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ABSTRACT: The stress transfer properties of the fibre/matrix interface in the single fibre fragmentation test
were investigated. Two carbon fibre-resin systems involving epoxy-sized and unsized fibres, were examined. Axial
fibre stress data at resolutions of the order of one micron, were obtained with the technique of Remote Laser Raman
Microscopy. Subsequent analytical modeling of the data was performed using a Bessel-Fourier Series stress analysis
approach. The analysis provides a nearly exact solution for the stress field in the fragmentation test and simultane-
ously accounts for damaged or imperfect interfaces through the use of an interface parameter Ds. All data were fit
using a two zone model in order to account for the propagation of interfacial damage as a function of applied strain.
The fitting process was used to determine D ), the interface parameter in undamaged zones, D , the interface
parameter in the damage zones near fibre breaks, and g4, the length of the damage zones, all as a functlon of applied
strain. The interface parameter in the undamaged zones, DS , was independent of applied strain. We claim D(I)

a good property for comparing fibre/matrix interfaces and the most relevant property for predicting the role to the
interface in real laminates.
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INTRODUCTION

IN THE SINGLE-FIBRE fragmentation test, a single fibre is embedded in a large amount of matrix and
the specimen is loaded in tension. The tensile loading causes the fibre to break into fragments; the test
is continued until the fragmentation process ceases [1]. The fragmentation process is influenced by the
properties of the fibre/matrix interface; thus the single-fibre fragmentation test is widely used as a method
for assessing interfacial properties. The question remains: how does one extract quantitative interfacial
property information from the results of single-fibre fragmentation tests? Previous investigators have relied
solely on fragment length wvs. strain data or sometimes only on critical fragment length data which is the
fragment length when the fragmentation process ceases. Such data is interpreted using simplistic elastic
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plastic models [2], or elastic-plastic models in combination with simplistic, elastic, shear-lag models [3]. It
is unlikely that such models can extract useful information from fragmentation data. By “useful,” we mean
quantitative interfacial properties that can be used to predict the role of the interface in real laminates. We
claim it is additionally unlikely that any model could extract unambiguous information from fragmentation
data alone. We need improved models and we need additional experimental observations on fragmentation
specimens.

Here we have used Laser Raman Spectroscopy (LRS) during a fragmentation test as a tool to provide
supplemental experimental observations about the fragmentation process. As has been demonstrated, LRS
allows us to measure axial fibre stress in a composite with a spatial resolution of the order of 1 um [4].
The fragmentation specimen provides an ideal configuration for LRS studies for both long [5, 6] and short
reinforcing fibres [7]. Thus we can measure the axial fibre stress in fragments at any strain level during the
fragmentation process. Previous LRS of embedded, single fibres has shown that the simplistic assumptions of
elastic plastic models are inaccurate because the interfacial shear stress is not constant [5, 6]. LRS in regions
of elastic stress transfer show that shear-lag models empirically predict fibre/matrix stress transfer [5, 6, 7].
Recent theoretical results, however, have shown that shear-lag analysis breaks down for low fibre volume
fractions [8]. Thus, when shear-lag analysis is used to fit LRS results, the only information that results
is an empirical determination of the shear-lag parameter. This parameter, however, cannot be related to
interfacial properties for low fibre volume fraction specimens [8].

An improved stress analysis of the fragmentation test that can be useful in interpreting LRS results
has been derived using a Bessel-Fourier series stress function in a full, axisymmetric stress analysis [9-11].
In brief, the Bessel-Fourier analysis is an exact elasticity solution (i.e., the solution obeys equilibrium and
compatibility). It further obeys all boundary conditions exactly except one. The single approximation is
that the axial stress at the end of a broken fibre is equal to zero in an averaged sense instead of being
uniformly equal to zero. Most elasticity analyses of fibre/matrix stress transfer assume a perfect interface.
Such analyses are no help in interpreting fragmentation results because there is no interface property that
can be varied to predict the role of the interface. In contrast, the Bessel-Fourier analysis in Ref. [9] accounts
for an imperfect interface. The technique is to introduce an interface parameter, Ds, which is an effective
stiffness for sliding of the fibre relative to the matrix under the influence of interfacial shear stress [12]. A
value of Dy = oo corresponds to an perfect interface; a value of Dy = 0 corresponds to a debonded interface.
Any other value of Dy represents an imperfect interface. We claim that using LRS to measure D, during
a fragmentation test is a potential method for characterizing the fibre/matrix interface [10]; the measured
interfacial parameters have the potential to be used for studying the role of the interface in real laminates.

