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Abstract 12 

In a fibre-reinforced polymer matrix composite (PMC), the function of the fibre is to bear the applied load 13 

that is transferred via shear stresses through the fibre-matrix interface from the polymer matrix. The fibre 14 

absorbs stress by progressively fragmenting along its axis until a critical fibre fragment length is realized. 15 

After this no further fragmentation is possible, the fibre is said to be “saturated” in stress, and it provides 16 

no strengthening upon further deformation. A critical and intrinsic material property of the composite that 17 

determines the failure of the fibre is the interfacial shear strength (IFSSh) between matrix and fibre.  18 

This review presents the multi-fibre fragmentation technique (MFFT) and Laser Raman Spectroscopy 19 

(LRS) which are used for fibre-matrix interface testing. The limitations of MFFT are summarised and ideas 20 

for improvement are proposed.  21 

The key findings of this review are: 1) MFFT equipment and protocols vary considerable and require 22 

standardisation. 2) Existing models for stress transfer between fibres rely on geometrical models that do 23 

not capture the material properties or the constitutive models of the transmitting matrix. Comprehensive 24 

constitutive matrix stress transfer models are needed. 25 

Current MFFT models do not incorporate terms for matrix vibration as a function of fibre fracture shock. It 26 

is clear that more work can also be done to characterize microcomposite systems in compression, at various 27 
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angles to the fibre axis, and under various combinations of cyclic loading, but arguably such work should 28 

be pursued after the uniaxial tensile fibre fragmentation problem has been better understood. 29 

Keywords: interfacial shear strength; multi-fibre fragmentation; composites; Raman spectroscopy. 30 

 31 

Note: IFSS:   interfacial shear stress. 32 

           IFSSh: interfacial shear strength.  33 
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1.0 Introduction 34 

Currently, there is a range of diverse techniques for determination of interfacial shear strength at a fibre-35 

matrix interface: A) direct-contact fibre pull- or push-out separation techniques, and B) indirect non-36 

contact methods that measure fibre-matrix interfacial behaviour without separating the fibre from the 37 

matrix. The latter techniques include fibre fragmentation that is used with or without Raman spectroscopy 38 

or photoelastic photography, to monitor fibre strain and matrix shearing in-situ during specimen 39 

deformation. Fibre pull- and push-out techniques have been well documented and modeled [1-6] and are 40 

not the subject of this review. However, it should be emphasized that fibre pull-out and push-out techniques 41 

require a portion of a reinforcing fibre to be located outside the resin of interest, a condition not observed 42 

in application. Fibre fragmentation, by contrast, is a technique which studies the behaviour of the fibre-43 

matrix interface for a fibre that is completely embedded in a matrix, and for that reason it has special 44 

relevance as a technique capable of more accurately capturing interface behaviour, without the 45 

complication of a fibre/resin/air interface to consider. 46 

The theoretical history of the single fibre fragmentation test has been well documented, i.e., the 47 

development of the Cox and Kelly Tyson shear lag models and others. [7], [8]. These theories describe axial 48 

fibre strength distribution, and provide statistical approximations for critical fibre fragment length using 49 

mean fragment length data. There are also various local load-sharing models that described stress transfer 50 

between a fragmented fibre and its intact neighbors. [9], [10]. All of these models are either theoretically 51 

conceived, based on elementary force balances on the fibre-matrix interface, or on statistical expressions 52 

which approximate variables such as critical fibre fragment length that are currently inaccessible to direct 53 

measurement. However, at present, many of these models are based on simplifying assumptions about 54 

matrix deformation, interface debonding, and supposed linear-elastic or elastic-perfectly-plastic 55 

mechanical behavior of the composite matrix. This is principally because constitutive models for the 56 

mechanical behaviour of amorphously structured thermoset matrices are under-developed by comparison 57 

with metals, which possess a degree of long-range order at the atomic level, so that metallic behaviour 58 

under applied loads may be described with more accuracy than that of thermoset matrices. 59 

