Composites Part A 121 (2019) 499-509

journal homepage: www.elsevier.com/locate/compositesa

Contents lists available at ScienceDirect

Composites Part A

compossres

Considering the stress concentration of fiber surfaces in the prediction of the
tensile strength of unidirectional carbon fiber-reinforced plastic composites

Check for
updates

Go Yamamoto™*, Miho Onodera?, Keita Koizumi®, Jun Watanabe”, Haruki Okuda®,

Fumihiko Tanaka”, Tomonaga Okabe™*

@ Department of Aerospace Engineering, Tohoku University, 6-6-01 Aramaki-Aza-Aoba, Aoba-ku, Sendai 980-8579, Japan
b Composite Material Research Laboratories (CMRL), Toray Industries, Inc., 1515, Tsutsui, Masaki-cho, Iyogun, Ehime 791-3193, Japan
€ Department of Materials Science and Engineering, University of Washington, Seattle, WA 98195, USA

ARTICLE INFO ABSTRACT

Keywords:

A. Polymer-matrix composites (PMCs)
B. Fragmentation

B. Strength

B. Stress concentrations

The tensile strengths of unidirectional carbon fiber-reinforced plastic (CFRP) were predicted by using a spring
element model that considers the surface stress concentration on fibers caused by a fracture site in an adjacent
fiber. The surface stress concentration on the fibers was experimentally evaluated by implementing multi-fiber
fragmentation tests in conjunction with a spring element model simulation. Four types of epoxy materials were
utilized to explore the effects of matrix polymer properties on the surface stress concentration of the fibers. The

size scaling results, coupled with the results of the spring element model simulation, designed to take into
account the surface stress concentration, were reasonably consistent with the experimental data on the tensile
strengths of the unidirectional CFRP composites, regardless of the differences in the matrix mechanical prop-
erties. Possible mechanisms by which additional stress concentration is generated on an intact fiber surface were
analyzed numerically using the finite element method.

1. Introduction

Composite materials are attracting the attention of people within
the engineering sector because of their unique mechanical properties
and ease of property customization, making them highly competitive
with conventional materials. Carbon fiber reinforced plastic (CFRP), a
common class of composite materials, is increasingly being used as a
lightweight and high-stiffness material in various applications. The
process of determining the potential amount of weight that can be
saved requires that the fracture properties of the CFRPs in the direction
of the fiber axis be a major consideration in the design of composite
structures. Thus, improving the accuracy of tensile strength prediction
methods continues to be central to CFRP composite research.

Since the early pioneering work by Cox [1], Rosen [2], and Kelly
et al. [3], a number of models have been proposed to predict the tensile
strength of unidirectional CFRP composites. The work of Hedgepeth
and Van Dyke became the original report on failure process modeling of
unidirectional fiber reinforced composites (UD composites) [4]. They
implemented a discrete Fourier transform to analytically describe the
redistribution of load resulting from fiber breakage in a hexagonal fiber
array. Subsequently, Suemasu [5,6] showed that such redistribution
can be derived by employing a method based on Green’s functions. By
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contrast, Rosen [2] focused on the role of the matrix in determining the
stress transfer length around fiber break points, although without
considering the in-plane stress concentration in strength analysis.
Zweben [7] later introduced the stress concentration effect caused by
fiber breaks into Rosen’s model [2]. Although the effects of both in-
plane stress concentration and the stress recovery of broken fibers are
expected to require an accurate failure process prediction, further re-
search is needed to establish an appropriate analytical approach. Fur-
thermore, instead of focusing on correcting this oversight, many re-
searchers have opted to focus on simulating the failure processes of
multiple types of UD composites comprising various matrix materials
by utilizing a procedure that implements a phantom step to solve the 2D
shear-lag equation [8-11]. Additionally, Sastry et al. [12] and Beyerlein
et al. [13] proposed a sophisticated approach, referred to as the break-
influence superposition (BIS) technique and extended it to develop the
quadratic influence superposition (QIS) technique within the frame-
work of a 2D model. However, the stress concentration of a 2D model is
well known to be significantly higher than that of the corresponding 3D
model. Zhou and Curtin [14] proposed a novel numerical simulation
based on the lattice Green function (LGF) approach to analyze the 3D
stress state of the composites. Building on their work, Landis et al. [15]
and Okabe et al. [16] attempted to develop the 2D shear-lag model into
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a 3D model. As mentioned by Xia et al. [17], the shear-lag model yields
an accurate prediction of the stress distribution around fiber break
points; however, its computational cost is known to be more expensive
than that of the above-mentioned LGF approach. Therefore, to improve
computational efficiency, Okabe et al. [18] proposed a novel approach
referred to as the spring element model, which couples the shear-lag
model with analytical stress recovery and enables the analysis of the
stress state of the composites, with the exception of the stress recovery
region. Tavares et al. [19] recently developed the spring element model
to consider a random fiber packing and hybrid fiber structure. More-
over, improved computer techniques have enriched the understanding
of the failure processes of UD composites [20-22].