In this study, fragmentation tests with simultaneous LRS experiments were run on sized and unsized
high modulus carbon fibres embedded in an epoxy resin. In a previous publication [4], the stress transfer
characteristics of the two systems have been studied and different mechanisms of interfacial failure have
been identified. In brief, a zone of damage appears near fibre breaks. Within the damage zone the rate of
stress transfer is slower than when the interface is undamaged or in the central portion of fragments away
from the damage zones. Clearly no single interface parameter, Dy, can predict the observed change in stress
transfer properties between the damaged and undamaged zones. We thus modeled the experimental results
using a two-zone, Bessel-Fourier analysis [9]. Within the damage zone Dy = D" where D{” is the interface
parameter for a damaged interface. We need not know precisely the mechanism of damage; we instead
regard a measured value of ng) as a measure of the ability of a damaged interface to transfer stress from the
matrix to the fibre. Some physical effects that might play a role in the value of ng) include interfacial cracks,
interfacial friction, matrix yielding near the interface, and matrix cracks. In the undamaged, central portion
of fragments Dy = Dgi), where Dgi) is the interface parameter for an undamaged or intact interface. We have
measured ng), Dgi), and the size of the damage zone as a function of applied strain during a fragmentation
test. ng) decreases as strain increases indicating an increased impairment to stress transfer as interface
damage becomes more extensive. In contrast, Dgi) is independent of applied strain. We claim that Dgi) is
preferred over ng) and over critical fragment length experiments as a measure of the fibre/matrix interfacial
properties; it can be measured with LRS experiments.



Stress Transfer Fragmentation Test: Raman Experiments and Analytical Modeling 379

MATERIALS AND METHODS

Laser Raman Spectroscopy (LRS) may be used to measure stresses in fibres in composites due to the stress
or strain dependence of certain vibrational modes in the fibres [13]. Unique calibration curves are normally
produced by stretching individual carbon fibres and recording the position of the carbon fibre peak as a
function of either applied stress or strain. These calibration curves can afterwards be used to obtain stress
or strain values of other similar fibres embedded in composites. LRS has been successfully used in applications
involving a wide range of materials and specimen geometries, from single-fibre model composites [14] to real
composite coupons [15]. LRS provides a unique tool for measuring internal stresses in composites.

Materials and Specimen Preparation

The sized and unsized high modulus fibres used in this study were provided by Soficar. The M40B-
40B sized fibres are labeled MEBS; the M40B unsized fibres are labeled MUS. Both fibres have an effective
diameter of 6.6 um (as determined by density measurements) and a modulus of 390 GPa. The fibre strengths
were determined at four gauge lengths for each fibre type. Both fibres were reported to have a standard level
of oxidative treatment.

The fibres were embedded in an epoxy resin that was provided by Ciba-Geigy; it was a two part MY-
750/HY-951 epoxy system. The resin (MY-750: unmodified liquid epoxy resin) and hardener (HY-951:
triethylene tetramine) were mixed at 40°C at a ratio 4:1, degassed for 10 min under full vacuum and poured
into silicon rubber dogbone moulds where individual fibres had previously been carefully aligned. The
single-fibre composites were cured for 2 hrs at 60°C, removed from the moulds and subsequently post-cured
at 120°C. The modulus, strength and approximate failure strain for the resin were 2.6 GPa, 65 MPa and
8%, respectively [4].

The cured dogbone samples were ground until the embedded fibre was approximately 100 ym away from
the surface and then subsequently polished. A strain gauge was attached to the resin surface and the applied
strain was derived from resistance measurements using a digital multimeter.

Specimen Testing and Raman Spectrum Acquisition

The LRS data acquisition was performed using the Remote Raman Microprobe (ReRaM). The ReRaM
has been developed and tested in house, and uses flexible waveguides for both the delivery and the collection
of light [4]. In addition, micrometer stages allow for the translation of the ReRaM in all three axes down to
an accuracy of 1 ym. In this work, the laser was focused to a submicron spot on the specimen using a laser
power of approximately 1 mW. The collected Raman light was guided through an optical fibre to a SPEX
1000M single monochromator. The Raman signal was collected via a Wright Instrument CCD and stored
in a PC compatible computer. Spatial discrimination was achieved by magnification of the focal spot to fill
the optical fibre end face.

Raman data were collected by scanning the Raman microprobe point-by-point along the embedded fibre.
In general a section of the Fragmentation Gauge Length (FGL) of 2.5-3 mm in length, was scanned at
different increments of externally applied load. Within this “window”, measurements were taken at steps of
1 pm in the vicinity of fibre breaks where fibre stress is changing rapidly and then at steps of 2, 5 and 10 ym
in regions away from fibre breaks where fibre stress changes more slowly.

The dogbone samples were mounted on a Hounsfield universal testing machine, and strained to strain
levels of up to 5.00%. The strain rate was kept to a minimum (i.e., 0.25 x 1072 min~!) in order to avoid
relaxation effects. Fragmentation specimens with both sized and unsized specimens were tested until failure
which occurred at approximately 8% strain.

