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Factors governing the tensile strength of unidirectional carbon fiber reinforced plastic (CFRP) composites were
experimentally investigated by focusing on the mechanical characteristics of the epoxy matrix. Correlation
analysis was conducted to reveal the mechanical characteristics of the matrix that affect the surface stress
concentration of an intact fiber caused by a fracture site in an adjacent fiber. The stress concentration factors
(SCFs) were evaluated by implementing double-fiber fragmentation tests in conjunction with spring element

model simulations. From investigating six types of epoxy materials, a reasonable correlation was observed be-
tween the matrix crack tip opening displacement (CTOD) and the SCF; the SCF increased approximately linearly
with increasing CTOD. The results reported here suggest that CTOD is one of the important tensile-strength-
controlling factors to consider for the development of stronger CFRP composites.

1. Introduction

Carbon fiber reinforced plastics (CFRPs) are applied for many engi-
neering applications due to their high strength (stiffness)-to-weight ratio
and tailorable mechanical properties. Consequently, further enhance-
ment of the mechanical characteristics continues to be central to CFRP
composite research. The tensile failure of CFRPs is known to be triggered
by fiber fracture sequences within 0° plies. The individual fiber fractures
that occur are now known to be induced by stress concentration
generated on the intact fiber surface adjacent to the fiber break point
[1]. Techniques such as Raman spectroscopy [2-3], synchrotron radia-
tion computed tomography [4,5], and polarized light microscopy [6,7]
have been employed to investigate the origin of stress concentration in
addition to understanding fiber breaking processes. Recently, we con-
ducted fundamental research to investigate the stress concentration
factor (SCF) by performing multi-fiber fragmentation tests, subsequently
comparing the experimental results to the corresponding spring element
model simulation, which considers the added concentrated stress on the
fiber surface adjacent to a broken fiber [7]. We reported that the degree

of concentrated stress can be changed by modifying the mechanical
properties of the epoxy matrix. Furthermore, even if the mechanical
properties of the matrix vary, the predictive method can provide a
reasonable prediction of the tensile strength of the unidirectional CFRP
composites [7]. However, at that time, we could not provide a full
explanation regarding why the tensile strength of the unidirectional
CFRP composite varies depending on the mechanical characteristics of
the matrix. Herein we conducted correlation analysis to reveal the me-
chanical characteristics of the matrix that affect the surface stress con-
centration of an intact fiber caused by the fracture site of an adjacent
fiber. A scenario to explain the origin of stress concentration is proposed,
based on experimental evidence and conclusions drawn from correlation
analysis to investigate the relationship between possible influential
factors and SCFs.
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2. Experimental and analytical procedures
2.1. Sample preparation and mechanical characterization

Epoxy specimens were prepared and their mechanical properties
were measured to reveal the mechanical properties of the epoxy mate-
rials that affect the SCF. Among the six types of epoxy specimens
investigated in this study, two specimens were synthesized using
diglycidyl ether of bisphenol A (DGEBA) as the main agent and two
curing agents (diethylenetriamine (DETA) and 4,4’-diaminodiphenyl
sulfone (44DDS)). The other four specimens were provided by Toray
Industries, Inc., Japan; they are hereafter referred to as “A-epoxy,* “B-
epoxy,” “C-epoxy,” and “D-epoxy,” with the order of the names indi-
cating the magnitude of their Young’s moduli (i.e., the Young’s modulus
of the A-epoxy is the lowest). The mechanical properties of the epoxy
materials were determined with uniaxial tensile loading and single-edge
notched beam (SENB) tests. Schematics of the specimen configurations
and experimental setups are shown in Fig. 1 (further details related to
specimen preparation and mechanical evaluation can be found in the
Supplementary Material).