According to previous reports, the failure processes of UD compo-
sites can be explained as follows: the load perturbation resulting from a
fiber failure is not uniformly distributed among the surviving fibers
because it is more heavily applied to the adjacent fibers. Thus, when
one fiber breaks, the load that it is carrying is principally transferred to
the surviving neighbors, increasing the amount of stress concentrated
on these fibers relative to more distant fibers and increasing the prob-
ability of failure at this position. This consequently leads to the for-
mation of clusters of broken fibers, and subsequent failure of the
composites. Considering this, although most studies to date have only
addressed the load redistribution caused by fiber breakage, several
studies that have implemented fragmentation tests have reported that a
matrix crack or damage to the matrix originates around a fiber break
point. Moreover, although the local stress on fibers adjacent to a broken
fiber has been widely recognized as critical to the strength of uni-
directional CFRP composites, an adequate method for predicting the
strength of these composites — one that considers the stress con-
centration on the fiber surface resulting from a fiber break in a neigh-
boring fiber — is yet to be developed.

In the last few decades, techniques such as Raman spectroscopy
[23-28], polarized-light microscopy [29,30], acoustic emission [31],
and synchrotron radiation computed tomography [22,32], have been
employed to experimentally investigate the stress concentration in
composites with in-situ observations of fiber breakage. As an example,
Jones et al. [29] directly measured the stress concentration on fibers
adjacent to a broken fiber by using a multi-fiber fragmentation tech-
nique in which nine individual fibers were arranged parallel to the load
axis. The authors reported that the stress concentration tended to in-
crease with the decreased interfiber spacing, and that the fiber-fracture
phase transition from the original statistical distribution of strength to
possessing areas of concentrated stress occurred at a fiber spacing of
eight fiber diameters. Similarly, Van den Heuvel et al. [23] also ob-
served the fiber fragmentation behavior in multi-fiber composites by
implementing a Raman spectroscopy technique. They found that the
transition occurred at a fiber spacing of nine fiber diameters. These
results [23,29] suggest that, for cases in which commercial composites
with a small interfiber spacing are implemented, fiber breakage pri-
marily occurs as a consequence of stress concentration, which typically
leads to the breakage of the fiber directly adjacent to a fractured fiber;
this implies that, the fragmentation patterns in embedded fibers are
similar. Furthermore, Van den Heuvel et al. also investigated the strain
distribution along the longitudinal axis of fibers [26]; however, the
measured stress concentration factor (SCF) was not sufficiently high in
inducing successive fiber failure in the neighboring fibers. Based on
these results, we have inferred that the area excited by the Raman in-
cident light is inclined at an angle of 90° with respect to the area of
stress concentration, as illustrated in Fig. 1. Thus, even if the measured
strain is not sufficiently high, the significant (localized) stress con-
centration is expected to generate on the surface of an intact fiber near
a fiber break point. This has already been recognized and investigated
by Xia et al. [17] and Swolfs et al. [33]. Watanabe et al. [34] recently
conducted fundamental research to determine the surface SCF by per-
forming double-fiber fragmentation tests, and subsequently compared
the results to the corresponding results of a spring element model
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simulation, which considered the added concentrated stress on the fiber
surface adjacent to a broken fiber. Moreover, they demonstrated that
applying the acquired SCF to a spring element model simulation yields
results that are consistent with experimentally obtained strengths of
unidirectional CFRP composites. The fact that fragmentation testing
yields different stress concentrations for different types of matrix ma-
terials implies that the strengths of composites are dependent on the
matrix materials. However, to our knowledge, no report has presented
the tensile strength to be predicted from the SCF obtained from frag-
mentation composites made with different matrix materials. Moreover,
no comparison or verification has been offered using actual composite
materials. Furthermore, the procedure for determining the surface
stress concentration remains tentative.

In this study, we considered the surface stress concentration on fi-
bers caused by a fracture site in an adjacent fiber into our prediction of
the ultimate tensile strengths of unidirectional CFRP composites. The
stress concentrated on the fiber surface was determined by performing
multi-fiber fragmentation tests in combination with a spring element
model simulation. We defined the coordinated fracture to quantita-
tively evaluate the SCFs. The acquired SCFs were subsequently applied
to obtain the tensile strength prediction of unidirectional CFRP com-
posites. The composites were fabricated with T1100G carbon fiber and
four types of epoxy materials with different mechanical characteristics.
We tested these materials to validate the proposed prediction method.
The size scaling results obtained in conjunction with the results from
the spring element model simulation were reasonably consistent with
the experimental data on the strengths of the four types of unidirec-
tional CFRP composites used herein. A scenario on the origin of stress
concentrations generated on an intact fiber surface is investigated
through a numerical analysis based on the finite element method.

2. Experimental method
2.1. Sample preparation and mechanical characterization

High-strength, polyacrylonitrile (PAN)-based carbon fiber
(TORAYCA™ T1100G) and four types of bisphenol-A epoxy resin ma-
terials were used to prepare multi-fiber and UD composites. Table 1
presents a summary of the physical and mechanical properties of the
fiber and the matrix. Note that the tensile-loading experiments per-
formed herein revealed that the four types of epoxy materials exhibited
different mechanical characteristics (details on the sample preparation
and mechanical evaluation are provided in the Supplementary
Material). Thus, the epoxy materials are hereafter referred to as “A-
epoxy,” “B-epoxy,” “C-epoxy,” and “D-epoxy,” with the order of the
names indicating the magnitude of the elastic modulus (lowest to
highest).