Bessel-Fourier Analysis of Experiments

LRS experiments on fragmentation specimens can measure the axial stress in the fibre as a function of
position along the fibre. To interpret these experiments, we fit the measured stress to a calculated stress
based on a three-dimensional, axisymmetric stress analysis of stress transfer in fragmentation specimens in
the presence of an imperfect interface [9]. The stress transfer analysis, which uses a Bessel-Fourier series stress
function, accounts for an imperfect interface through an interface parameter, Ds. The fit to experimental
results allows us to measure D, and therefore to get a direct measure of the stress-transfer properties of the
fibre/matrix interface.
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The Bessel-Fourier series solution for the fragmentation specimen is described in detail in Ref. [9]; here
we only quote those parts of the solution required to interpret LRS experiments. The average axial fibre
stress in a fragment of length [ is given by [9]:

(2ns) = oo (14 (o2)) M)

where 1, is the axial stress in the fibre before there are any fibre breaks (the far-field fibre stress) and Ji? f

is the perturbation fibre stress. The far-field fibre stress is given by
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where E 4, E1, va, U, a4, and ap are the axial and transverse tensile moduli, Poisson’s ratios, and thermal
expansion coefficients of the fibre. The fibre is assumed to be transversely isotropic with the axial direction
along the axis of the fibre. The terms FE,,, v, and «,, are the modulus, Poisson’s ratio, and thermal
expansion coefficient of the assumed isotropic matrix. Finally, o is the applied axial stress during the
fragmentation test and AT = Ty — Ty is the difference between the specimen temperature, Ty, and the
stress-free temperature, Ty. The AT term accounts for residual stresses.

The solution in Eq. (1) is written as a superposition of the far-field stress with the perturbation stress.

Physically, Uii)’ 7 corresponds to the solution to the stress analysis problem of a single fibre fragment with

a uniform compression stress of o,, = —1 applied to the ends of the fibre at z = £1/2 (note: the origin of
the z axis is taken to be at the middle of the fibre fragment). Superposition of the far-field stress with the
perturbation stress leads to solution in which the fibre stress is zero at fibre breaks. From Ref. [9], the total
fibre axial stress is
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where the function F(z) is defined by
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Here G 4 and G are the axial and transverse shear moduli of the fibre and r is the radius of the fibre. The
function F(z) in Eq. (4) is written as a Bessel-Fourier series where I; (z) is the modified Bessel function of
the first kind [17]. The terms ¢1; and and co; are constants of the expansion that depend on fibre and matrix
properties, on the fragment length, and on the fibre/matrix interface parameter (D). All ¢1; and cy; terms
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may be found by solving the following matrix equation for each term in the Bessel-Fourier series:
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where G, is the shear modulus of the matrix, Ky(x) and K;(z) are modified Bessel functions of the second
kind [17], and Dj is the imperfect interface parameter. The extra constants found when solving Eq. (6)
(c3; and c4;) are needed to determine the matrix stresses [9]. They are not needed here when finding only
the axial stress in the fibre. This solution is for an anisotropic fibre embedded in an isotropic matrix. The
solution does mot include the solution for an isotropic fibre as a special case; the solution for an isotropic
fibre is given in Ref. [9]. All results presented here are for anisotropic carbon fibres and therefore only the
anisotropic-fibre result given above is needed. Finally, the solution is written as an infinite series. This
series converges provided the number of terms is equal to or greater than the aspect ratio (I/2r) of the fibre
fragment [9]. All analyses in this paper included sufficient terms to insure convergence.

Given fibre and matrix properties (see Table 1 for the properties used here for MEBS and MUS fibres
and for the MY750 epoxy matrix), Eq. (1) determines the axial stress in the fibre except for the unknown
interface parameter, D;. The use of interface parameters in the analysis of composites was introduced by
Hashin [12]. A definition of a perfect interface is that the radial and axial displacements are continuous from
the fibre to the matrix. To include an imperfect interface, the displacements are allowed to be discontinuous.
Hashin’s imperfect interface model [12] assumes that the displacement discontinuities at the fibre/matrix
interface are proportional to the associated interfacial stress; thus the radial, u, and axial, w, displacement
discontinuities are given by
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where subscripts f and m denote fibre and matrix, 7,.(ry) and o,,(rf) are the interfacial shear and normal
stresses, and Dy and D, are interface parameters for displacement discontinuities in the axial and radial
directions. Note that we have included a factor of 7 on the right hand side of the imperfect interface relations
to give Dy and D,, units of stress; thus the units of D; and D,, differ from the units used by Hashin [12].
As Dy — oo and D,, — oo the interface becomes a perfect interface (zero displacement discontinuities); as
D, — 0 and D,, — 0, the interface becomes debonded (zero interfacial stress); all other values for Dy or D,,
are for an imperfect interface.