In this review, the focus is on the history and development of experimental fragmentation techniques that 60 

have been devised to interrogate the fibre-matrix interface in polymer composites, and describe significant 61 

historical data derived from these. The main aim of these techniques has been, and remains, to achieve a 62 
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robust protocol for the measurement of interfacial shear strength (IFSSh). Ideally, IFSSh should be 63 

measured in a direct manner. However, in practice, most techniques of the past fifty years have 64 

concentrated on the measurement of critical fibre fragment lengths at fibre stress saturation as a faster 65 

route to the calculation of IFSSh, rather than on direct measurement of the latter, which has proven 66 

intractable. This has necessitated the development of theoretical and statistical models to improve 67 

confidence in the relationship between mean fragment length actually measured in these tests, the notional 68 

critical fibre length at saturation, and the real interfacial shear strength of the fibre-matrix interface. 69 

However, the necessary mathematical relationships between these quantities are heavily dependent on 70 

experimental data for their validation; particularly, as many of the qualitative predictions of the purely 71 

mathematical, non-statistical models are not properly representative of real interfacial behavior, which will 72 

be discussed in this review by examination of historical data. 73 

The experimental techniques described in this review can be divided in two categories: a) qualitative 74 

techniques such as laser Raman spectroscopy (LRS) that are used to visualize or otherwise monitor 75 

behaviour at the fibre-matrix interface during a fibre-matrix shear or debond event and b) mechanical fibre 76 

fragmentation tests under applied uni-axial tension. It is hoped that this review will present a concise 77 

summary of techniques and data on IFSSh, and may help direct future research efforts in the most 78 

productive direction possible to accelerate the development of a robust methodology, and ultimately a 79 

standard, for the determination of IFSSh. Ultimately this could be used to determine the interlaminar shear 80 

strength of a unidirectional laminate, but further research will be required. 81 

 82 

 83 

 84 

 85 

 86 

 87 

 88 

 89 

 90 
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2.0 Laser Raman Spectroscopy (LRS) for IFSS Determination 91 

Fibre fragmentation tests have long been supported by Laser Raman Spectroscopy (LRS) [11]. Tuinstra and 92 

Koenig [12, 13] first identified the Raman vibrational modes of graphitic carbon fibres in 1970. Then, Mitra 93 

et al [14] established the measurable stress dependence of a Raman peak for polydiacetylene monocrystals 94 

in 1977, while Penn and Milanovitch (1979) [15] adopted this approach to measure strain dependence of 95 

poly(p-phenylene terephthalamide fibres (PPT, Kevlar 49). Galiotis et al. (1984) were the first to use LRS 96 

to measure the strain dependence of Raman peaks in polydiacetylene fibres rather than crystals [16], and 97 

also conducted a study on the Raman response of a crystalline urethane resin system to tensile strain [17].  98 

After this, (1987-88), the Raman spectrum response of intermediate- and high-modulus carbon fibres 99 

under uniaxial tension was also analysed and compared using LRS by Robinson et al. & Galiotis et al. [18, 100 

19]. This work was followed by a series of papers by Galiotis and co-workers studying fibres embedded in 101 

polymer resins to determine stress transfer characteristics at the fibre-matrix interfaces of these 102 

composites [20-27]. A contemporary 1990s review of the work on fibrous composites of this period is 103 

provided by Galiotis et al. (1999), [28].  104 

The basis of the Raman measurement method is the strain- and stress- dependence of certain vibrational 105 

modes of molecules in the reinforcing carbon fibres. Thus, Raman spectroscopy can be used to measure 106 

fibre stress and strain with a spatial resolution of 1 μm. In addition, the strain- and stress-dependence of 107 

key graphitic vibration modes in carbon fibres is highly linear, which facilitates more accurate 108 

measurements of strain and stress using this technique. The fundamentals of the strain dependence of LRS 109 

vibration modes is well explained by Frank et al [29] who describe the use of LRS as a stress-sensor for 110 

both graphene and carbon fibres, while Anagnostopoulos et al. [30] have exploited the phonon stress 111 

sensitivity of carbon to characterize fibre matrix interfaces at different temperatures.  112 

The key advantage of Raman-sourced fibre strain data is that the normal stress function σf(x) along the 113 

fibre axis can be determined directly by experiment, so that neither the Kelly-Tyson nor shear lag models 114 

are required to calculate it. An immediate consequence of this is that an independent experimental 115 

verification of the accuracy of shear lag models and their underlying assumptions is possible using LRS.  116 