Most related studies have implemented various statistical models to
describe the statistical distribution of fiber strength, such as the un-
imodal Weibull distribution, Weibull of Weibull distribution, bimodal
Weibull distribution, lognormal distribution, and Gaussian distribution.
We chose to apply the bimodal Weibull distribution as the statistical
distribution of fiber strength, based on the report by Watanabe et al.
[34]. Table 2 summarizes the parameters used to construct the bimodal
Weibull distribution for the T1100G carbon fiber used herein (the de-
tailed procedures for determining the bimodal Weibull parameters will
be discussed in Section 2.2). Two different types of PAN-based carbon
fibers reported by Watanabe et al. [30,34] are also indicated in Table 2.
Note that different types of PAN-based carbon fibers possess a different
statistical distribution of strength.

Multi-fiber fragmentation specimens were prepared by positioning
two to four fibers parallel to the loading direction, implementing an
interfiber spacing of approximately 3.5-20.0 um (i.e., approximately
one-half to four fiber diameters). After adjusting the interfiber spacing,
the fibers were translated and glued onto two pieces of plastic tape with
an interspatial distance of approximately 80 mm, then positioned in a
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Fig. 1. Schematic showing the relationship between the stress concentration area and the area excited by Raman incident light. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Physical and mechanical properties of the T1100G carbon fiber and the four
types of epoxy materials: Young’s modulus (E), tensile strength (o), Poisson’s
ratio (v), failure strain (¢), and diameter (D). The average value is given, and
the range is indicated in parentheses.

E (GPa) o (MPa) v() € (%) D (um)
Carbon fiber 324 7000 - - 5.4
A-epoxy 3.10 94.0 0.34 6.2 n/a

(2.82-3.47)  (78.3-103.4) (0.32-0.38)  (4.1-7.8)
B-epoxy 3.26 97.0 0.34 8.1 n/a

(3.18-3.45)  (95.5-98.4) (0.33-0.34) (7.8-8.4)
C-epoxy 3.33 101.0 0.34 6.6 n/a

(3.14-3.48)  (96.3-103.5) (0.39-0.36)  (5.6-7.3)
D-epoxy 3.80 102.9 0.34 7.5 n/a

(3.72-3.93)  (101.3-105.2)  (0.32-0.35) (7.3-7.7)

Table 2

Bimodal Weibull parameters of the T1100G carbon fiber and two different types
of PAN-based carbon fibers (i.e., T800S and T700S).

001 m 002 my Source
T1100G 7.7 4.5 9.1 13.0 This study
T800S 6.9 4.1 8.3 13.0 Refs. [30,34]
T700S 5.2 4.8 6.1 12.0 Refs. [30,34]

glass mold, such that the embedded depth of the fibers was approxi-
mately 60 um from the surface of the specimen. Subsequently, a pre-
heated and degassed epoxy resin was poured into the preheated glass
mold in which the fibers were bonded. Finally, the specimens were
cured in an air oven at 160 °C for 5h prior to post-curing at 180 °C for
2 h. The specimens were cooled in the oven to room temperature before
being cut into 74 mm (length) x 26 mm (width) samples using a wheel
saw (Metkon, METACUT 251).

Multi-fiber fragmentation tests were performed to facilitate the
derivation of a quantitative description of fiber failure processes by
using a polarized-light microscope (OLYMPUS, BX60) equipped with a
custom-made four-point bending machine. The inner and outer span
lengths were 18 mm and 50 mm, respectively. A strain gauge (KYOWA,
KFG-2-120-C1-11) was attached on the surface of the multi-fiber com-
posites subjected to tensile loading to monitor the tensile strain applied
to the fibers. The strain was increased in 0.1% steps until a maximum of
5.0% tensile strain was achieved and held constant during the ob-
servation of both the number and positions of the broken fibers. The
number of broken fibers observed under the pure bending conditions
(i.e., at the central part of the specimen (=10mm in length)), was
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counted using the polarized-light microscope. The strain applied to the
fiber ¢ was calculated as follows:

2.0 (t—zd) N
g =X —X - &,
4

(€Y

where ¢, is the measured composite strain, x is the strain gauge factor
(=2.13), t is the thickness of the multi-fiber composites (= ~2 mm), d
is the embedded fiber depth of the fibers (= ~60 um), and ¢f is the
indirectly applied strain originating from the included residual com-
pressive strain on the fiber caused by the thermal expansion mismatch
between the fiber and the matrix, as determined via Raman spectrum
analysis. Both ¢ and d were measured prior to fragmentation testing.

The tensile strengths of the prepared unidirectional CFRP compo-
sites were measured to validate the accuracy of the tensile strength
predicted by a spring element model derived based on the multi-fiber
fragmentation test results. The composites were prepared via conven-
tional vacuum bagging and autoclave laminating technique to produce
the laminate structure of [0g]. The maximum applied pressure during
processing was approximately 0.6 MPa. The respective curing and post-
curing temperatures and durations were identical to those employed in
the multi-fragmentation specimen preparation. The fiber volume frac-
tion and the bulk density of the resultant composites were 57% and
1.79 Mg/m>, respectively. The tensile strength of each of the compo-
sites, in the form of a 12.7mm (width) X 1.1 mm (thick-
ness) X 230 mm (length) test specimen, was measured via a tensile-
loading experiment under ambient conditions. The gauge length and
the crosshead speed for the tensile tests were 127 mm and 21.2 pm/s
(1.27 mm/min), respectively. A strain gauge was used to measure the
longitudinal strain of one side of the specimen. Five samples for the four
types of unidirectional CFRP composites were measured. The ranges of
the measured properties, in addition to the averaged values, are re-
ported in subsequent sections.