In Ref. [9], it was argued that the radial stresses in the fragmentation test are predominantly compres-
sive. To prevent the matrix penetrating into the fibre (a negative radial displacement discontinuity), it is
appropriate to set D, = oco. In other words, the role of the interface in fragmentation specimens can be
modeled with a single interface parameter Ds. Mathematically, Dy corresponds to the magnitude of the
axial displacement discontinuity at a two-dimensional interface. Physically it can correspond to any effect
that influences fibre/matrix stress transfer. For example there may be an interphase of finite dimensions
having different properties than the bulk matrix, there may be interfacial yielding, there may be debonding
with friction, or there may be cracking into the matrix or fibre. Whatever interfacial mechanism influences
stress transfer, we argue the results can be fit with an effective value for D, that measures the ability of the
interfacial zone or interphase to transfer stress from the matrix to the fibre. Furthermore, we argue that D,
is a useful interfacial property. It can, for example, be input into variational mechanics models to predict
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Table 1. Thermal and mechanical properties used for the MEBS and MUS carbon
fibres and for the MY750 epoxy matrix in the calculations in this paper.

Property MEBS and MUS MY750
Diameter (2rf) (um) 6.6

Tensile Modulus (E4 or En,) (GPa) 390 2.6
Transverse Modulus (Er) (GPa) 14

Axial Shear Modulus (G4 or Gr,) (GPa) 20 0.97
Axial Poisson’s Ratio (4 or vp,) 0.20 0.34
Transverse Poisson’s Ratio (vr) 0.25

Axial CTE (a4 or am) (1075/°C) -0.36 40
Transverse CTE (ar) (107¢/°C) 18

Temperature Difference (AT) (°C) -100
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Figure 1. A. Typical calculation of the average axial stress in the fibre in a single fibre fragment from a fragmentation test
using a constant value of the interface parameter, D,. B. A modified analysis constructed to account for damage zones
near fibre breaks and residual compressive stress on the ends of the fibre. D; = D£d> in the damage zones near the fibre
breaks and D, = Dgi) in the central, undamaged zone.

the effect of the interface on real laminates [12]. Thus an interface parameter measured in a single-fibre
fragmentation test can be used to predict the properties of real laminates.

Figure 1A shows a typical calculation for axial fibre stress in a single fibre fragment from a fragmentation
specimen when D, is equal to a constant. Real experimental results show two effects that cannot be fit
to such curves. First, fibre breaks in fragmentation specimens inevitably cause an interfacial damage zone
near the fibre breaks. The stress transfer is different in the damage zone than in the undamaged, central
region of the fibre fragment. No single value of Dy can fit a change in stress transfer rate within a single
fragment; thus we fit experimental results using a two-zone model [9]. The two-zone model is illustrated in
Fig. 1B. In brief, we assume D; = D‘gd) in the damage zone and Dy = Dgi) in the undamaged or intact zone.
The two-zone analysis is constructed by analyzing a fragment of length [ with Dy = ng) and a fragment
of length I; with Dy = Dgz). The value of [; is selected such that the average fibre stress in the two zones
are equal at the end of the observed damage zone of length 4. Finally, the calculated stress comes from the
D, = ng) results in the damage zones and from the [ =[; and D, = Dgi) results in the undamaged zone.

Second, as a result of specimen preparation and resin curing, the fibre initially has non-zero axial stress.
The magnitude of the initial axial stress can vary depending on the amount of fibre prestretching in the mould,
the temperature of mixing of resin with hardener and, finally, the curing and post-curing temperatures. When
the fibre fractures, there should be a controlled recoil of the fibre. The dynamic fibre recoil depends on the
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Figure 2. The fibre break density as a function of applied strain during experiments on MEBS/MY750 and MUS/MY750
fragmentation specimens

magnitude of the applied tensile stress, as well as on the residual thermal field and prestretching effects
which govern the energy dissipation mechanism and therefore the value of residual axial stress. The amount
of recovery of the fibre depends on the strength of the interface. Although the resulting surface of the fibre
break should still be stress-free, the spatial resolution of the LRS technique (1 um) appears to be insufficient
for the detection of the point of zero stress at the tip of the fibre. The Bessel-Fourier series solution accounts
for residual thermal stresses, but not for prestretching effects. We thus fit experimental results with non-zero
stresses at fibre breaks empirically by superposing an additional compressive stress to make the axial fibre
stress have the form

(022,) = Voo (1 -1+ fc)m> (8)

where f. the magnitude of the compressive stress observed at fibre breaks as a fraction of the far-field fibre
stress (i.e., the stress on the fibre break is — f.1)s,). In fitting experimental results, the value of f. was chosen
to match experimental observations. Finally, as illustrated in Fig. 1, the correction for non-zero fibre-break
stress was used only for the stress in the damage zones. The stress in the central, intact zone was calculated
using the uncorrected stress in Eq. (1).