Once the axial shear stress distribution has been determined by experiment, it can be directly converted to 117 

the corresponding axial shear stress distribution using the following equation, c.f. Galiotis et al., [28] 118 
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                𝜏(𝑥) = −
𝑟

2
(

𝜕𝜎

𝜕𝑥
)

𝑇
                                                                                         (1) 119 

Here, τ(x) is the interfacial shear stress distribution, r is the radius of the fibre, σ is the axial tensile stress 120 

distribution in the fibre, and the expression is written for a constant temperature, T. A 1995 review by 121 

Schadler et al. [21] describe the application of this methodology to a variety of systems including carbon 122 

fibre microcomposites. One of the first discoveries made by Melanitis et al. [22] using LRS was that the 123 

constant-axial-IFSS assumption of the Kelly-Tyson model was only approximately justified for one system 124 

tested. This was a DGEBA/TETA matrix (MY750) with an embedded, untreated high modulus carbon fibre 125 

(HMU) (Figure 1), (Schadler et al. [21]). It was found that that this type of fibre had a weak fibre interphase 126 

layer in the vicinity of both fibre fragment ends. Such a layer resulted in debonding of the interface in the 127 

immediate vicinity of either fibre break, so that the interfacial shear stress could not develop gradually 128 

from zero (or a negligible value) at the fibre end to a maximal value towards the fibre centre, due to low or 129 

no interfacial shear stress transfer through the partially or fully debonded fibre end regions (IFSSh ~ 6 130 

MPa). However, where carbon fibre surfaces were adequately treated to facilitate the formation of a well-131 

bonded interface (IFSSh ~ 40 MPa), a much greater Raman-measured strain-increase was detected from 132 

either fibre end, consistent with Cox-type stress-transfer models (See IMD / MY-750 and HMS / MY-750 133 

plots, Figure 1). However, unlike the Cox shear lag model, Raman-derived IFSS profiles for well bonded 134 

interfaces (e.g. IMD and HMS systems in Figure 1) observed maxima not at the absolute fibre ends, but 135 

rather at a certain distance from either end of the fibre. The use of LRS to demonstrate this fundamental 136 

property of interfacial shear stress distribution along a fibre fragment with a reasonably intact interface 137 

was one of its earliest and greatest successes, and agreed well with the models of McCartney [31] and 138 

Whitney and Drzal, [32] as these workers’ model predicted an IFSS maximum some small distance from the 139 

fibre end. The second main insight provided by LRS was that IFSS axial profiles were highly strain-sensitive 140 

In Figure 2, Melanitis et al., [22], a definite change in the characteristic shape of the IFSS curve is observed 141 

as strain transitions from 1.2% to 1.4%, something not at all anticipated by any shear lag model.  In the 142 

same study, the authors presented IFSSh (a plot of the maximum IFSS values in each measured Raman 143 

profile) at different fibre axial strains (See Figure 3), [23]. For this particular fibre-matrix system, it is 144 

notable that the maximum IFSS recorded is at an intermediate strain, above which the maximum IFSS tends 145 

to decrease, which becomes statistically significant above 4% strain. Of course, such measurements would 146 
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require to be made in conjunction with measurements of mean fibre fragment length, since one condition 147 

for determination of IFSSh is stress saturation of the fibre.  148 

Overall Melanitis et al. [22,23] demonstrated how crucial it is to make a qualitative determination of bond 149 

quality in the fibre-end regions and to take account of applied strain effects before uncritically applying the 150 

assumptions of any theoretical model to describe the axial interfacial shear stress function.  151 

For comparison, the matrix shear yield stress τm was estimated using the von Mises and Tresca yield 152 

criteria. These equated τm to (σm / √3) and (σm / 2) respectively, giving values of 37.5 and 32.5 MPa. Here, 153 

σm is the maximum matrix stress. Thus, the IFSSh value for the IMD composite (~40 MPa) was significantly 154 

higher than the Tresca matrix yield stress, whereas the IFSSh value for the HMS-composite was practically 155 

equivalent to τm. This indicated that the IMD composite would yield in the matrix first rather than along the 156 

interface, whereas the HMD composite could debond along the interface first. However, when the Kelly-157 