Previously, we investigated how the SCF changes upon variation of
both the number of fibers (2-4 fibers) and the interfiber spacing
(3.5-20.0 pm) using multi-fiber fragmentation tests [7], although no
apparent difference in the SCFs was observed under these conditions.
Based on the above knowledge, the double-fiber fragmentation tech-
nique is employed in the current study to assess the SCFs. A high-
strength, polyacrylonitrile (PAN)-based carbon fiber (TORAYCA™
T1100G) was used to fabricate the double-fiber fragmentation com-
posites; the detailed composite preparation procedures, SCF determi-
nation procedures, and analytical model preparation can be found in
[7,8] and the Supplementary Material.

2.2. Model preparation and determination of the stress concentration
factor

The SCF (a) on the surface of an intact fiber was determined by
employing the spring element model to investigate the SCF value, with
the aim of ensuring that it was equivalent to the percentage of the co-
ordinated fracture, which is defined as a failure occurring at the ele-
ments neighboring a broken element in the horizontal plane of the
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broken fiber element, as determined via double-fiber fragmentation
testing. The details of model preparation, simulation procedures, and
material properties can be found in the Supplementary Material. Herein,
we considered the model in which the cross-section of the fiber divided
into six segments, assuming the hexagonal fiber arrangement, as illus-
trated in Fig. 2(a). The surface SCF of the i-th fiber segment adjacent to a
broken fiber at the plane of fracture was determined by assuming that it
was «; times the average stress (o7) on the surface of an adjacent fiber,
which is expressed as follows:

Ds
(lizl-‘rj/,»(]—l—), (@]

where ¢; is the SCF of a fiber adjacent to a broken fiber in the same plane;
7; is the intensity attenuation factor, which is O for a fiber segment facing
a neighboring intact fiber and @ —1 for a fiber segment facing a neigh-
boring broken fiber; D; is the distance from the break point; and [ is the
stress recovery length. In the spring element model used in this study,
the two longitudinal spring elements in the center of the model were
assigned to the fibers and the remaining elements were assigned to the
matrix. Thus, the matrix stiffness was implemented in the longitudinal
spring elements. In our previous work, the stress gradient in an intact
fiber was investigated using the three-dimensional finite element
method [7]. Hence, the additional stress concentration was added in an
ad-hoc manner to capture the experimentally measured correlations in
the fiber breaks.

The strength of the n-th fiber segment is determined by choosing a
random number ranging from 0 to 1 and solving the equation such that
the fiber breakage probability equals a random number. The longitu-
dinal element was removed from the model when the stress applied to a
fiber at the n-th fiber segment achieved the statistical distribution of the
strength of the fiber. A coordinated fracture was defined as a failure that
occurred at neighboring elements next to a broken element in the same
horizontal plane with respect to the broken fiber element, as illustrated
in Fig. 2(b). Note that we previously confirmed that employing the
above-mentioned procedures yields the predicted strengths of unidi-
rectional CFRP composites that are reasonably consistent with the
experimental data, irrespective of the differences in the mechanical
characteristics of the matrix|[7].
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Fig. 1. Schematics of the specimen configurations and experimental setups for the (a) tensile-loading test and (b) single-edge notched beam test.
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Fig. 2. Illustrations to (a) define the stress concentration on the surface of the (b) i-th fiber segment.

Fig. 3. Birefringence patterns in the double-fiber fragmentation composites prepared with DGEBA/44DDS (al) and B-epoxy (b1). The corresponding simulation
results are shown in (a2) and (b2). The symbols at the top of each fiber break point indicate the two types of fiber break; the filled symbol denotes coordinated
fracture, while the open symbol indicates other fracture. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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3. Results and discussion

All epoxy materials tested in the tensile loading experiments
exhibited elasto-plastic behavior that is typically observed in conven-
tional epoxy materials. The SENB specimens experienced catastrophic
failure after reaching a maximum load and no nonlinear behavior was
observed for all epoxy materials (Fig. S2). The mechanical properties of
all the six epoxy materials are listed in Table S2 in the Supplementary
Material.

