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ABSTRACT.

The mechanical integrity of astructural composite is strongly affected by the strength and tough-
ness of the fiber-matrix interface/interphase [1], with interfacial shear strength (IFSS) being generally ac-
cepted as the best quantifying metric. The value of the IFSS is not directly measurable, but it can be ap-
proximated by several micromechanics based test methods with the value obtained being dependent on the
choice of the model. The most popular of these test methods is the embedded single fiber fragmentation
test (SFFT) which provides the experimental data needed to estimate the IFSS: (a) mean fragment length
at saturation and (b) fiber strength at the critical fragment length.

Because the IFSS is used in unidirectional composite models to predict strength and failure behav-
ior, where the interaction between fibers can be important, the validity of extrapolating from test results
based upon the repeated failure of asingle isolated fiber has often been questioned. In this paper, the spa-
tial distribution of fiber breaksin a2-D array of glassfibersis compared with break locations observed
from SFFT specimens. In both cases, the break locations in each fiber were found to evolve to a uniform
distribution, thereby confirming that the ordered fragment lengths from the repeated fracture process con-
forms for both SFFT and multi-fiber fragmentation test (MFFT) specimens to a cumulative distribution
function (CDF) derived by Whitworth [2-5]. The array break density was also observed to be less than the
break density in isolated fibers, and break locations across array fibers were observed to be highly coordi-
nated and mostly aligned.

KEYWORDS: composites, interface, interfacia shear strength, E-glass, epoxy resins.
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INTRODUCTION

The mechanical integrity of a structural composite is strongly affected by the strength and tough-
ness of the interface/interphase that is formed between the continuous matrix phase, or resin, and the rein-
forcing phase, normally consisting of closely spaced carbon or glassfibers[1]. Interfacial shear strength
(IFSS) isthe generally accepted parameter for quantifying the strength of the matrix-fiber.inter-
face/interphase and is used to model a composite’s strength and failure behavior. However, the value of
the IFSSis not directly accessible by measurement and must be approximated indirectly from experi-
mental data obtained from micromechanics test methods and a single fiber composite (SFC) model that

has been modified for composite analyses.

One mechanical test that generates such data is the single fiber fragmentation test (SFFT) [6-11]
which involves the repeated fracture of the embedded fiber toa point called saturation (cessation of fiber
breaks). By recording the overall strain and load on'the fiber at saturation, as well as the number of breaks
(current practice) and associated fragment lengths, an approximate calculation for the IFSS is obtained
using models derived from the ‘fiber’ free body diagram shown in Figure 1. The limitations of the various
micromechanical models developed to calculate the IFSS have been well documented [12-22]. The equa-

tion for calculating the IFSS, 7;, has the following general form:
Equation 1

7y = 17 f{lc}or (L)
where

T¥ isthe radius of the fiber
o¢(l;) isthe strength of the fiber at the critical transfer length, [, [17,23].

f{l.} “isafunction of I, with the explicit expression depending on model assumptions with the two most
popular models being the Kelly-Tyson (K-T, Equation 1a) and the Cox (Equation 1b) models [24].
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KI

Kelly-Tyson Model:  f{l.} = - = > yields Equation 1a
i _ E sinh(Bl:/2) . .
Cox Mode!: fil.} = 2 rosh Bl D1 yields Equation 1b
1
-1 Em ]5
b= T |(A+vm)(Ef—Em)In(rm/7f)

K' variability correction factor has a value of 0.75 or 0.668 [25]
Epm, Ef are the modulus of the matrix and fiber, respectively.
T 75 are the radius of the matrix and fiber, respectively.
Vi is the Poisson’ sratio of the matrix.

