence of the fiber constraint.

Stresses produced in the material during indentation, interact
with the rigid boundary condition produced by the vicinity of the
fiber. This leads to the overestimation of the mechanical properties
in the region. Kumar et al. [20] described this as a phenomena due
to “the slowing down in the uniform flow of the bulk material”, just
below the indent near the stiffer fiber. Pascual et al. [13] pointed
out that the interaction of the stress field beneath the indenter and
the nearby fiber can lead to a wrong estimation of the width of
interphase. Li et al. [21] described that there is a ‘mutation’ of the
load-displacement curve due to a fiber stiffening effect. It was noted
that the effect of variation in modulus of matrix is negligible, but this
variation was very sensitive to changes in indentation depth. Hu et al.
[22,23] discussed an apparent gradient in the modulus of the fiber-
matrix interphase region due to fiber constraint. They also observed
that fiber bias is directly proportional to the depth of indentation.
The lack of a good contact theory for indentation of anisotropic and
non-homogeneous materials was acknowledged. Young et al. [16]
presented the measure of torsion on AFM cantilever as a method to
identify influence of local reinforcement in determination of the size
of the interphase.

While these studies consider the effect of constraint on the inden-
tation results, they do not provide an explicit scheme for quantifying
this effect or for decoupling the fiber-bias effect from the actual vari-
ation in interphase properties. Studies by Hardiman et al. [24,25]
suggested the concept of a ‘fiber constraint factor’ (FCF) to evalu-
ate suitable indentation depths at which fiber bias can be ignored.
The FCF considered in their work, is influenced by the circular-
ity of the matrix pockets. Nonetheless, their work is limited to a
Berkovich indenter, which has a much greater effective cone angle
as compared to a AFM tip. Belec and Joliff [17] noted the impact of
actual probe geometry on the mechanically affected zone in AFM
force measurements. Brune et al. [26] conducted direct measure-
ments of the stiffness of rubber interphase and indicated the possible
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Fig. 2. AFM plots of interphase region in carbon fiber reinforced epoxy.
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impact of ‘probe effect along with wall effect’ on the interphase
measurements. A recent review by Roy et al. [27] on the characteriza-
tion of polymer nanocomposites noted the challenge in eliminating
artifacts from the interphase measurements and also remarked that
AFM measurements along with Finite Element (FE) modeling will be
able to overcome these challenges. Very recently, adaptive optimiza-
tion technique using numerical modeling is presented as a possible
method to study the interphase properties in polymer nanocompos-
ites by Wang et al. [28].

In this study, the first objective is to employ AFM-based
indentation combined with 3D Finite Element Analysis (FEA) to
ascertain the radial distance from the fiber where the impact of fiber
constraint is seen on the measurements of the interphase properties.

1.2. Effect of UV irradiation in near-fiber region

Exposure of polymers to UV radiation leads to the absorption
of photons and the activation of polymer macromolecules causes
breaking of bonds and the formation of free radicals; which over
extended periods of exposure will lead to the failure of the polymer
[29]. Chemical structure of the polymer is changed by chain scis-
sion which leads to the formation of functional groups with double
bonds such as C=C and C= O. These functional groups involved in
the degradation process leads to the discoloration of the polymer
[30]. Woo et al. [29] observed brittle fracture of epoxy due to UV
embrittlement with limited amount of plastic deformation. It was
noted that rate of degradation is very rapid initially and shows slight
increase with further exposure. Mailhot et al. [31] indicated that
changes in the properties of these polymers are dependent on the
amount of chain scission that occurs during its exposure to UV. They
investigated the photooxidation mechanism of diglycidyl ether of
bisphenol-A (DGEBA) and amine based hardener. The major chemi-
cal changes upon exposure to UV involved the disappearance of ether
group (CH;) and the breaking of the CH;—C bond. As it is largely gov-
erned by chain scission reactions the properties of the polymer can
decrease after exposure to UV.