RESULTS
Fibre Axial Stress Distributions

MEBS/MY750 (SIZED SYSTEM)

Raman spectra were obtained at large intervals (200 um) prior to fibre fracture to assess the stress transfer
efficiency over the whole length of the embedded fibre. A residual tensile axial stress of about 0.2 GPa
was measured at the onset of the experiment, which was attributed to fibre prestretching during specimen
preparation. Figure 2 shows the average break density as a function of applied strain. The first fibre breaks
appeared at about 0.7% applied strain. The first complete fibre fragments within the selected “window”
for Raman measurements were detected at about 1.3% applied strain. Once complete fibre fragments were
detected, accurate stress mappings with a resolution of 1 pm on either side of the fibre fracture point were
undertaken at intervals of about 0.1% applied strain. Some measured stress profiles over multiple fragments
at 1.5%, 2.1%, and 3.05% applied strain are given in Figs. 3-5.
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Figure 3. The axial stress in the fibre along several fibre fragments at 1.5% applied strain during a fragmentation test on
an MEBS/MY750 specimen. The symbols are experimental points. The smooth curves are fits to the experiments using
a two-zone model and the Bessel-Fourier series stress analysis with Dgi) = 300 MPa and ng) and lq as explained in the
text and plotted in Fig. 9.
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Figure 4. The axial stress in the fibre along several fibre fragments at 2.1% applied strain during a fragmentation test on
an MEBS/MY750 specimen. The symbols are experimental points. The smooth curves are fits to the experiments using
a two-zone model and the Bessel-Fourier series stress analysis with Dgi) = 300 MPa and Déd) and l4 as explained in the
text and plotted in Fig. 9.
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Figure 5. The axial stress in the fibre along several fibre fragments at 3.05% applied strain during a fragmentation test on
an MEBS/MY750 specimen. The symbols are experimental points. The smooth curves are fits to the experiments using

a two-zone model and the Bessel-Fourier series stress analysis with D = 300 MPa and D{¥ and 4 as explained in the
text and plotted in Fig. 9.

At an applied strain of 1.5%, four distinct fibre fractures and three complete fibre fragments were observed
in the Raman “window” (see Fig. 3). There was only a small amount of compressive stress at the fibre breaks
and there was a hint of interfacial damage zones near fibre breaks. The damage zones are indicated by a
slight change in the rate of stress transfer at distances of about 30 to 40 um from the fibre breaks (or 6 to 7
fibre diameters). At an applied strain of 2.1% (see Fig. 4) there was an additional fibre break and therefore
an additional fibre fragment. Both the compressive axial stress at the fracture point and the size of the
damage zones increased as the applied strain increased from 1.5% to 2.1%. These results indicate some form
of interfacial failure [4] had propagated further as the applied strain increased. By 3.05% (see Fig. 5) applied
strain, the damage zones became very pronounced and extended distances of about 100 um from each fibre
break. The damage zones became even more apparent at applied strains higher than 3.05%.

MUS/MY750 (UNSIZED SYSTEM)

As done with the MEBS sized system, Raman spectra for the MUS unsized system were obtained at
large intervals (200 pm) prior to fibre fracture to assess the integrity and stress transfer efficiency of the
whole coupon. A residual compressive axial stress of about —0.3 GPa was measured at the onset of the
experiment. This stress was attributed to thermal shrinkage of the resin during curing, which was not offset
by fibre prestretching during specimen preparation (as was the case for the MEBS system). Figure 2 shows
the average break density as a function of applied strain. The first fibre breaks appeared at about 0.6%
applied strain. The saturation break density was lower (or the critical fragment length was longer) for the
MUS system then for the MEBS system. The first complete fibre fragments within the selected “window”
for Raman measurements were detected at about 1.2% applied strain. Once complete fibre fragments were
detected, accurate stress mappings with a resolution of 1 um on either side of the fibre fracture point were
undertaken at intervals of about 0.1% applied strain. Some measured stress profiles over multiple fragments
at 1.6%, 2.1%, and 2.65% applied strain are given in Figs. 6-8.

At an applied strain of 1.6%, six distinct fibre fractures and five complete fibre fragments were observed
in the Raman “window” (see Fig. 6). The residual compressive stress at the fibre breaks was larger for
MUS specimens than at the corresponding strain with MEBS specimens. This larger compressive stress
may have been caused by the differing initial axial stresses prior to the experiment. At 1.6% applied strain
there were indications a interfacial damage zones near fibre breaks of about 40 pm (7 or 8 fibre diameters).
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Figure 6. The axial stress in the fibre along several fibre fragments at 1.6% applied strain during a fragmentation test on
an MUS/MY750 specimen. The symbols are experimental points. The smooth curves are fits to the experiments using
a two-zone model and the Bessel-Fourier series stress analysis with D = 150 MPa and D¥ and 4 as explained in the
text and plotted in Fig. 9.