The fiber fracture behavior of the double-fiber fragmentation com-
posites was investigated to quantitatively determine the surface SCFs.
This investigation revealed that matrix cracking and the coordination of
fractures in adjacent fibers occur, regardless of the types of epoxy ma-
terial. For example, Fig. 3 shows the birefringence pattern images at the
fiber break points in the double-fiber fragmentation composites pre-
pared with DGEBA/44DDS and B-epoxy. The corresponding two simu-
lation results are shown in Fig. 3 (note that the images of the simulation
results were processed to make the positional dependency of the fiber
break points easier to understand, and they do not represent the actual
stress distribution obtained from the simulations). The images were
acquired at 3.26% fiber strain for DGEBA/44DDS and at 3.10% fiber
strain for B-epoxy. The symbols at the top of each fiber break point
indicate the two types of fiber break. The filled symbols denote the co-
ordinated fracture defined based on the nature of elasto-plastic polymer
material fracture phenomena [9], while the open symbols indicate the
other phenomena. As a fiber-fiber interaction criterion, fiber fractures
that occur at an angle between 0° and 45° are defined as coordinated
fractures. It can be observed from Fig. 3(al) and 3(b1) that the matrix
cracks propagated from the fiber break points, and a large number of
fiber failures occured at similar positions, indicating that the stress
concentration caused by fiber fracture was sufficiently high to cause the
adjacent fiber to fracture. A similar observation was made from simu-
lation results shown in Fig. 3(a2) and (b2). The percentages of coordi-
nated fracture (and standard deviation) obtained by the experimental
and simulated results for DGEBA/44DDS were 75.7% (£10.3%) and
76.3% (£12.8%), respectively. The corresponding values for B-epoxy
were 48.3% (+£14.1%) and 46.5% (+£15.9%). The experimentally ob-
tained percentages of coordinated fracture (and standard deviation) for
the DGEBA/DETA, A-epoxy, C-epoxy, and D-epoxy composites were
89.3% (£+9.9%), 43.2% (+14.5%), 54.4% (£15.5%), and 9.1% (+4.3%),
respectively. Note that in our previous study, we prepared fiber frag-
mentation composites in which two T1100G carbon fibers were
embedded in B-epoxy material, and then carried out fragmentation tests
under the same conditions as those used in this study. The interfiber
spacing in the composites was approximately 200 pm. Thus interfiber
spacing is equivalent to the diameter of approximately 40 fibers and is
unaffected by the fracture of the counterpart fiber[10]. The percentages
of coordinated fracture in the composites was measured using the pro-
cessed images so that the interfiber spacing was 10 pm (the average
interfiber spacing in the study). Consequently, the percentage of coor-
dinated fracture measured to be 7.7%. This value is close to that
observed for the composite prepared with D-epoxy, suggesting that the
fiber failure process in D-epoxy matrix composites is predominantly
governed by the statistical strength distribution of the fibers.

Quantitative determination of the SCFs on the surface of intact fibers
was achieved by implementing the spring element model (Supplemen-
tary Figs. S3a-S3f). For example, for DGEBA/44DDS, the SCF on the
surface of an intact fiber was determined to be 2.16 upon comparing the
simulated percentages of coordinated fractures to the corresponding
experimental observations, indicating that for composites fabricated
with DGEBA/44DDS, the concentrated stress acting on the fiber surface
is approximately twice that of the fiber stress with no additional surface
stress concentration. The percentages of coordinated fracture, applied
fiber strain, and SCFs for the six composites are listed in Table S3 in the
Supplementary Material.