In addition, past research have provided information about the
photocatalytic degradation of graphene which is quite identical to
carbon fiber in terms of chemical structure. Mulyana et al. [32]
observed that graphene subjected to UV/Os; treatment followed
by UV irradiation underwent oxidation and subsequent reduction
reactions, that led to the generation of free radicals. These free rad-
icals can influence the chemical response of polymers in fiber rein-
forced composites to UV irradiation. Awaja and Pigram [33] indicated
that the type of reinforcement influences the response of matrix
such as epoxy due to degradation by UV exposure. They observed
that carbon fiber reinforced epoxy underwent chain scission and
cross-linking (formation of new covalent bonds between the chains
or recombination of radicals) reactions during UV irradiation. X-ray
photoelectron spectroscopy (XPS) of UV exposed CFRP revealed an
increase of 108% in carbonyl species (C= 0), which indicated the
impact of surface oxidation. It was noted that the increase in reaction
sites resulting from chain scission leads to more opportunities for
oxygen and nitrogen to form bonds with polymer, thereby causing a
rise in cross-linking reactions.

Therefore it is evident that exposure to UV rays can lead to
substantial degradation of the fiber, bulk material and interphase.
Recently, Niu et al. [34] observed that the width of the inter-
phase in carbon fiber reinforced poly(ether-ether-ketone) composite
decreased due to ultraviolet and hydro-thermal exposure. In the
subsequent work by Niu et al. [35], it is shown that the modulus
value of matrix in carbon fiber reinforced poly(ether-ether-ketone)
composite showed an initial increase due to UV irradiation and con-
densation on account of the chemical cross-linking. However, there
has been very limited focus on studying the influence of reinforce-
ment on variation of interphase properties as a function of time

Fig. 3. 3D model representing AFM indentation.

exposed to UV radiation and radial distance to the fiber. Hence,
the second objective of this work is to explore the impact of UV
irradiation on the properties of the interphase and matrix as a func-
tion of both time of exposure and distance from the carbon-fiber
reinforcement.

2. Materials and methodology
2.1. Generation of elastic modulus maps using AFM indentation

In this study, interphase samples were prepared by embedding
carbon fibers in an epoxy matrix. Carbon fiber tows with 6k filament
count were obtained from Hexcel (Stamford, CT, USA). These fibers
have a proprietary surface treatment done by the manufacturer. The
polymer matrix was prepared using a diglycidyl ether of bisphenol-
F (DGEBF) based epoxy resin (EPON 862®), cured using an aliphatic
amine based hardener (EPIKURE 3274®). Both epoxy and hard-
ener were acquired from the Miller-Stephenson Chemical Company
(Dunbury, Connecticut, USA). Curing was done at room temperature
for 24 h and post-curing at 121 °C for 6 h. Small circular blocks of
samples were cut using precision cutter (ISOMET 1000, Buheler, Lake
Bluff, Illinois, USA) and polished using metallographic techniques
starting from 320 grit grinding paper to 0.05 um alumina particles
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using an automated polisher (Labopol 5, Struers, Cleveland, Ohio,
USA). Initially sample preparation was done by cryo-microtoming
using a diamond knife. But it was observed that cryo-microtoming
led to distortion of the fiber and also epoxy smeared over the car-
bon fiber; making it difficult to obtain clear images of the surface.
Therefore cryo-microtoming was omitted from subsequent material
preparations.

An atomic force microscope (MFP-3D, Asylum Research, Santa
Barbara, CA, USA) was used for imaging and force spectroscopy of the
prepared samples. The AC160TS AFM tip, manufactured by Olympus
Micro Probes (Center Valley, PA, USA), which is recommended for
study of polymers, was employed. The cantilever has a resonant fre-
quency in air of 300 kHz (100-200 kHz) and a typical spring constant
of 26 N/m (8.4 to 57 N/m). Images of the carbon fiber and epoxy inter-
phase were collected in tapping mode. A dip in the height profile of
top of the fiber was observed; it can be regarded as a surface arti-
fact due to mechanical polishing of the sample. The root mean square
roughness (Rq) of the surface after polishing was found to be approx-
imately 4nm. The indentation depths for force spectroscopy have
to be substantially greater than the surface roughness, in order to
minimize the influence of surface artifacts on the data collected.