In reviewing the fragmentation test protocol, Curtin [26] indicated the need to record break loca-
tions along the fiber axis within the gauge length of interest, thereby allowing the actual fragment length
distribution to be recorded and modeled. Drzal et al. [11] followed this approach and generated a frag-
ment length distribution for two different fibers (sized and unsized) in an epoxy/carbon fiber system. They
reported good fits of their fragment length data to a Weibull distribution. However, the Weibull distribu-
tion function has not always been successful in modeling fragment length data. Bascom et al. [27] report-
ed that their fragment length data collected from ten separate carbon fibersin epoxy matrices, were not
well modeled by a Weibull distribution, which suggested that an alternative statistical approach might be
more accurate in representing such data. Others[17,28] have advocated the use of alog normal distribu-
tion. 1n 2009, apossible alternative to using Weibull statistics for fragment length data was proposed by
Kim et al. [9]; who demonstrated that a uniform distribution could be very successfully applied to describe
the spatial arrangement of break centroids along a fiber axis. The application of Uniform Spacings theory
gives an explicit equation for the ordered fragment length distribution due to Whitworth [2-4].

In 1995, a multi-fiber fragmentation study using 2-D Nicalon fiber arrays showed that the mean
fragment length in an array istypically larger than the mean fragment length obtained from the repeated

fragmentation of asingle fiber [29]. The fragment length was shown to increase with smaller inter-fiber
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separation and/or more embedded fibers. Li et al. [29] observed that the Cox-type shear-lag theories,
which are the basis for composite models, predict the opposite effect. These results led the researchers to

conclude that the embedded SFFT isinsufficient to model fiber behavior in real composites.

In this paper the SFFT technique is extended to 2-D multiple-fiber arrays (multi-fiber fragmenta-
tion test, MFFT) prepared using the rotation device concept developed by Wagner and Steenbakkers [30]
with modifications made to achieve uniform inter-fiber distances of about 1 yn [31]. The samples were

tested and the data archived using the automated tensile tester described inreference [32]. In addition, the
epoxy resin formulation is covalently bonded to the glass fiber through a standard silane coupling agent
and formulated to limit the damage associated with fiber fracture to fiber-matrix debonding only. The
motivations for this approach are three-fold: (a) To eliminate premature specimen failure that arises from
the coalescence of matrix cracks [33], (b) To simplify the complex fiber-fiber interactions around a fiber
break (Figure 2) and establish a framework for addressing these more complicated failure modes in a sys-
tematic manner, and (c) To fundamentally probe matrix crack suppression and its impact on composite
toughness [34]. The objective of this paper, however, is to determine whether the spatial distribution of
fiber break centroids for such fibersis best modeled by a uniform distribution on a per-fiber basis (a result
previously obtained for single, isolated, non-interacting fibersin 2009 [9]). Thisis done to facilitate study

of the effects that fiber-fiber interactions have on the matrix-fiber stress transfer process.
METHODS'

E-glass fibers treated with 3-aminopropy! triethoxy-silane (A-1100) were used. The epoxy matrix
consists of the diglycidyl ether of bisphenol-A (DGEBA, Epon 828, Shell Co.), 1,4 butanediol diglycidyl

' Certain commercial equipment, instruments, materials, services, or companies are identified in this paper
in order to specify adequately the experimental procedure. Thisin no way implies endorsement or recom-
mendation by NIST.
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ether (DGEBD, RD-2, Ciba-Geigy), and meta-phenylene diamine, (m-PDA, Fluka Chemical Co.) that are
mixed at a mass fraction ratio of 100:25.1:20.6.

Multi-fiber fragmentation specimens (dogbones) were made using the device described in refer-
ence [31] and the procedure for preparing dogbone fiber specimens described by Drzal [35]. Theresin
mixture was cured for 3h at 60 °C and 2 h at 121 °C. Thiscure profile yields an epoxy matrix with the
following properties: (a) Ty of = 108 °C, (b) strain-to-failure of ~ 10 %, and (c) yield strength of ~ 80
MPa. For comparison the commonly used DGEBA/m-PDA matrix has a Ty of = 126 °C, strain-to-failure
of = 6 %, and yield strength of ~ 70 MPa.

These specimens were then mounted in the custom-built automated fragmentation tester [32]. The
fragmentation specimen was deformed by sequential increments (strain steps) with aloading rate of 0.85
mm/min for 35 steps with a 10 min interval between each loading step. Overlapping pictures of the
strained fiber(s) were obtained using an Ealing 25X 25-0514 reflecting objective attached to an Electrim
1000L camerathat scans the specimen gauge length [32]. The overlapping pictures are stitched together
to produce a Time Delay and Integration (TDI) image that is 20 MB in size.