At an applied strain of 2.1% (see Fig. 7) there were an identical number of fibre breaks and fragments in
the same Raman “window”. As with the MEBS system, however, all damage zones increased in size as the
applied strain increased from 1.6% to 2.1%. Finally, at 2.65% applied strain, the damage zones became very
pronounced and extended distances of about 90 um from each fibre break.

Two-Zone Bessel-Fourier Data Analysis

All experimental Raman results were analyzed by fitting to the two-zone model in Fig. 1B. For both
MEBS and MUS, we sought fits for which stress transfer in the central, intact zone was independent of the
damage that had occurred near the fibre breaks. In other words, Dgi) was taken as a strain-independent
material property of the interphases in each specimen type. Furthermore f. was set to zero for the central,
intact zones. The intact zones of all MEBS specimens could be fit using D(gi) = 300 MPa; the intact zones
of all MUS specimens could be fit using Dgi) = 150 MPa. We emphasize that although Dgi) was assumed
to be constant in the fitting process, the fact the we could fit all results successfully means that a constant

) for a single fibre type

Dgi) is an experimental finding. In other words, we could not resolve changes in Dgi
by allowing it to be a strain-dependent quantity. The differences between the Dgi) values for these two fibres
are significant in that we have resolved differences in stress transfer properties; the results show that stress
transfer is more efficient in the sized MEBS specimen than in the unsized MUS specimens. The factor of two
difference, however, may overstate the differences. The change in stress transfer rate is not linearly related
to Dgi). Some example plots in Ref. [9] show the effect of Dgi) on stress transfer rate over the range of
Dgi) from 0 to oco. the difference between a Dg) = 300 MPa and a Dgi) = 150 MPa are resolvable, but not
dramatic.

When including the damage zones in the analyses, there were three factors to consider. First, we needed
to select the length of the damage zone, [4. It is difficult to determine l; directly from Raman data or
by microscopy observations using photoelasticity. We argue, however, that our fitting process made the
selection of [; less ambiguous. If l; was chosen incorrectly, the fits in the central, intact zone would suffer;
by monitoring the entire fitting process we were thus able to narrow in on the correct Ig or at least a value
of I4 that is consistent with all other experimental observations. Second, there was often some asymmetry
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Figure 7. The axial stress in the fibre along several fibre fragments at 2.1% applied strain during a fragmentation test on
an MUS/MY750 specimen. The symbols are experimental points. The smooth curves are fits to the experiments using

a two-zone model and the Bessel-Fourier series stress analysis with D! =150 MPa and D{” and I, as explained in the
text and plotted in Fig. 9.
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text and plotted in Fig. 9.
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Figure 9. The average damage zone length, I (in um), and the imperfect interface parameter in the damage zone, D
(in MPa), as function of applied strain for both MEBS and MUS fragmentation specimens.

within a single fragment where the damage zone on one side of a fragment was different in length than the
damage zone on the other side. To account for this asymmetry, each fragment was split in half and the two
halves were fit independently. Then, the two halves were pieced together to give a fit for the full fragment.
Third, the rate of stress transfer in the damage zones could not be fit with a single value of ng). The
stress transfer in the damage zones was clearly slower at high strain than at low strain. Mathematically,
this effect corresponds to ng) being a strain-dependent quantity. Physically, a decrease in ng) at high
strain corresponds to an increase in interfacial damage within the damage zones which leads to increased
impairment of stress transfer. Note that if ng) is viewed purely as a mathematical means of reducing a three-
dimensional interphase zone to two-dimensional interface then ng) should be independent of strain. We thus
take the strain-dependence to indicate development of damage. One possibility is non-linearity or plastic
yielding in the matrix local to the interface. Even if there is yielding, however, our linear-elastic analysis
with a strain-dependent ng) can still be viewed as a viable analysis method. In effect, we are lumping local
yielding effects into the interface parameter. The situation is analogous to linear-elastic fracture mechanics
with small-scale yielding where an effective crack length in a linear-elastic analysis can be used to correct
for crack-tip yield zones [18].