Prior to force spectroscopy, calibration of the AFM cantilever was
done to determine the spring constant and inverse optical lever sen-
sitivity (InvOLS). Sader method [36], which was incorporated in the
software was utilized to estimate the two parameters. The spring
constant and InvOLS were observed to be about 42 N/m and 56 nm/V,
respectively. Force spectroscopy of the carbon fiber and epoxy inter-
phase was done in contact mode using force as the trigger channel.
Force maps were generated at different points across the interphase
using a 48 x 48 grid placed over 950 x 950 nm. The load controlled
indentations were conducted with a maximum load of 870 nN. The
maximum observed indentation depth was 27 nm. Fig. 2a shows the
modulus map generated by ‘full field’ force displacement curves.
Every point on the modulus map uniquely represents the elastic
modulus obtained from each of the 2304 load-displacement curves.
The modulus values were generated using the in-built tool based
on Oliver-Pharr method [19]. It was difficult to precisely distinguish
the contour of the carbon fiber using the modulus map. Therefore
adhesion map shown in Fig. 2b was used to estimate the contour of
carbon fiber. It can be observed that the adhesion of the tip is higher
on the epoxy than the carbon fiber; making it possible to determine
the position of the fiber boundary in the image with ease.
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It can be observed using the color scheme that the modulus of
carbon fiber is shown as 15 GPa, which is significantly lower than its
nominal value. This can be attributed to the limitation of the AFM
tip used. The load-displacement curves obtained in the interphase
region will be used to validate the simulation of AFM indentation.

The modulus maps generated using AFM based force spec-
troscopy included 2304 load-displacement curves spread across the
fiber, interphase and matrix. In order to obtain meaningful inter-
pretation of the collected data, a MATLAB code was written. Key
objective of this step was to capture data along radial lines from the
boundary of the fiber. As described previously, adhesion map was
used to identify the points on modulus map corresponding to the
boundary of the fiber and it was given as input to the MATLAB code.
Using basic mathematical equations of circle, a portion of circle was
superposed over the boundary of the fiber and the center of the cir-
cle was also determined. Equation of radial line was then employed
to form radial lines from the boundary of the fiber. Points along each
radial line were obtained as the output of the code.

2.2. Finite element modeling of AFM indentation

The distinct properties of interphase region is due to varia-
tion in material properties of the region and influence of fiber
constraint. Commercial finite-element software ABAQUS v2016
(Dassault Systémes, Viizy-Villacoublay, France) was used to model
and simulate AFM indentation in 3D space. The variation in materials
properties of the interphase were not taken into account in simula-
tions of AFM indentation and therefore it was possible to determine
the impact of fiber bias alone on the measured properties. 3D finite
element modeling of AFM indentation required the creation of a
model representing the AFM indenter. Scanning electron microscope
(SEM) images of AFM tip, AC160TS, obtained from Asylum Research,
Santa Barbara, CA, USA, were used to develop the model represent-
ing the tip. Considering a maximum indentation depth of 27 nm
observed in experiments, geometric dimensions of the indenter up
to a height of 800 nm from the apex were collected. The front angle
of the tip is 0°~and back angle is 35°. The tip was observed to be
rounded with a radius of about 10 nm. The indenter was modeled
as discrete rigid as its elastic modulus is very high as compared to
the specimen and its degrees of freedom was constrained in the
directions perpendicular to the loading. To reduce computational
cost and to provide finer mesh at the point of indentation, specimen
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Fig. 4. AFM indentation data.
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Fig. 5. Average variation of the elastic modulus evaluated from experiment along
with exponential fitted curve as function of distance from fiber.

was modeled as two parts using 8 node brick element with reduced
integration elements (C3D8R) with minimum element size of 1 nm.
The first part was modeled as a deformable wedge shaped insert
of 60° and 50 nm length with extra fine mesh, as large local defor-
mation takes place in this region. The other part was a supporting
wedge shaped structure of coarse mesh with all the dimensions set
as 300 times the maximum observed indentation depth, to ensure
far field effects were negligible. A tie constraint was used to con-
nect the two parts. Fig. 3 shows the 3D FE model representing the
AFM indentation. As the AFM manufacturer, Asylum Research (Santa
Barbara, CA, USA) had indicated that the AFM tip indents at an angle
of 10°~with the specimen, the indenter tip was placed at 10°~with
the top surface of the specimen.