2.2. Model preparation

Monte-Carlo methods were implemented in the spring element
model simulation to determine the stress concentrated on the surface of
the intact fibers surrounding the fiber break points. The spring element
model comprises longitudinal and transverse spring elements in a three-
dimensional hexagonal arrangement [18,30]. The longitudinal element
represents fibers that exclusively carry the tensile load, whereas the
transverse element represents the matrix that only sustains the shear
load. The stiffnesses of the longitudinal spring element K and trans-
verse spring element Ky are respectively calculated as follows:
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where L and T represent the longitudinal and transverse directions,
respectively, E is the Young’s modulus of a fiber, G is the shear modulus
of a matrix, R is the radius of a fiber, and [ and d are the spring lengths
along the longitudinal and transverse directions, respectively. The
length of the transverse spring d can be obtained as follows:

0.01 <9
d = 2 ’
R( . —2) (> 4) ©

where V; and f are the fiber volume fraction and the number of fibers in
the model, respectively. The experimentally observed average interfiber
spacing in the multi-fiber fragmentation specimens was approximately
0.01 mm (10 um). Therefore, d was set to 0.01 to analyze the results of
the multi-fiber fragmentation tests performed under the condition that
the maximum number of fibers in the model is four. Conversely, a
hexagonal close-packed structure was assumed for the analysis of the
unidirectional CFRP composites. In spring element models with two to
four fibers, the longitudinal spring elements other than fibers are as-
signed as a matrix; thus, the stiffness of a matrix is implemented in the
longitudinal spring elements.

The stress profile of fibers generally varies because of plastic de-
formation and damage, such as debonding and matrix cracking. The
matrix is indirectly modeled in this study; hence, implementing de-
bonding and matrix cracking would be difficult. Therefore, for simpli-
city, this model considered only the effect of the plastic deformation of
the matrix. We considered the situation in which the fiber axial stress
within the stress recovery region o can be expressed as a linear function
of the distance Ds from the fiber break point, as is described by the
following equation [18]:

_ 213D

Os = —>

R @

where 7 is the interfacial shear stress that is assumed to be constant,
which means that the matrix is modeled as a perfectly elastoplastic
body. Thus, the equilibrium equation to represent the entire system is
expressed as follows:

Nf—Np—Np Nm . Np . ! a
ZKT u+Z7TR‘/;BLO'SdZ=f,
e=1 e=1

%" k-
e=1 ®

where N; and N, are the number of fiber and matrix elements, re-
spectively, N, is the number of broken fibers, and N, is the number of
fiber elements in the plastic deformation regions.

We considered herein the situation in which the fiber failure is as-
sumed to occur at the fiber surface, based on the fact that almost all
fibers were broken by surface flaws [34]. The fiber breakage probability
P; (o) under the condition that the fiber is subjected to stress o at the
surface area Sy (=27RLy) is expressed as follows:

o

Pi(o)=1-— eXP{—i(i) T %(U_oz) 2} ©)

Sto \ 0o
where Ly is the gauge length, S¢o (=27RL¢,) is the representative surface
area of the fiber (Lfy = 10mm), oy, and oy, are the Weibull scale
parameters, and m; and m, are the Weibull shape parameters. The
parameters in the first term within the brackets, o,; and m,;, were ob-
tained through single-fiber tensile tests under the representative length
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Fig. 2. Fiber breaking behavior obtained from single-fiber fragmentation tests.
The behaviors calculated using both the unimodal Weibull parameters and the
bimodal Weibull parameters are indicated. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

(Lto) of 10 mm and gauge lengths of 10, 25, and 50 mm (the detailed
procedures for determining o; and my; are explained in the
Supplementary Material). Fig. S2 in the Supplementary Material shows
Weibull plots of the T1100G carbon fiber determined using Eq. (S1).
The intercept (dp; = 7.7) and the slope (m; = 4.5) were determined by
applying a least-squares technique to the acquired Weibull plots. Fiber
breaking behavior obtained from single-fiber fragmentation tests is
shown in Fig. 2. It is observed that fiber break behavior calculated by
implementing unimodal Weibull parameters (indicated by the red da-
shed line) is not consistent with the experimentally obtained data.
Therefore, the second term parameters, gy, and m,, were determined by
using the elastoplastic shear-lag model to apply a curve-fitting scheme
to the experimental data [35]. The fitting results and resultant para-
meters are presented in Fig. 2 and Table 2, respectively.