Break locations in each TDI image are digitized manually using the Digimizer software package.
To minimize gripping effects, only the breaks in the central two-thirds of the gauge length (= 16 mm, cali-
brated region [36]) are selected for analysis[9]. Sections of the TDI image showing the left (annotated by
start) and right (annotated by end) dashed lines of the calibrated region for the bundle fibers are shown in
Figure 3 for the specimen after it has been returned to zero load. In Table 1, the total number of visible
breaks and the number of breaksin the calibrated region [9] are given, along with two estimates of the cal-
ibrated region length for atypical single fiber specimen (single fiber 1) and each fiber in arepresentative
bundle specimen (e.g., Bundle Fiber 1, 10 min). The first measure is the distance between the centroid
locations of thefirst and last breaks in the calibrated region. The second measure averages the distance
between the location of each end break (first and last breaks) in the calibrated region with the next break

outside of thisregion to arrive at an effective length.
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These break coordinate data were then fitted to a number of statistical distributions to determine
their goodness-of-fit. The expected locations of the fiber break centroids may be calculated using appro-
priate formulas for the Uniform, Weibull, and other distributions [3,4,9,37,38]. Consistent with previous
findings for the SFFT [9], the Uniform distribution data are presented in this paper since thesefits are su-
perior to those based on the Weibull and other distributions.

Uniform probability plots, which plot percentiles of the data against percentiles of the standard
uniform distribution, were used to fit the actual break locations. In the version of the plot used here, the
ordered break |ocations are plotted against standard uniform order statistic medians [39] which are defined
as [40]:

Equation 2

m =1- m, ; m=(-0.3175)/(n- 0.365),i =23, ...,(N-1); m =05",i=n

The correlation coefficient (the probability plot correlation coefficient or PPCC) of the points on this plot

provide a direct assessment of goodness of fit.
RESULTSAND DISCUSSION

Comparison of Fiber Break Evolution in Single and Bundle Fiber Samples

A first indicator of behavior from the embedded fragmentation tests are the spatial distribution of
breaks along each of the single- and bundle-fibers. The evolution of the break distribution along afiber in
the SFFT is shown in Figure 4(top plots). Here, the break locations (y-axis) are plotted against the percen-
tiles of a uniform distribution rescaled to units of the data (x-axis). It can be seen that beyond a certain
stage in the testing there is atight adherence of all points to the 45° test line, indicating almost perfect
agreement with the uniform, with increasing strain (time). A typical graph for the individual fibers of a 2-
D 6-fiber bundle (MFFT) is shown in Figure 4(bottom plots). Once more, it can be seen that for each of

these fibers, there is atighter adherence of all pointsto the 45° test line as strain increases, with progres-
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sively increasing value for the PPCC, demonstrating a high degree of uniformity in break locations for

each of the bundle-fibers.

A second indicator of fragmentation behavior is the number of breaks at saturation observed along
the gauge length of single fiber versus multiple fiber samples. For the system being investigated, asingle
fiber test sample generally yields about 50 breaks at saturation (Figure 5a), which iscontrast with =~ 40
breaks for close spaced bundle fibers (Figure 5b). It isclear by inspection of the break count data that in
all cases saturation (cessation of fiber breaks) has been reached.

In Figure 5a, the number of breaks at saturation in the single fiber specimens ranges from 47 to 54.
In the six-fiber bundle sample (Figure 5b), fibers 2 to 6 display between 38 and 40 breaks, while fiber 1
has 48 breaks. For the 6-fiber bundle specimens that have been tested, the number of breaks in the edge of
bundle fibers can typically exceed the core fibers by up to 4 breaks, with this increase possibly being as-

sociated with the presence of only one constraining fiber.