Displacement controlled indentations were done in 3D space to
minimize instabilities in the simulations. Frictionless contact was
assumed between the indenter and the specimen. Experimental data
was used to specify the elastic properties of the specimen as elastic
modulus, E = 2.78 GPa and Poisson’s ratio, ¥ = 0.34. Plasticity was
defined using yield strength determined as 92.7 MPa by compression
tests carried out on epoxy samples. Isotropic hardening was used
to model the hardening behavior of the specimen. Ramberg-0sgood
model given in Eq. (1) was fitted to the compression test data to eval-
uate the yield offset, a(%) and hardening exponent, n. Where, 0y
refers to the yield stress and E denotes elastic modulus. Multiplier
and exponent were evaluated as 0.0593 and 0.99, respectively.

o ofo\"!

A 4-node 3-D bilinear rigid quadrilateral element (R3D4) was
used to mesh the indenter. Encastre boundary condition was spec-
ified to right-hand end of the specimen to represent the rigid fiber
constraint. A roller boundary condition was applied to the bottom
region of the specimen. Additionally, the degree of freedom perpen-
dicular to the sides of the specimen were constrained to remove
instabilities. Surface to surface interaction was defined between the
indenter (master) and the top surface of the specimen (slave). Load-
ing and unloading for the simulation were defined as independent
static general steps. The NLGEOM option was used to account for the
nonlinearities present in the deformation. The reaction force (RF) at
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Fig. 6. Load-displacement curves obtained using 3D FEA model of AFM indentation.

the reference point (RP) of the indenter, along the axis of loading was
collected as the load data. The displacement in the direction of load-
ing of the left top corner node of the wedge shaped specimen i.e. just
beneath the indenter tip was recorded as the displacement data.

Simulations were done at different distances from fiber, denoted
by r in Fig. 1 to determine the impact of fiber constraint on
the measured properties of the near fiber region. The values of
r were selected keeping in view of the resolution of modulus
map obtained experimentally and included values: 600 nm, 400 nm,
200nm, 100 nm, 60 nm, 40nm and 20 nm. Average of indentation
depths at the different value of r observed in experiments were used
for the simulations.

2.3. Determination of impact of UV irradiation

As discussed previously, Awaja and Pigram [33] had noted that
the response of epoxy to UV irradiation can be dependent on the
type of reinforcement. Therefore AFM force spectroscopy was used
to investigate the impact of UV irradiation on the near fiber region
and matrix away from the vicinity of the fiber. The purpose of study-
ing the variation in properties of epoxy significantly away from the
fiber was to create a reference value for the analysis of variation in
properties of interphase region as a function of time exposed to UV
irradiation and distance of the indent from the fiber. Carbon fiber
reinforced epoxy samples were exposed to ultraviolet radiation (UV)
for time periods varying from 30 min to 24 h, using QUV acceler-
ated weathering tester (Q-labs, Westlake, OH, USA). Thereafter, AFM
based force spectroscopy was used to study the properties of these
samples.

3. Results and discussion
3.1. Experimental data analysis

Fig. 4 (a) shows the variations in load-displacement curves along
one such radial line from the fiber. It can be noted that there is
a ‘shift’ in the load-displacement curves as the indentations were
done closer to the fiber. Fig. 4 (b) provides a similar observation
which shows that for the same maximum indentation load, the max-
imum indentation depth was reduced significantly while indenting
closer to the fiber. The ripples in the load-displacement data can
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be attributed to the noise from feedback loop and other electrical
signals of the equipment. Fast Fourier Transform was used on the
load-displacement curves to determine the frequency of the data and
a low pass filter (LPF) was then used to remove the noise and extract
the true data. In Fig. 4 (a), the portion of the curve beyond unloading
region indicated adhesion between the tip and the sample. It can be
noted that there was significant adhesion away from the fiber i.e.~for
indents on the matrix, compared to the fiber.

Elastic modulus of the carbon fiber reinforced epoxy was also
studied along the radial line from the fiber. Fig. 5 shows the average
elastic modulus values along 20 radial lines that were plotted as a
function of the distance from fiber. As resolution of the modulus map
was 20 nm, data analyzed along the radial line was extracted for each
increment of 20 nm. It can be observed from Fig. 5 that there exists a
gradient in the modulus values along the radial line. An exponential
curve given by the dashed line in Fig. 5, was used to fit the change
in modulus values along the radial lines from the boundary of the
fiber. Based on the change in elastic modulus values, the width of the
interphase region was determined to be approximately 250 nm. As
noted previously, the increase in elastic modulus of the interphase
determined by indentation technique can be a combination of the
variation in material properties of the region and the influence of
fiber constraint.