Fibers are hexagonally arranged in the model; thus, the fiber surface
can be divided into six segments, as illustrated in Fig. 3. The surface
SCF of the i-th fiber segment adjacent to a broken fiber at the plane of
fracture was considered by assuming that it was «a; times the average
stress on the surface of an adjacent fiber. This is given as follows:

oci=1+yi(1—&).
L

_ 0 (a fiber segment facing a neighboring intact fiber)
e -1 (a fiber segment facing a neighboring broken fiber)

(€8]

where a is the SCF of a fiber adjacent to a broken fiber in the same
plane, Dy is the distance from the break point, and I is the stress re-
covery length. Thus, considering the contribution of stress concentra-
tion on an intact fiber surface, the fiber breakage probability P;;(c) can

be rewritten as follows:
St (“ia)ml _ S_f(ﬂ)m
Sto \ Go1 Sto \ Goz ,
where S;; is the i-th fiber segment of surface area (Sg; = 7RL¢,/3). As
mentioned earlier, the spring element model does not directly represent
the matrix aside from the shear load. Therefore, the additional stress
concentration is added in an ad-hoc manner to capture the experi-
mentally measured correlations in fiber breaks.
The strength of the n-th fiber segment is determined by choosing a
random number R, ranging from O to 1 and solving equation
R, = P;y(0,). The longitudinal element was removed from the model

10)

Pii(o)=1— exp{— 12
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Fig. 3. Definition of the stress concentration on the surface of the i-th fiber segment.

when the stress applied to a fiber at the n-th fiber segment achieved the
statistical distribution of the strength of the fiber g,.

2.3. Determination of the stress concentration factor

The SCFs a on the surface of an intact fiber were determined by
employing the spring element model to investigate the a 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
broken fiber element, that was determined via multi-fiber fiber frag-
mentation testing. Thus, the two to four longitudinal spring elements in
the center of the spring element model were assigned to the fibers, and
the remaining elements were assigned to the matrix. The fiber elements
measuring 10 mm in length were divided into 2000 segments (i.e., the
unit length of the fiber element was 5 pm). 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. Note that we previously analyzed how the fiber break
point is changed by varying a from 1.0 to 2.0 using a double-fiber
composite model [30]. Under the condition that a is 1.0, the fiber break
positions of two fibers were observed to randomly distribute along the
fiber axis direction. By contrast, the simulation results obtained con-
sidering an additional stress concentration of a = 2.0 agreed well with
the fiber break behavior obtained from the experiments.

2.4. Tensile strength determination of unidirectional CFRP composites

The tensile strengths of the unidirectional CFRP composites were
predicted via the spring element model. The bimodal Weibull dis-
tribution was applied as the statistical distribution of fiber strength. The
model comprised 1024 fibers measuring 3 mm in length that were di-
vided into 300 segments. The stress concentration was applied to the
surface of the intact fibers according to Eq. (10). The tensile strength is
defined as the applied maximum composite stress, and the final failure
is assumed to be in progress once the average fiber stress decreases to
90% of the maximum fiber stress (as shown in Supplementary Fig. S3,
maximum composite stress does not vary when the criterion of the final
failure is changed to 70%, 80%, or 90%). Prior to comparing the si-
mulated results to the experimental data, the simulated strengths were
subjected to size scaling, as follows [36]:
nL = —ngLg/In(1 — E(5})), 13)
where n; is the number of the fibers (ny = 1024), L; is the length of the
composite (Ly = 3 mm), F (&) is the cumulative probability of failure at
a given strength as determined by 100 spring element model simulation
runs, and nL is the size at which the characteristic strength is achieved.
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3. Results and discussion
3.1. Mechanical evaluation of unidirectional CFRP composites

First, we prepared unidirectional CFRP composites consisting of the
four types of matrix polymers, and subsequently employed tensile-
loading tests to investigate their mechanical properties along the di-
rection of the fiber axis. Fig. 4 and Table 3 summarize the re-
presentative stress-strain behavior and summary of the measured me-
chanical properties, respectively. Note that all composites tested in this
study experienced catastrophic failure after reaching a maximum load,
exhibiting a stress-strain relationship that is typically observed in
conventional unidirectional CFRP composites. As presented in Table 3,
no significant difference was observed between the Young’s modulus
values, whereas for example the composite fabricated with the D-epoxy
demonstrated strength enhanced by a factor of approximately 1.2
compared to the composite made with the A-epoxy.

3.2. Tensile strength prediction of B-epoxy matrix composites

As previously mentioned, the fibers surrounding a broken fiber were
subjected to increased stress concentration, which increased the prob-
ability of failure. Therefore, the understanding of the failure phe-
nomena of such fiber is a prerequisite for the tensile strength prediction
of unidirectional CFRP composites. First, we investigated the influence
of interfiber spacing on the failure phenomena of the fibers by per-
forming a double-fiber fragmentation test. For this test, the B-epoxy
material was used in the specimen preparation. Fig. 5 illustrates the
birefringence patterns at the fiber break points in the double-fiber
fragmentation composites that varied by interfiber spacing. The images

4

Composites made with
—O— A-epoxy
3 —O—B-epoxy
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—&— D-epoxy
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Fig. 4. Representative stress-strain curves for the four types of unidirectional
CFRP composites.
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Table 3

Measured properties for the four types of unidirectional CFRP composites.
Shown are the Young’s modulus, tensile strength, and failure strain along the
direction of the fiber axis.