Tyson model (Eqn. 2) is used to calculate IFSSh, the K-T IFSSh-value is only ca. half the Tresca matrix yield 158 

stress. If the LRS-measured IFSSh is assumed to be more accurate, this demonstrates a clear contrast 159 

between credible experimental data for IFSSh and a classical theoretical model for its calculation, where 160 

LRS-measured IFFSh tends to be twice the K-T IFSSh, [22]. Eqn. 2 is the fundamental expression for the 161 

Kelly Tyson model, [8]. 162 

𝑙𝑐

𝑑𝑓
=

𝜎𝑓(𝑙𝑐)

2𝜏
≈

𝜎𝑓̅̅ ̅̅

2𝜏
                                                                                                                                       (2) 163 

Here, lc is critical fibre fragment length, σf is the fibre normal stress as a function of lc, 𝜎 is the mean fibre 164 

tensile stress, and τ is the interfacial shear strength. 165 

The decrease of IFSSh with increasing fibre tensile modulus is consistent with data derived for interlaminar 166 

shear strength (ILSS) for carbon fibre composites, which also show decrease of ILSS with increase in carbon 167 

fibre modulus. However, the LRS data contradicts the trend predicted by the shear lag models, where the 168 

axial IFSS profile of the fibre is predicted to increase with fibre modulus, thus predicting an IFSSh value 169 

(the maximum of the IFSS curve) that is too high, implying sooner interface failure than is actually the case, 170 

[21]. This further highlights a structural inability of the shear lag models to account for the effect of fibre 171 

tensile modulus on interfacial shear strength. Thus, quantitative deficiencies in both the shear lag and Kelly-172 

Tyson models are revealed when using LRS to measure IFSSh for composite systems.  173 
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Galiotis et al. [16] produced Raman data for Kevlar 49 (PPT) fibres embedded in epoxy, which suggested 174 

significantly different interfacial behaviour to that of the carbon fibre / epoxy system they tested 175 

(HMS/MY750). Firstly, IFSS for the carbon epoxy system was usually near zero at fibre ends regardless of 176 

applied strain because of near total debonding near the fibre break, and the carbon fibre system also 177 

featured a significant load transfer length indicative of partial (but not total) debonding. By contrast, the 178 

Kevlar/927 epoxy system mostly showed high IFSS near fibre ends indicative of a relatively intact interface, 179 

further demonstrating the significant descriptive power of LRS to describe different fibre-matrix interface 180 

behavior for different fibre interface bond states.   181 

In other work, Jahankhani and Galiotis [26] noticed that the strain transfer profiles of a 182 

Kevlar/DGEBA/TETA system followed a qualitative trend described by the shear lag models. However, they 183 

also observed an increase of the critical length, lc with strain, which is not predicted by these models. This 184 

is because the shear lag models assume that both the matrix and fibre behave elastically during loading i.e. 185 

the ratio Gm/Ef remains constant during mechanical loading. However, in reality this ratio can change, even 186 

at low strain for some low strength matrices, because the matrix is viscoelastic and also because of the 187 

operation of strain-hardening during tensile loading of aramid fibres.  188 

Some of the most recent work on LRS was that of Jin et al. [33] in 2014, where the authors studied the 189 

coating of two types of carbon fibres (the first: Toray M46J, high modulus; the second: Toho-Tenax-J, low-190 

modulus) with two types of carbon nanotubes, one HiPCO (high pressure, carbon monoxide) and the 191 

second carboxylated.  The authors derived interfacial shear stress axial profiles from the primary measured 192 

strain profiles that clearly indicated the presence of fibre breaks due to an absence of strain. Secondly, the 193 

profiles largely conformed to those predicted by Nairn’s shear lag model, [34], but only where debonding 194 

was not present. Nairn’s model has the advantage of being heavily dependent on fibre and matrix volume 195 

fractions as well as the fibre and matrix elastic moduli, which are all accessible via macroscopic mechanical 196 

measurements. However, Nairn’s model is written for a fibre embedded in an ‘infinite’ matrix, and so could 197 