It can be observed from Fig. 5 that the error bars for average mod-
ulus values away from the fiber are very small compared to those
near the fiber. This can be attributed to the fact that the indenta-
tion depths are much higher for force mapping done in region away
from the fiber than the indents carried out closer to the fiber. In
addition, the influence of surface roughness becomes more evident at
shallow indentation depths, leading to significant variability. But as
shown in Fig. 5, the existence of variation in modulus along the radial
line can be confirmed, taking into confidence the span of error bars.
However as discussed previously, it is important to distinguish the
apparent rise in modulus due to fiber bias because accurate deter-
mination of interphase properties will provide precise assessment of
performance of the composite structure.

3.2. Analysis of simulation data

Fig. 6 shows the the load-displacement curves obtained from
3D FEA models of AFM indentation. It can be observed that for the
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Fig. 7. Interaction of stress field with fiber while indenting close to the representative
rigid constraint.

indents done on the same material, there is a shift in the load-
displacement curves for indents at 20nm and 40 nm away from
the fiber. This can be attributed to the stiffer response due to the
interaction of indentation generated stress contours with encas-
tre boundary representing the rigid fiber, as shown in Fig. 7. The
AFM indenter’s shape and indentation depth are factors affecting the
impact of fiber constraint on the evaluation of properties of near-
fiber region. Oliver-Pharr method [19] was used to evaluate the
elastic modulus from the load-displacement curves at different dis-
tances from the fiber. The elastic modulus of the polymeric matrix
- epoxy was determined from indentation at 600 nm away from the
fiber as 2.76 GPa.

Fig. 8 shows the comparison of elastic modulus evaluated from
experiment with the values obtained from 3D FE simulations. The
dashed curve and solid curve represent the exponential fitted curves
for experimental and simulation data, respectively. Similar to the
observation in Fig. 6, it can be noted that the impact of fiber con-
straint is considerable only in region less than 40 nm away from the
fiber. In the case of 3D model, there is an apparent increase in elas-
tic modulus due to fiber constraint by 108% and 20% at 20 and 40 nm
away from the fiber, respectively. It shows for the first time quanti-
tatively that AFM indentation is not as affected by the fiber-bias as
Berkovich indentation. This is due to the reason that the effective
cone half-angle of the AFM indenter is very small compared to the
Berkovich indenter.

It can be observed in Fig. 8 that the increase in elastic modulus
values due to fiber constraint is not very significant when com-
pared to the experimentally determined overall gradient in elastic
modulus, taking into confidence the error bars. Therefore, it can be
confirmed that the mechanical properties of interphase region is
distinct from bulk material, while taking the fiber constraint into
consideration.

3.3. Variation in elastic modulus due to UV irradiation

The elastic modulus maps across a square region of 5 um of epoxy
approximately 8 mm away from the carbon fiber in the pristine
condition and subjected to 24 h UV irradiation condition are given in
Fig. 9 (a) and (b), respectively. Modulus maps for each sample were
created using a 48 x 48 square grid, which implies there were 2304
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Fig. 8. Comparison of elastic modulus evaluated from experiment and 3D FEA data.
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Fig. 9. Modulus maps of epoxy.

load-displacement curves. It can be visually ascertained from the
modulus maps that the elastic modulus of epoxy away from the fiber
has decreased as a function of prolonged exposure to UV radiation.
This is consistent with previously cited literature that shows forma-
tion of free radicals as epoxy undergoes chain scissions due to UV
irradiation, making it comparatively less stiff. The elastic modulus of
pristine epoxy decreased almost linearly from 2.78 GPa to 1.89 GPa
after 24 h of UV irradiation. These reported modulus values are the
average from all the indents shown in the modulus map.

To study the impact of UV irradiation in near fiber region, elastic
modulus maps across 950 nm square region containing the fiber and
the interphase were obtained for pristine condition and 6 h of UV
irradiation condition, as shown in Fig. 10 (a) and (b), respectively. It
can be observed that is severe distortion in fiber contour as well as
significant changes in the properties of the near fiber region due to
UV irradiation.