Young’s Tensile strength Failure strain
modulus (GPa) (GPa) (%)
A-epoxy matrix 179 3.12 1.60
composite (178-180) (2.95-3.22) (1.51-1.65)
B-epoxy matrix 175 3.17 1.65
composite (169-179) (3.05-3.32) (1.59-1.74)
C-epoxy matrix 171 3.26 1.73
composite (166-175) (3.08-3.35) (1.67-1.83)
D-epoxy matrix 174 3.85 1.98
composite (172-177) (3.74-3.97) (1.93-2.01)

were acquired following an approximately 5.0% alleviation of the
composite strain. The illustrations above each of the birefringence
patterns demonstrate the positional dependency of neighboring fibers
with respect to the fiber break point. 0° indicates a perfect alignment of
the fracture site. Irrespective of the interfiber spacing, fiber breakage
resulted in matrix crack initiation. Moreover, a large number of fiber
failures occurred at similar positions (i.e., at small angles), indicating
that the stress concentration caused by fiber fracture was sufficiently
high to cause the adjacent fiber to fracture, which nullifies the influence
of random distributed flaws along the fiber on the fiber strength. As a
fiber-fiber interaction criterion, fiber fractures that occurred at an angle
within 0° to 45° are defined as coordinated fractures based on the
nature of elastoplastic polymer material fracture phenomena [37]. The
percentages of coordinate fractures occurring in double-fiber compo-
sites with interfiber spacings of 3.6 um, 9.9 um, and 20.0 um were 73%,
57%, and 60%, respectively. Even though some variation was observed
for the percentages of coordinate fractures, the measured percentages

o
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appeared to be higher than those observed for fiber failure that were
governed by the statistical strength distribution of fibers [23]. This
result indicates that for an interfiber spacing of one-half to four fiber
diameters, the failure process of the fiber was predominantly governed
by the fiber—fiber interactions. Note that debonding was not apparent
around the fiber break points in any specimen, suggesting that the
composites prepared herein exhibited good interfacial connectivity.

Next, the fiber fracture behavior of the multi-fiber fragmentation
composites consisting of up to four fibers was investigated to quanti-
tatively determine the surface SCFs. As shown in Fig. 6, the polarized-
light microscopy investigation revealed that matrix cracks and the co-
ordination of fractures in adjacent fibers were observed in multi-fiber
fragmentation composites, regardless of the number of fibers. Fig. 7
shows the dependence of the number of fiber breaks in a primary fiber
on the percentage of coordinated fractures, with the primary fiber being
a fiber with a larger number of breaks. The percentage of coordinated
fracture in the double-fiber composites tended to increase as the
number of fibers was increased. Figs. 5 and 6 depict that being posi-
tioned along the same plane of a fracture does not necessarily mean that
the fiber will fracture; thus, the reduction in the percentage of co-
ordinated fractures may be attributable to the fact that coordinated
fractures are less likely to occur when the number of fibers is high. At
3.2% fiber strain (i.e., & calculated via Eq. (1) for a composite strain e,
of 5.0%), the percentages of coordinated fractures (and standard de-
viation) in the double-, triple-, and quadruple-fiber composites were
48.3% (= 14.1%), 33.3% ( = 17.8%), and 15.8% ( *= 5.8%), respec-
tively. Additionally, the number of fibers and interfiber spacing were
not observed to yield any effect on the fracture onset strain (i.e., the
strain at which the first fiber failure was generated).

A quantitative determination of the SCFs a on the surface of an
intact fiber near a fiber break point was achieved by implementing the
spring element model to investigate the value of a. Fig. 8 illustrates the

°
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Fig. 5. Birefringence patterns in the double-fiber fragmentation composites with an interfiber spacing of (a) 3.6 pm, (b) 9.9 um, and (c) 20.0 um. (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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Fig. 7. Effects of the number of fiber breaks in primary fibers on the percentage
of coordinated fractures.

relationship between the SCF and the percentage of coordinated frac-
tures for each fragmentation composite, which was determined by
systematically sweeping « in the spring element model simulation. The
simulation results showed that the percentage of coordinated fractures
increased in response to an increased SCF, but decreased with an in-
crease in the number of fibers. Upon comparing the simulated percen-
tages of coordinated fractures to the corresponding experimental ob-
servations, the SCF on the surface of an intact fiber was determined to
be approximately 2.0. Moreover, the number of fibers did not sig-
nificantly affect the surface SCF, indicating that for the composites
fabricated with B-epoxy, the concentrated stress acting on the fiber
surface was twice as much as the fiber stress with no additional surface
stress concentration.