not be formally applied to the situation of multiple fibres in proximity (parallel). In addition, the authors 198 

demonstrate very clearly that the Kelly Tyson model predicts stress development ‘slopes’ that are much 199 

steeper than those measured via LRS. Thus, IFSSh measured by Raman typically exceeds that calculated 200 

using critical fibre fragment lengths and the Kelly-Tyson equation. Lastly, the stress development lengths 201 

at either end of fragments remain largely constant with increasing strain, diverging from the Kelly-Tyson 202 
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model which predicts that both will lengthen with increasing fragment tensile strain and implying that the 203 

ratio Gm/Ef  remains practically constant throughout the fragmentation process (in contrast to the results 204 

of Jahankhani and Galiotis [26], proving that qualitative IFSS distributions vary with material systems. 205 

Overall, in addition to its quantitative accuracy in describing IFSS, an experimental advantage of the LRS 206 

method is its flexibility of application. Normally, in tensile techniques for determination of IFSS, matrix 207 

strain-to-failure should ideally be two to three times greater than that of the fibre to facilitate the 208 

measurement [34]. However for Raman-active fibres, LRS can be used for matrix/fibre strain-to-failure 209 

ratios much smaller than this [22], which is more representative of systems used in engineering 210 

applications. 211 

2.1 Use of Raman to study Inter-Fibre Stress Transfer 212 

Raman techniques have also been used to study the lateral stress transfer from broken fibres to intact 213 

fibres, (Grubb et al. [9]). Here, the authors formulated various epoxy-based composites with 1) Nicalon 214 

silicon carbide fibres of 15 μm diameter, 2) carbon AS4 (7.6 μm) 3) carbon Fortafil (7.6 μm) and 4) Kevlar-215 

49 fibres (15 μm). The AS4 was the only fibre supplied with an epoxy-compatible sizing; the others were 216 

unsized as received and were not treated further by the authors. 217 

Two epoxy-resin mixtures were used: 1) Epoxy I; DER 331 (diglycidyl epoxide of bisphenol A) neat, cured 218 

with DEH 26 (tetraethylene diamine) 2) Epoxy II; a 70:30 mass ratio of DER 331 to DER 732 (polyglycol 219 

diepoxide). The latter mixture had lower modulus because DER 732 had the effect of a diluent or flexibilizer, 220 

and was also cured with DEH 26. Specimens were cured at room temperature for 24 h and for 3 h at 80 °C 221 

in silicone rubber moulds, according to a procedure described by Drzal et al. [35], for single and multi-fibre 222 

fragmentation tests, respectively. Fibre fragmentation tests were then performed. 223 

Raman spectra of Kevlar monitor fibres placed adjacent to embedded fibres were obtained in the following 224 

manner; a 514 nm Argon laser and spectrometer with grating number of 1800 / mm, was focused on 225 

specimens through a 10x magnification microscope, creating a focus spot of 10 μm in diameter. Each 226 

specimen was stretched initially on a tensile stage to introduce one break only in the embedded fibre. Prior 227 

to the Raman measurement, the photoelastic pattern of stress concentrations around the fibre at this break 228 

was recorded using a polarization microscope. Then the strain stage was put under the Raman objective, 229 

which was equipped with both a load cell and displacement monitor. A maximum incident laser power of 230 
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2 mW was then directed on the fibre to avoid inducing degradation damage in the Kevlar monitor fibre, and 231 

the Raman shift in key signals of the fibre spectrum was recorded as strain was applied.  232 

In general, Epoxy I showed 10-15 % stress relaxation in contrast to Epoxy II, which showed little to none; 233 

therefore, each specimen was allowed to remain at a given load for a minimum of 0.5 h before any shifts 234 

were recorded to allow such relaxations to be exhausted. This process was applied at each successive strain 235 

level applied. After the relaxation period, the stress profile along the entire length of the fibre was 236 

calculated from the corresponding Raman shift profile. Stress concentration factors (SCF or Kc) adjacent to 237 

breaks were calculated by taking the ratio of Raman shifts at fibre breaks to those recorded relatively far 238 

from breaks using Eqn 3 239 

𝐾𝑐 = 1 +
⌈𝑊1−𝑊2⌉

|𝑊1−𝑊0|
                                                                                                         (3) 240 

Here, W1 and W2 are the peak Raman wavenumbers for the off-break and at-break fibre positions, 241 

respectively, whereas W0 is the peak wavenumber at no external load. Thus, at two strain levels of 2.65 and 242 