Examples of statistically co-located fiber breaks are shown in Figure 6 for two sections of the
Sample 1-1 6-fiber array. At the strain level of 4.4 % strain there are dight distortions in the matrix
around each set of co-located breaks and in addition to the debonding that occurs during fiber fracture
there are indications of additional partial debonding along the edge of some fibers which suggest to the
authors that this partial debonding islocalized in the plane of the 2-D fiber array and may occur because
of the complicated shear stress field that exists between the co-located fiber breaks. The inter-fiber dis-
tance (@) at this strain level rangesfrom 1.3to 2. Section 1 of the 6 fiber array is shown again in Figure 7
at 8.4 % strain.. The matrix distortions around the co-located breaks that existed at 4.4 % strain are promi-
nent and the partial debonding on the edge of the fibersin the fiber break regions appears to have grown.
The new set of co-located fiber breaks also exhibits evidence of partial debonding and some matrix distor-

tion. ‘As expected, @ ison average smaller and ranges from 0.7 to 1.7 at 8.4 % strain.

| nterpretation of the Fiber Break Location Data
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The break data indicate that the fragmentation processes of single- and bundle-fibers are essential-
ly statistically equivalent, regardless of any stress transfer activity between adjacent, proximate fibers such
as, stress concentration effects that induce statistically co-located fiber breaks in adjacent fibersof the ar-
ray (i.e, afiber-fiber interaction effect). In Figure 4(top), the break location data evolves into a statistical
uniform spacing after 31 breaks with a PPCC of 0.9984 and remains uniform with a slight PPCC increase
to 0.9995 during the occurrence of the additional 19 breaks. At 29 breaksin the array fiber shown in Fig-
ure 4(bottom), the PPCC for the uniform distribution is 0.9992 and remains essentially unchanged during
the 15 additional breaks that precede the onset of saturation. Thisis particularly interesting since the
number of fiber breaks in the array whose inter-fiber spacing is nominally 1 1m have =~ 20 % less breaks

than those observed in a SFFT specimen. This decrease formed.the basis of concern by Li et al. [29]

about the applicability of SFFT resultsin composite failure models.

The single fiber data agrees with an earlier publication [9] where break |ocation data on un-sized
E-glassDGEBA/m-PDA SFFT specimens were studied. In that research, the fiber length data from one
SFFT specimen was tabulated. These length data showed that the uniform distribution of breaks was
achieved at the point where =~ 60 % of the fragment Iength was excluded from additional fracture because
of the presence of exclusion zones arising from the break process. Beyond this point 39 % of the remain-
ing fiber breaks that occurred generated fragments of approximately equal spacing, where equality was
defined as two daughter fragments whose lengths differ by less than 40 um. In spite this high occurrence

of equal break events the break locations remained uniform.

Excluding the first bundle fiber data, there is a difference of approximately 8 to 10 breaks between
the single- and bundle-fibers, which is consistent with the data of Li et al. [29]. Others[41,42] who have

observed this change have interpreted the difference in breaks between SFFT and MFFT type specimens
through the lens of the K-T model. This practical engineering estimate of 1FSS assumes the matrix is
elastic-perfectly plastic and has no adjustable parameters to account for changes in break density due to
stress concentration effects and other fiber-fiber interactions that may occur in composite specimen.
Based on this model, the decrease in the number of breaks reflects a change in IFSS between the SFFT
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and MFFT specimen, thereby suggesting that the IFSS is not a materials property. This outcome becomes
problematic for those seeking to develop unidirectional composite failure models based on micromechan-
ics output data[43,44].

It must be noted at this point that the research of Ohsawa et al. [45] shows the critical fragment
length in glass fiber reinforced thermosetting resins to be temperature dependent, thereby indicating that
the resin isanonlinear thermoviscoelastic material. In contrast to the interpretation afforded by the K-T
model, Li et al. [29] interpreted the change as arising from the presence of neighboring fibers preventing
the failure at some flaws without discussing explicitly how this might occur. This interpretation considers
the IFSSto be a material property, abeit dependent on temperature and rate, with a fiber-fiber interaction
effect superimposed on the normal SFFT stress transfer process in away that effectively increases the ob-

served critical transfer length in array fibers.