As previously mentioned, stress concentration was considered in the
prediction of the tensile strength of the unidirectional CFRP composites
fabricated with the B-epoxy matrix. Fig. 9 depicts the fiber fracture
behaviors on the final failure planes simulated via the spring element
model. We defined the plane, including the most fiber breaks, as the
final failure plane. A stress ratio of less than 1 in Fig. 9 indicates that the
fiber failure occurred near the final failure plane, while a stress ratio of
0 illustrates that the fiber failure occurred in the final failure plane. In
the case of no additional stress concentration condition (i.e., « = 1.0),
the fiber failure was clearly randomly distributed across the plane. This
phenomenon is consistent with the statistical distribution of fiber
strength. In contrast, additional concentrated stress encourages the
formation of broken fiber clusters, which results in relatively premature
fracturing. Fig. 10 illustrates a comparison of the experimental and si-
mulated results for the unidirectional T1100G carbon fiber/B-epoxy
composites. In this figure, the circles represent the size scaled strength
results calculated according to Eq. (13), whereas the cross symbols
denote the experimentally obtained tensile strengths of these compo-
sites, which ranged from 3.05 to 3.32 GPa (mean: 3.17 GPa). The si-
mulated data obtained without consideration of added concentrated

Composites Part A 121 (2019) 499-509

Fig. 6. Birefringence patterns in the (a)
triple-fiber fragmentation composite and (b)
quadruple-fiber fragmentation composite.
The matrix cracks and coordination of frac-
tures are observed for the multi-fiber frag-
mentation composites with interfiber spa-
cing ranging from one-half to four fiber
diameters. (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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Fig. 8. Relationship between the SCFs and the percentage of coordinated
fractures for the (a) double-, (b) triple-, and (c) quadruple-fiber fragmentation
composites.
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Fig. 9. Distribution of stress in the axial direction on the final failure planes. (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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Fig. 10. Experimental and simulated results for the unidirectional T1100G/B-
epoxy composites.

stress were incongruent with the experimental data, whereas the pre-
dictions incorporating an SCF of 2.0 were reasonably consistent with
the experimental data. Furthermore, although the prediction with
a = 2.1 seemed to yield a better tensile strength prediction than with
a = 2.0, we conclude that the prediction method proposed herein yields
a reasonably accurate tensile strength prediction when the matrix
crack-induced surface stress concentration of fibers is appropriately
considered.

Previously, Okabe et al. [36] predicted the tensile strength of uni-
directional CFRP composites made with T80OH carbon fiber, and the
result analyzed by the 3D shear-lag model provided the upper limit of
the experimental value. However, the strength of the T80OH carbon
fiber used to predict the tensile strength of the unidirectional CFRP
composite was lower than that specified in the supplier’s catalog data.
In addition, the validity of the strength data is unclear, because these
data have not been compared against the results of the single-fiber
composite tests discussed in the study; this indicates a need for re-ex-
amination of the tensile strength prediction processes reported in [36].

3.3. Application to different types of composites

We applied the above-mentioned strength prediction method to the
unidirectional CFRP composites made with the “A-epoxy,” “C-epoxy,”
and “D-epoxy.” The SCF on the surface of intact fibers was acquired via
double-fiber fragmentation testing considering the fact that for the B-
epoxy matrix composites, the number of fibers did not influence the
SCFs (Fig. 8). Fig. S4 in the Supplementary Material illustrates the re-
sults of implementing SCF determination obtained via double-fiber
fragmentation testing and the spring element model simulation. The
SCFs were calculated as approximately 2.15 for the A-epoxy, 1.93 for
the C-epoxy, and 1.75 for the D-epoxy. A comparison of the results
presented in Fig. 8 and Fig. S5 revealed clear differences among them.

Thus, surface SCFs were implemented to predict the tensile strength
of the three types of the unidirectional CFRP composites. Fig. 11 pre-
sents a comparison of the experimental and simulated results. In one
example, the experimentally obtained tensile strengths of the D-epoxy

6
Composites made with
O A-epoxy
ey 5L ® C-epoxy
o
9 ® D-epoxy
<
=
[ -
$ 4~ om—e -
s \
U IR
2 O
2
@ 3
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2 > 1 |4 1 16 1 |8
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Fig. 11. Experimental and simulated results for the three types of unidirec-
tional CFRP composites. The cross symbols indicate the experimentally ob-
tained tensile strengths of these composites.
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matrix composites ranged from 3.74 to 3.97 GPa (mean: 3.85 GPa), and
are denoted by a cross symbol in the figure. The estimated tensile
strength simulated under the condition of a=1.75 was approximately
3.9 GPa. This value is reasonably consistent with the experimentally
obtained tensile strength. Additionally, a cluster formation on the final
fracture plane was observed in the composite system (Supplementary
Fig. S5). Consequently, the results demonstrate that, even if the me-
chanical properties of the matrix materials vary, the proposed method
can yield a reasonable prediction of the tensile strength of the uni-
directional CFRP composites.

The possible mechanism by which the additional stress concentra-
tion occurs is not clear; moreover is it unclear why the SCF varies de-
pending on the matrix characteristics. A numerical analysis using the
finite element method was conducted to access possible mechanisms by
which higher stress is generated on the intact fiber surface adjacent to
the fiber break point. In this analysis, a hexagonal fiber arrangement
was used, and only one-twelfth of the structure was modeled and
analyzed owing to reasons of structural symmetry. The schematic re-
presentation of the one-twelfth of the composite model is shown in
Fig. 12(a). The fiber and matrix were assumed to be elasto-plastic and
elastic materials, respectively. The matrix was assumed to have re-
hardening characteristics with a modulus of 0.38 GPa, which is 1/10 of
the initial slope in the elastic region of the D-epoxy material. Moreover,
the plasticity-free layer model of Suo, Shih, and Varias [38], referred to
as the SSV model, an elastic layer with a thickness of 50 nm, was im-
posed around the matrix crack using the same elastic properties as the
D-epoxy material. The matrix crack was assumed not to reach the intact
fiber surface and there was a 30 nm-thick elastic layer between the
crack tip and the intact fiber surface. Due to the elastic region sur-
rounding the matrix crack, the stress singularity is retained. Displace-
ment control is considered in the model, and the maximum applied
composite strain is 2.0%. The elastic stiffnesses of the fiber and the D-
epoxy materials are listed in Table 4. The elasto-plastic behavior model

Table 4

Elastic stiffness Cj; (GPa) and Young’s moduli E; (GPa) of the T1100G carbon
fiber [39] and D-epoxy material. The xs-axis is parallel to the fiber axis direc-
tion.