In order to reveal the mechanical characteristics of the epoxy
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materials that influence the stress concentration generated on an intact
fiber surface, the correlation between the SCF and mechanical properties
of the epoxy materials was analyzed. The relationships of SCF with the
tensile strength, Young’s modulus, fracture toughness, crack tip opening
displacement (CTOD), and plastic zone size of the matrix materials are
shown in Fig. 4(a)-(e), respectively. The dashed lines in Fig. 4 indicate
the regression lines calculated by the least-squares method, assuming a
linear relationship between the SCF and the five properties of the matrix
materials. Although some variation occurs, the epoxy materials with
both higher tensile strength and Young’s modulus generally exhibit
lower SCFs, while those with higher fracture toughness lead to higher
SCFs. This implies that epoxy materials with brittle-like characteristics
are effective for decreasing the SCF, whereas those with ductile-like
characteristics lead to an increase in the SCF. The highest correlation
relationship was observed for the tensile strength with the coefficient of
determination (R? value) of 0.85. The R? values for the Young’s
modulus, fracture toughness, CTOD, and plastic zone size were 0.76,
0.55, 0.80, and 0.70, respectively. Even though the highest correlation
was observed for the tensile strength, it represented the macroscopic
mechanical characteristics of the materials. Thus, we expect that CTOD
(and plastic zone size) seems to make sense as a measure that represents
the fracture phenomenon of fibers under the stress field around the crack
tip. The high SCF observed for the ductile-like epoxy materials can be
attributed to the large crack opening around the crack tip.

CTOD, defined as the displacement transverse to the crack tip, ap-
pears to impact the SCFs. The generalized equation describing CTOD ()
is expressed as follows [11]:

2

— ch

- b
Eo,

2

where K. is the mode I fracture toughness, E is the Young’s modulus,
and o, is the yielding stress. Following ASTM recommendations [11],
the CTOD was calculated by substituting the yielding stress (o) with
tensile strength (¢) in Eq. (2). As shown in Fig. 4(d), a positive linear
correlation exists between the CTOD and SCF; an epoxy material with a
larger CTOD tends to exhibit a higher SCF. Furthermore, the epoxy
materials with ductile-like characteristics possessed a large plastic zone,
whose size increased with an increase in the SCF (Fig. 4(e)). This trend is
similar to that observed for the CTOD.

The size of the plastic zone ahead of a crack tip under plane strain
conditions (r,) is expressed as follows:

1 [(Ke\’

& 74\/5777(63/) . ®

Eq. (3) can therefore be used to assess differences in the extent of
stress concentration generated on intact fiber surfaces. As mentioned
earlier, the matrix crack around the original broken fiber is expected to
be one cause of additional stress concentration [7]. The matrix crack
caused by fiber breakage propagates toward the rigid intact fiber,
resulting in stable crack growth. This crack remains without reaching
the fiber/matrix interface after approaching the intact fiber.

Additional stress can continue to be applied to epoxy materials with
large CTOD until the opening reaches a critical value because of the high
stress concentration in the process zone. On the other hand, epoxy
materials with small CTOD alleviate the additional stress concentration.
These are considered to be the possible mechanism by which CTOD af-
fects the additional stress concentration.

4. Conclusions

We have reported an experimental study in which we investigated
the tensile strength-controlling factors of unidirectional CFRP compos-
ites, focusing on assessing the mechanical characteristics of the epoxy
matrix. The degree of concentrated stress acting on the intact fiber
surface, which determines the tensile strength properties of
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Fig. 4. Relationship of the stress concentration factor with (a) tensile strength, (b) Young’s modulus, (c) fracture toughness, (d) crack tip opening displacement
(CTOD), and (e) plastic zone size. The dashed lines indicate the regression lines calculated by the least-squares method, assuming a linear relationship between the

SCF and five properties of the matrix materials.

unidirectional CFRP composites, was evaluated by implementing
double-fiber fragmentation tests in conjunction with spring element
model simulations. Correlation analysis was conducted, with the aim of
extracting the factors that characterize the tensile strength of the uni-
directional CFRP composites. The analysis of six epoxy materials with
different mechanical characteristics revealed that the matrix crack tip
opening displacement (CTOD), which is characterized by the tensile
strength, Young’s modulus, and mode I fracture toughness, exhibited a
linear correlation with the surface SCF, with the SCF increasing from
1.75 to 2.35 with an increase CTOD. These results revealed that CTOD is

one of the dominant factors influencing the tensile strength character-
istics of unidirectional CFRP composites. Ultimately, our results provide
a fundamental framework for guiding the creation of high-performance
CFRP composites for epoxy matrices.
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