Some Thoughts on the Increase in the Critical Transfer L ength

Li et a. in referencing the original research by Cox [6] noted that this shear-lag model includes a
fiber volume fraction effect, which they denoted asr,. For composite analyses [46], this parameter re-
places r;,, in Equation 1b and takes a value equal to the center-to-center inter-fiber distance. Hence, asthe
inter-fiber distance gets smaller, the critical transfer length is supposed to get smaller. Since thereisno
adjacent fiber in a SFFT specimen, 7, carries the definition of a distance perpendicular from the fiber
which beyond this point, any deformation in the matrix is assumed to occur as if the fiber and associated
fiber breaks are not present [47,48]. Thisintractable parameter has been estimated to be 10 to 15 fiber
radii [47], with the research of Li et al. suggesting an effective value for significant interaction with the

adjacent fiber being no more than 12 fiber radii.

One way to visualize and approximate r;,, isto examine the birefringence in the matrix around afi-
ber break. In Figure 2, several array fibers are shown with associated birefringence patterns that demar-
cate the area of perturbed matrix material around an associated fiber break. The bottom fiber in Figure 2a
isfar enough away from the other fibers that its birefringence patterns do not interact with the adjacent

10
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fibers. The perpendicular distance of the perturbed matrix away from this fiber has been estimated to be
= 51y and this value may be taken in this example as a maximum effective distance for 7;,,. For the closer
spaced fibers these perturbed areas interact with similar areas in adjacent fibers in a complicated manner
that appears to be also tied to the small but perceptible matrix cracks associated with each fiber break.
Furthermore, the size of r, does not lend itself to the simple estimate used by Cox. Figure 2b shows the
perturbed matrix material interacting with the adjacent fiber and appearing to go beyond the fiber. Alt-
hough we cannot be sure at this point this may be due to the unconstrained but perturbed matrix material

above and below the 2-D fiber plane.

The non-equivalence of 7, and r,, is shown schematically in Figure 8(a,b). Consistent with the re-
search of Galiotis, the radius of matrix (r;,,) parameter as defined in the Cox model (Equation 1b) isdrawn

with avalue of 1075, whiler, depends on the interfiber spacing and has avalue in Figure 8b of 67;. Data

fromLi et a. [29] indicates avalue for r;,, of = 1277.

The Radius of Matrix (r,,) Parameter and Bundle Fiber 1

In 1965, Tyson and Davies [49] estimated that the IFSS (7;{z}) causes shear stresses in the matrix
(t,n{z,r}) near afiber break. These stresses were assumed to decrease radially asthe inverse of the dis-

tance from the fiber axis.

Equation 3

Tulz,r} 1

1{z} 7

A more complicated expression was deduced in 1969 by Amirbayat and Hearle [48] (Equation 4) using
the matrix free body diagram of Figure 1 that depends on the radius of matrix (r;,,) parameter.

11
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Equation 4
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where

Tmfz, 7,17, 10} denotes the interfacial shear stressin the matrix at adistance r from the fiber axis.
Note that this parameter is dependent on r;,, through the term a.

T{z} denotes the interfacial shear stress along the fiber axis (z-direction) as derived in
Cox-type shear-lag models.

15 denotes the radius of the fiber

Apm, Ag denotes the cross-sectional area of the matrix surrounding the fiber and fiber, re-
spectively

T denotes the radius of the matrix surrounding the fiber beyond which the matrix de-

formation is not influenced by the presence of the fiber [47].

It can be theorized from Galiotis definition that for a given molecular level of fiber-matrix adhe-
sion thereisavolume of matrix that is needed to completely transfer the stress between the matrix and
embedded fiber around afiber break. In the Cox-type shear-lag models, this volume is represented as a
cone with the maximum IFSS occurring at the fiber fragment ends that are formed when the fiber fractures
(Figure 1). Theintensity of the shearing forcesin this cone of matrix material (Tm{z, T, T, rm}) Is depend-

ent on 7,{z}.