3.25 %, the Nicalon fibre stress concentration was 1.4 ± 0.12 and 1.45 ± 0.09, respectively. The authors also 243 

determined from the Raman stress profiles that the load transfer length for a typical Nicalon fibre break 244 

was approximately 230 μm. This was a value, which accorded well with the corresponding birefringence 245 

measurements for the same specimens. 246 

The authors compared their results with outcomes predicted by shear lag theory. Since, according to the 247 

latter, the matrix bears mostly shear stress and little tensile stress, most of the tensile stress released upon 248 

a fibre break in a three-fibre system should be transferred to the two adjacent intact fibres. The local load 249 

sharing model, (LLS) load transfer factor for the system, F = 0.5. This is calculated as F = KLLS -1 via Eqn 4, 250 

where KLLS is the stress concentration factor acting on the average load of a bundle of fibres, L, (i.e., KLLSL is 251 

the load on an intact fibre adjacent to a broken one, where L is the original load on the broken fibre at point 252 

of fracture), r is the number of failed fibres, and n is the number of fibres, Harlow et al. [36, 37]. 253 

                                                   𝐾𝐿𝐿𝑆 = {
1 +

𝑟

2
0 ≤ 𝑟 ≤ 𝑛 − 1

𝑛 𝑟 = 𝑛 − 1
}                                      (4) 254 

The key assumption of Harlow’s LLS is that the bundle of fibres is arranged in a circle with each fibre 255 

interacting with precisely two others, e.g., a hexagonal arrangement of fibres without a central fibre 256 

contacting the six outside fibres. 257 
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Since the Nicalon and Kevlar fibres had equivalent cross-section areas, the calculated stress concentration 258 

factor of the system was 1.8. This was somewhat in excess of the actual value of 1.45 derived from the 259 

Raman measurements in Epoxy 1, and implied that 56 % (0.45/0.8) of the load borne by the Nicalon fibre 260 

was transferred to the two Kevlar fibres, and the remaining 44 % was borne by the matrix. This suggested 261 

immediately that matrix axial stress was not negligible, as predicted by shear lag theory, but rather quite 262 

significant. Moreover, since the matrix was relatively weak, it was clear that a significant cross-sectional 263 

area would be required to bear this axial stress. From the equation AmEmεm = Cf AfEfεf where C0 = 0.44, the 264 

actual ratio of matrix to fibre area was calculated as (Am/Af) = 23. This meant that the stress displaced from 265 

a fibre break could be dissipated into the matrix over at least five fibre radii in Epoxy 1. 266 

However, in Epoxy 2, the situation was somewhat different as the stress concentration in the Kevlar fibres 267 

was now lower at 1.36. Accordingly, only half the Nicalon fibre load was transferred to the two Kevlar fibres, 268 

and half to the matrix. This means the matrix-to-fibre cross-area ratio above was lower at (Am/Af) = 20. 269 

Similar observations were made for particularities of the other fibres tested. Thus, the laser Raman studies 270 

reveal how the matrix transfers load to the fibres, but also experiences substantial axial stress that is not 271 

captured by the shear lag models. 272 

The second significant output of such work has been its ability to quantify the inter-fibre stress transfer 273 

distance for individual material systems, and obtain experimental validation of the matrix radius-of-274 

influence parameter, rm, that appears prominently in many shear lag models. This parameter in turn is 275 

relatable to the fibre volume fraction, Vf, of a composite (assuming a relatively homogenized fibre cross-276 

sectional distribution), suggesting a means of tuning Vf to maximize the individual stress transfer capability 277 

of the fibre-type as indexed by its critical fragment length.  278 

2.2 Comparison of Models for Interfibre Transfer used to interpret Raman Data 279 

Overall, Grubb’s experimental data indicated that a serious deficiency of the shear-lag models was their 280 

inability to account for the existence of matrix axial stress. This was verified from their experiments, where 281 

a broken Nicalon fibre shed load to its two nearest-neighbour Kevlar fibres, and Kc was calculated, using 282 

the Eitan-Wagner model with a value of 1.8. However, Kc measured using the Raman peak shift was only 283 