The MATLAB code that was previously described was employed
to analyze the modulus values of CFRP along radial lines from the
fiber. Fig. 11 compares the average modulus values at different radial
distances from the fiber in CFRP to the modulus value of epoxy sig-
nificantly far away from the vicinity of the fiber, as a function of
time exposed to UV radiation. Due to the difficulty to ascertain the
contour of the carbon fiber because of severe distortion of the car-
bon fiber, the modulus map of interphase region after 24 h of UV

GPa

nm

(a) Pristine

irradiation was not included in the data analysis using the MATLAB
code. It can be noted from Fig. 11 that the modulus values at 20 nm
and 40 nm away from the fiber decreases rapidly when it is initially
exposed to UV radiation, compared to the decrease in modulus val-
ues at 100 nm and 600 nm. This can be attributed to the significant
amount of chain scission that occurs around the fiber due to the pho-
tocatalytic degradation of carbon fiber. This causes the breaking of
C—C bonds that leads to formation of O free radicals and new reac-
tion sites near the fiber. After 1 h of UV irradiation, it can be observed
that the modulus values at 20 nm, 40 nm, 100 nm and 600 nm rise
due to the increase in cross-linking reactions. Hence, after 6 h of UV
irradiation the modulus value of epoxy at 600 nm away from the
fiber was about 162% higher than the modulus value of epoxy evalu-
ated approximately 8 mm away from the fiber. The modulus of epoxy
at about 8 mm away from the fiber decreased monotonically as a
function of time exposed to UV radiation due to photo-degradation
of epoxy and its response was not influenced by the presence of
carbon fiber. Nonetheless, it can be observed that after 6 h of UV irra-
diation epoxy at 20 nm and 40 nm away from the fiber, showed an
overall decrease of 44% and 30%, respectively. It can be attributed
to the weakening caused by photocatalytic degradation of carbon
fiber. Whereas, the modulus value of epoxy at 100 nm and 600 nm
after 6h of UV irradiation indicated an increase of 68% and 124%,
respectively. This clearly demonstrates that the presence of carbon

GPa

nm

0 200 400 600 800

(b) 6 hours UV irradiation

Fig. 10. Modulus maps of carbon fiber reinforced epoxy.
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Fig. 11. Variation in the elastic modulus, E, of CFRP as a function of time periods of UV
exposure for different positions of indent from the fiber.

fiber as reinforcement significantly influences the response of epoxy
to UV irradiation.

4. Conclusion

An integrated approach involving AFM-based indentation and
FEA modeling is employed to evaluate the extent of influence of fiber
constraint on the properties determined in the interphase region.
AFM-based force mapping provides high spatial resolution, which
is useful in the study of interphases that are small in length scale.
The lack of contact theory to directly evaluate mechanical proper-
ties using indentation technique, in the presence of a rigid boundary,
is resolved by the use of a 3D FEA model of AFM indentations. The
width of interphase in carbon fiber reinforced epoxy is determined to
be 250 nm, based on the gradient in interphase properties. The 3D FE
simulations indicate that fiber constraint impacts interphase modu-
lus only within 40 nm of radial distance from the fiber while using
AFM tip. Nonetheless, the apparent increase in interphase modulus is
significantly less as compared to the overall gradient in the modulus
value of the region, as determined by AFM indentation. Hence, these
results confirm that the behavior of interphase is distinct compared
to the bulk material.

AFM based indentations are further utilized to evaluate the
impact of UV irradiation on the modulus value as a function of
exposed time and radial distance from the fiber. This study demon-
strates that the response of epoxy to UV irradiation is dictated by the
proximity to the carbon fiber reinforcement. Photocatalytic degrada-
tion of carbon fiber causes an initial decrease in modulus value of
interphase region through chain scission reactions that lead to pos-
sible formation of free radicals and new reaction sites. However, it is
observed that with further exposure to UV irradiation, the interphase
modulus values increase due to enhanced cross-linking reactions.
Overall, the presence of carbon fiber hinders the photo-degradation
of epoxy, which suggests that carbon fiber reinforcement could
improve the durability of the composites. Further studies involving
analysis of sub-surface structure of the composite may be benefi-
cial to determine the complete mechanism of damage of carbon fiber
reinforced epoxy caused by UV irradiation.

Data availability

The raw/processed data required to reproduce these findings can-
not be shared at this time as the data also forms part of an ongoing
study.
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