12
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From the above discussion, one can infer that when fibers are placed within the cone of sheared
matrix as defined by the Amirbayat and Hearle (A-H) Cox model [48] (Figure 1), the shearing forcesin
the matrix that are associated with afiber break interact at the adjacent fiber interface increasing the local-
ized strain in that fiber, which increases the local stressin the fiber and resultsin an increased probability
of atransversely aligned break [50]. In Figure 9, estimates of the normalized maximum shear stress that
an adjacent fiber might experience from a broken fiber are plotted as a function of inter-fiber separation

(in diameter units) using the A-H equation and the 1/r estimate made by Tyson and Davies.

Finally, the key question in relating r;,, to r,, is. How does the efficiency of the stress transfer pro-
cess change when adjacent fibers, such as those found in areal composite, are placed within this cone of
sheared matrix material? The equivalence of the uniform break distributions in the single- and multi-fiber
microcomposites together with the reduction in the break density for closely spaced array fibers suggests
to the authors that the transfer efficiency may be reduced inthe MFFT case. The exact nature of the fiber-
fiber interactions that may cause areduction in transfer efficiency and possibly increase the critical trans-
fer length must be investigated.

Therole of the matrix distortion that is observed in the region around the co-located fiber breaks
on the critical transfer length must also be reconciled, since this distortion may reflect localized yielding.
This phenomenon is not observed in the SFFT specimens (Figure 7) and may be a direct result of the
complicated shear field that exist between fibers with co-located fiber breaks since the intensity of this
distortion appears to increase with increasing strain (compare section 1 in Figure 6 and Figure 7). Addi-
tionally, many of the array fiber breaks (e.g., Figure 7 section 1) also show evidence of partial debonding.
This debonding occurs along the edge of the fibers in the region where matrix distortion is prevalent.
Without additional research, one can only speculate about the extent to which matrix yielding and partial

debonding contribute to a reduction in stress transfer efficiency in the multi-fiber arrays.
CONCLUSIONS

A multi-fiber fragmentation test has been applied to parallel arrays of E-glass fibers embedded in a
DGEBA matrix under uni-axial tension. The adherence of the break location distribution to uniform be-

13
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havior is validated using probability plotting and associated correlations that are higher (> 0.99) than those
obtained when using either two- or three-parameter Weibull models to describe the same distribution (see
supplemental material). The PPCC of the uniform probability plots was consistently, significantly high
beyond a certain number of strain steps. The values ranging from 0.9993 to 0.9996 confirm an underlying
uniform spatial distribution of fiber breaks in each fiber of a MFFT specimen that is consistent with re-
sults obtained previously on SFFT specimens[9]. These results suggest that the cumulative distribution
function (CDF) for the fragment lengths of any fiber at saturation in MFFT specimens should conform to
the expression deduced by Whitworth and referred to by others[2-4].

Secondly, single fibers are mostly characterized by shorter average fragment lengths when com-
pared to bundle-fibers, a comparison similar to that published by Li etal. (1995). Thisresult isadirect
contradiction of the prediction made by the family of shear-lag theories, which predict that bundled fibers
should have shorter average fragment lengths. From these results it can be theorized that efficiency of
stress transfer along afiber in a closely spaced array isless than that observed in a comparable single fi-
ber. Thisinefficiency resultsin an effective increasein the critical transfer length.

Overall, these results demonstrate the necessity in the absence of an accurate model for direct
measurement for fiber fragmentation of bundled fibers, since fragment length results for single fibers are
not necessarily representative of those for bundled fibers. The need to be able to prepare, test and analyze
large numbers of specimensis highlighted, so that statistically significant and scientifically valid results
can be obtained. This objective is greatly aided by custom-built equipment for coupon preparation, speci-
men testing, and dataanalysis at NIST. Improvements in such automated processes are expected to expe-
dite fragmentation tests, remove manua manipulation as a contributing factor, and further the objective of

developing a standard protocol for the measurement of interfacial shear strength.
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Table 1. Total number of visible breaks and breaks in the calibrated region along with two estimates of
the calibrated region length for atypical single fiber and fibers from a 2-D multi-fiber array.