To analyze Raman experiments at each level of applied strain, we used the Dgl) appropriate for the
material being analyzed, selected an optimal ng) for that strain level, and adjusted the damage zone
lengths, [4, of each damage zone until a good fit was obtained. We were able to obtain good fits for all
fragments at all applied strains. Typical fit results for selected strain levels are shown in Figs. 3-8. From the
fit results we can calculate the average damage zone size and ng) within the damage zones as a function of
applied strain. Those results are plotted in Fig. 9. At low strain the damage zone sizes in MEBS and MUS
were similar, but slightly higher in MUS. At high strain, the damage zones in MEBS saturated at about
140 pm while the damage zones in MUS saturated at about 90 £+ 10 um. At low strain D\ in MEBS was
about 50 MPa which is greater than the ng) = 30 MPA in MUS. At high strain, the situation reverses
with D(gd) in MUS dropping to about 20 MPa which is greater than the high-strain ng) = 5 MPa in the
MEBS specimen. We can also calculate the end-stress correction factor, f., required to fit the non-zero fibre
break stress in the damage zones. The results were scattered, but roughly independent of applied strain. In
MEBS, f. = 0.2+ 0.1 while in MUS, f. = 0.4 + 0.2. The larger value in MUS was probably caused by the
more compressive initial axial stress prior to starting the fragmentation experiments.
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DISCUSSION

By fitting LRS results for average axial stress in the fibre as a function of position from fibre breaks to the
Bessel-Fourier series stress analysis, we were able to measure stress transfer properties of an intact interface,
Dgi), stress transfer properties of a damaged interface, ng), and the size of the damage zones, [;. For the
intact zones, Dgi) = 300 MPa for the MEBS fibres and Dgi) = 150 MPa for the MUS fibres. For each fibre
type, a single-value of Dgi) sufficed for fitting results at all applied strain levels. Thus we claim that D‘gi) is
a useful material property characterizing the interfaces in these specimens. The factor of two difference is a
significant difference. In other words, the fitting procedure allowed us to clearly distinguish between MEBS
and MUS fibres. The stress transfer efficiency for the sized or MEBS fibres was better than for the unsized
or MUS fibres.

LRS experiments on fibres embedded in real laminates or in multi-fibre specimens [15] show some dif-
ferences from the LRS experiments described here on single embedded fibres. Because laminates cannot
be strained to the high strain levels used for single-fibre specimens, the damage zones near fibre-breaks in
laminates are much smaller. Furthermore, fibre breaks in laminates do not show the recoil-induced, com-
pression stresses at fibre breaks [15]. Because the intact zone thus dominates in real laminates, we claim
that the role of the interface in real laminates is determined much more by Dgl) than by the damage zone
properties ng) and lg. Furthermore, if Dgi) is a mechanical property of the interface or interphase zone,
then it might be expected to be the same in both single-fibre specimens and in real laminates. If true, then
the potential exists to direct translation of results on single-fibre specimens to predictions about properties
of real laminates. This potential can be examined by measuring laminate properties and comparing those
predictions to effective property theories that include an imperfect interface [12].

In the absence of LRS results, fragmentation experiments are often interpreted in terms of an interfacial
shear strength, 7759, calculated by
ryos(le) (9)

TISS = I
c

where [, is the critical fragment length and o (l.) is the strength of the fibre with a length of [.. The critical
length is given by

le = (1) (10)

where (I) is the average fragment length when the fragmentation process ceases and f is a factor introduced
to account for distributions in final fragment length; it is commonly assumed to be 4/3 [19]. We argue that
the critical length, however it is calculated, is strongly influenced by the damage zone properties ng) and
lq [11]. Because ng) and 4 are unimportant for determining the role of the interface in real laminates, 7755
will similarly give little information about that role. The preferred interfacial property to measure is Dgi).
Although ng) and [4 are less important than Dgi), they still give information about interfacial failure
properties. At low strain, the damage zone sizes for MUS fibres are slightly larger than for MEBS fibres
and the value of ng) is slightly lower for MUS fibres than for MEBS fibres. These results both suggest
that the interface for MUS fibres is weaker than for MEBS fibres. At higher strain, however, the situation
reverses — the damage zones are smaller and ng) is higher for the MUS fibres vs. the MEBS fibres. These
seemingly contradictory results can be explained by energy calculations and the effect of Dgi) on the energy
released when the fibre fragments [11]. When Dgi) is lower, the amount of energy released by the first few
fibre breaks is higher than when Dgi) is higher [11]. Physically, when Dgi) is lower, the extra interfacial slip
allows more energy to be released. Thus, the results at low strain may be a consequence of Dgi) being lower
for MUS fibres than for MEBS fibres. Like the experimental results, the energy calculations reverse at high
strain. When D is lower, the amount of energy released during high strain breaks is lower than when
Dgi) is higher [11]. Physically, the energy was already released at low strain and therefore not available at
high strain. Thus, the extra damage growth with MEBS fibres may be a consequence of Dgi) being higher
for MEBS than for MUS fibres. In summary, it is difficult to compare damage zone measurements for two
fibres that have different values of Dgi). Curiously, among a group of fibres with similar interfacial toughness
properties, the fibres with the better interfaces, as judged by the value of Dgi), will actually have the most
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Table 2. The interfacial shear strength (7;ss in MPa) calculated
from the critical fragment length or from the maximum
shear stress measured in LRS experiments.