Cn Cs3 Ci3 Caq Cee En Es3
Fiber 24.8 314.7 22.7 20.5 5.6 17.0 287.9
D-epoxy 5.8 3.0 1.4 3.8

Crack front —,

cn
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Fig. 12. (a) Schematic representation of the
one-twelfth of the composite model. (b)
Contour image of normal stress in the fiber
axial direction at the 2.0% strain condition.
(c) Enlarged image, taken from the white
square area in image (b). (For interpretation
of the references to colour in this figure le-
gend, the reader is referred to the web ver-
sion of this article.)
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Fig. 13. Elasto-plastic behavior model of the D-epoxy material.

of the D-epoxy material is shown in Fig. 13. Fig. 12(b) and (c) show
contour images of normal stress in the fiber axial direction at the 2.0%
strain condition.

It was revealed that an SCF of a = ~1.7, as observed for the D-
epoxy matrix composite, was indeed generated on the intact fiber sur-
face by defining the SCF as the ratio of the stress of an outermost sur-
face element of the intact fiber to the stress in an element sufficiently
away from the fiber break point. In addition, as shown in Fig. 14, the
stress recovery behavior of the broken fiber was reasonably consistent
with the behavior obtained from the spring element model simulation
under the condition a = 1. Fig. 15 shows the positional dependence of
the SCF in the circumferential direction of the intact fiber; the SCF
decreases rapidly with the increase in the angle, and the SCF decreases
almost 1 at about 60°. Note that we previously investigated the SCFs
using analytical models that included/excluded SSV and rehardening
treatments; the SCFs obtained were less than 1.4 in all the analyses,
indicating that no significant increase in the SCFs was observed when
excluding the two treatments. We consider that the above-mentioned
mechanism is one of the scenarios in which a higher stress is generated
on the intact fiber surface. It remains unclear why the SCF varies with
the matrix characteristics, and further research is needed to clarify this
reason; however, because the degree of SCF depends on the gap be-
tween the crack tip and the intact fiber surface, we speculate that the
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Fig. 14. Comparison of the stress recovery behavior calculated from the finite
element simulation and spring element model simulation.
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Fig. 15. Positional dependence of the SCF in the circumferential direction of

the intact fiber. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

difference in the gap distance was caused by the difference in the mode-
I stress intensity factor of the epoxy matrix.

As previously mentioned, improving the accuracy of the tensile
strength prediction is central to CFRP composite research. For instance,
in certain types of CFRP material [36], our previous model over-
estimated the ultimate tensile strength compared with the experimen-
tally obtained data, and we could not make a full explanation of its
reason. The results indicate that the fact that matrix cracks near the
fiber break points increase the amount of stress concentrated on the
fiber surface must be considered to obtain a high-accuracy strength
prediction. Moreover, the surface SCF must be properly estimated to
improve prediction accuracy. Therefore, further work is currently un-
derway to investigate the relationship between the surface SCF and
matrix polymer properties, and this will provide useful information to
composite researchers. Our findings provide a potential framework that
can be implemented to facilitate the development of stronger CFRP
composites.

4. Conclusions

Four types of unidirectional CFRP composites with different me-
chanical characteristics were prepared in this study. The tensile
strengths of the fabricated composites were predicted via a numerical
simulation based on the results obtained from multi-fiber fragmentation
experiments. Furthermore, the primary aim of this study was to explore

cno

Composites Part A 121 (2019) 499-509

the effects of matrix polymer properties on the stress concentrated on
the fiber surface. Consequently, the multi-fiber fragmentation test re-
sults demonstrated that for an interfiber spacing of one-half to four fiber
diameters, the failure process of the fiber was predominantly governed
by fiber-fiber interactions, irrespective of the matrix polymer proper-
ties. We also demonstrated that the degree of stress concentrated on the
surface of fibers can be changed by modifying the mechanical proper-
ties of the matrix polymer. Additionally, utilizing an epoxy matrix with
a higher Young’s modulus and increased tensile strength in the com-
posite preparation reduced the SCF from approximately 2.15 to 1.75.
We have also shown a numerical scenario on the origin of the stress
concentrations that are generated on the intact fiber surface by im-
plementing the SSV model and employing the rehardening character-
istics of epoxy materials. Finally, we confirmed that employing the
measured SCFs and bimodal Weibull distribution to determine how
strength is statistically distributed throughout the fiber yields the pre-
dicted strengths of the four types of unidirectional CFRP composites
that are reasonably consistent with the experimental data, thereby
demonstrating the validity of the proposed prediction method.
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