Fiber Break Count Calibrated Region Length, m
Specimen Total Calibrated Region First to Last Break Effective Length
(Centroid to Centroid) (Averaged)
Single Fiber 1 62 47 16,225 16, 585
Bundle Fiber 1 57 48 16,342 16,718
Bundle Fiber 2 48 40 16,337 16,703
Bundle Fiber 3 48 39 16,332 16,705
Bundle Fiber 4 47 38 16,422 16,749
Bundle Fiber 5 48 39 16,330 16,692
Bundle Fiber 6 49 40 16,370 16,715
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Figure 1. Principle of the fragmentation test. Free body diagrams for developing models of the fiber-
matrix- interface stress-transfer process and the magnitude of the shearing forces that emanate radially
into the matrix. (adapted from[48])
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(b) Matrix Shear Fields Interacting With Adjacent Fibers

Figure2. Elliptical birefringence patterns of highly stressed epoxy near the E-glass fiber fragment ends
in 2-D multi-fiber E-glassDGEBA/m-PDA microcompesites. The thickness and length of the stressed
regions give some indications of the size of r,,, and I.. The interaction between shear fields and matrix
cracks can be observed in (a) and the interaction between the stressed matrix region and adjacent fibers

can be observed in (b).

Sample 1-1, 10 min — Load Zero TDI Image (Left Side)

_ Step 35 Image is taken and
Beforeload is removed '

Figure 3. Partial TDI image of bundle fibers showing the left and right ends of the calibrated region.
The enclosed breaks in fibers 2 through 6 document the occurrence of time-dependent coordinated fiber
failure in a multi-fiber array. These breaks were not in the TDI image (not shown) taken 10 min after

the final step strain (No. 35).
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Single Fiber: Uniform Probability Plots for Centroids (Corrected)
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Figure 4. Uniform Plot for break locations of a single fiber (top) and an array fiber (Fiber 3, bottom)
every ten min for 360 min. Actual break co-ordinates (Y -axis) are plotted against co-ordinates cal culat-
ed for a Uniform break centroid distribution (X-axis). Final plot (Load O for each specimen) plots co-
ordinates for Stage 35 when specimen has been relaxed from its final deformation.
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Figure 5. Number of gauge length breaks for four single fibers (Figure 5a), compared with that of six
individual fibers from a six-fiber bundle (Sample 1-1) (Figure 5b)
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Section 1

Distortion in Matrix Around Coordinated Fiber Breaks

Figure 6. Two sections from the Sample 1-1 6-fiber array at approximately 4.4 % strain. @ denotes
the distance in fiber diameters between adjacent fibers.

Fiber Breaks in Isolated Fiber

Debonding around fiber breaks with no matrix cracks

Debonding with Air-GaE e L
Between Fiber Fragment E‘nds

6 = = - -
Debonding with Air-6:>"’—)

Between FiberFragment Ends Distortion in Matrix Around Coordinated Fiber Breaks

Figure 7. Fiber breaksin a single fiber composite and section 1 of Sample 1-1 6-fiber array at approx-
imately 8.4 % strain. Observe the debonding and air-gaps between fiber fragment ends that become in-
creasingly visible with increasing strain in both samples and the matrix distortion in the immediate vi-
cinity of coordinated fiber breaks. @ denotes the distance in fiber diameters between adjacent fibers.
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(a) ‘ w \T
\\ “

@ ]
W / 1
Broken Fiber /
c‘
|

Figure 8. Schematic representations of radius of matrix parameters at fiber break end as defined by
Cox model: (a) r,, = 107 in single fiber composite with decrease in relative intensity superimposed,
(b) r. = 67 Iin composite with break surrounded by hexagona array of fibers (V, = 0.10), (c) poten-
tial distortion in 2-D multi-fiber array with fiber spacing r, = 4r; & 67 in fiber plane, (d) unknown
distortion in 2-D multi-fiber array with two aligned broken fibers with fiber spacing r, = 4r; in fiber
plane.
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Figure 9. Estimate of the matrix shearing forces that an adjacent fiber might experience as a function of
interfiber separation.
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