Fibre Type From Ciritical Length From Raman
MEBS 30.1+0.9 41.9+7.2
MUS 25.9+0.9 36.8 + 6.5

damage at saturation. Failure to account for this effect and interpretation of results based on the amount of
damage around critical-length fragments may lead to invalid conclusions about interfacial properties.

The interfacial shear strength, 7755, can be estimated from the critical length (using Egs. (9) and (10)
with f = 4/3). Interfacial shear stress can also be directly measured by differentiating the LRS results for
axial fibre stress [5]; the peak of this measured shear stress is a direct measurement of 775s. The results of
these two approaches to finding 7755 are given in Table 2. Both methods predict that the MEBS interface
is better than the MUS interface. The LRS results, which measures the peak shear stress, gives a higher
result than the critical length method, which determines an average shear stress. The differences in 7755
between MEBS and MUS are much smaller than the differences recorded when measuring Dgl). Besides
peak shear stress, the LRS experiments can provide axial and interfacial shear stress distributions at each
level of applied strain, measure transfer lengths, and determine zones of interfacial damage. The peak of
the interfacial shear stress distribution measured by LRS is obviously affected by the presence of interfacial
damage. As reported earlier [4], the MEBS interface exhibits higher values of maximum interfacial shear
stresses (peak of ISS distribution), which are responsible for inducing more prominent interfacial damage at
high applied strains. This extra damage, in turn, leads to a subsequent decrease in the maximum value of ISS
as a function of applied strain [4], and is masking the real differences in the stress transfer efficiency between
the two systems. Hence, an effective characterization of the interface requires separation of the intact and
damaged zones as attempted here. In terms of interface parameters, 7755 is influenced by Dgl) with higher
values of Dgi) tending to reduce 7;g5. Thus the higher value of Dgi) for MEBS fibres probably reduced
its 7755 and therefore masked the difference between the two fibre types. Finally, the extensive interfacial
damage that takes place during the fragmentation test at relatively high strains is hardly, if at all, present
at low service strains. Recent LRS experiments on short fibre model coupons at low strains (< 0.6%) where
interfacial damage is negligible and elastic behaviour can be assumed, indicate that the MEBS interface is
stronger than that of MUS by a factor of 2 [20]. This result is in perfect agreement with the D values
calculated by the Bessel-Fourier analysis of the two systems. The conclusion is that the Dgi)’s obtained here
by the combined LRS/Bessel-Fourier series analysis fully characterizes the efficiency of the interface and can
have a universal validity for other composite systems as well.

CONCLUSIONS

By analyzing simultaneous fragmentation and LRS experiments it is possible to get much information about
fibre-matrix interfacial properties. By fitting measured axial fibre stress to the Bessel-Fourier series stress

analysis in undamaged regions of the fibre/matrix interface, it is possible to measure an interfacial stress

)

transfer property denoted here as Dgi). We claim Dgi is best property for predicting the role of the interface

in real composite laminates. The higher the value of Dgl), the better the interface where better here means
more efficient stress transfer. Furthermore, the higher Dg’), the smaller the amount of energy released when a
fibre breaks at low strain (i.e., the strains typically experienced in real laminates) and thus the less interfacial
damage that will be caused by those breaks.

Fragmentation tests are typically continued to high strain or until the fragmentation process ceases. By
analyzing LRS experiments as a function of strain it is possible to follow the length of the interfacial damage
zone (l4) and the extent of interfacial damage (characterized by the value of ng)). From LRS results and
from critical fragment length results it is also possible to deduce an interfacial shear strength (7755). We claim
that these high-strain observations from fragmentation tests are less useful for characterizing the fibre/matrix
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interface. Furthermore, these damage properties are all influenced by the value of Dgi). A “good” interface,
that is one with high D£1)7 leads to the presence of more damage at high strains than that observed in a
system with a “poor” interface. The presence of such damage can mask the difference between the two
systems. In this work, the Bessel-Fourier analysis indicates that the sized system exhibits better stress-
transfer efficiency than the the unsized system. The presence of interfacial damage, however, drastically
reduces this difference, and the sized system exhibits a meagre 14-16% stronger interface as measured by
interfacial shear stress (see Table II). Thus the fragmentation test data can only be unambiguously interpreted
if the interfacial damage zone is fully identified and distinguished from the intact interface (low strain data).
This approach is important because the intact interface properties, described through the single parameter
Dgi), are more likely to dominate the behavior of real composites. Finally, we claim that combining LRS

experiments with Bessel-Fourier series stress analysis is a viable method for determining the Dgi) interface

property.
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