1.45. This was effective proof that the matrix had to be bearing 44% of the system’s overall axial tensile 284 

stress, rendering the Eitan and Wagner equation ineffective for use in calculating the load transfer factor F 285 

and and the SCF Kc adjacent to fibre breaks. This meant a revised equation was necessary. 286 
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Initially, Grubb et al. [9] had used the Eitan and Wagner equation to calculate theoretical stress 287 

concentrations based on a fibre ensemble geometry shown in Figure 4, [38]. This model adopts many of the 288 

original assumptions used by Cox, i.e., only shear stress in the matrix, perfect bonding at the matrix-fibre 289 

interface. Also, the model assumed a three-dimensional radial stress field around the broken fibre despite 290 

the fact that the shear-lag models are based on a two-dimensional composite lamina with only a single 291 

sheet of parallel fibres. It was also assumed that the shear stress at any point in the matrix is unaffected in 292 

the immediate vicinity of neighbouring intact fibres. The shear stress at any point in the matrix is thus 293 

expressed by Eqn 5. 294 

𝜏𝑚(𝑥, 𝑟) = 𝜏𝑚(𝑥, 𝑟)
𝑟𝑓

𝑟
                                                          (5) 295 

If an intact fibre and a broken fibre are in sufficiently close proximity, the extra force borne by the intact 296 

fibre, πrf2 dσ, is balanced by the interfacial shear force in a region where the intact fibre intersects the stress 297 

field ‘radiating’ from the break of the broken fibre. This region is defined (Figure 4) by the angle swept from 298 

–θmax to θmax, by a radius extending from the centre of the intact fibre. Thus, the force balance for this system 299 

is given by Eqn 6: 300 

 𝑟𝑓𝑑𝜎(𝑥) =
1

𝜋
∫ 𝜏𝑚[𝑥, 𝑟(𝜃)]

𝜃𝑚𝑎𝑥

−𝜃𝑚𝑎𝑥
sin 𝛼  𝑑𝜃 𝑑𝑥                         (6) 301 

Here, r is the distance from the centre of the broken fibre to the surface of the intact fibre, and is a function 302 

of θ. Importantly, the term sin α describes the component of the shear force that acts along the interface. 303 

By adapting this expression, a second expression for the load transfer occurring in the plane of the break 304 

(transverse to longitudinal fibre axis) may be written, (Eqn. 7). Specifically, this describes a load transfer 305 

factor, F.                                                         306 

 𝐹 =
1

𝜋
∫

𝑑𝑟𝑐𝑜𝑠𝜃−1

𝑑𝑟
2+1−2𝑑𝑟𝑐𝑜𝑠𝜃

𝑑𝜃
𝜃𝑚𝑎𝑥

0
                            (7) 307 

Here the term dr = di/rf, where di is the inter-fibre separation, (centre-to-centre), and rf is the common 308 

radius of both fibres. This integrand can be analytically solved and reduces to the angle ϕ, which is half the 309 

angle that the intact fibre subtends at the centre of the broken fibre, (Figure 4). This means that F = ϕ/π. 310 

Since the stress concentration factor, Kc is equated to 1 + F, Wagner and Eitan used the integrand of Eqn 7 311 

to write Eqn 8: 312 
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  𝐾𝑐 = 1 + 𝜎
𝜋⁄ = 1 + 1

𝜋⁄ 𝑠𝑖𝑛−1 (
𝑟𝑓

𝑑𝑖
⁄ )            (8)  313 

Some important features of this model are that 1) the matrix shear stress decreases with 1/r, 2) the area 314 

over which the stress acts is proportional to r, and 3) the force applied to the neighbouring fibre over an 315 

angular sector dφ is proportional to dφ. A consequence of the latter assumption is that if a broken fibre 316 

were surrounded by intact fibres, all the load would be transferred to these fibres upon the formation of a 317 

break, regardless of the various distances of the fibres, which seems unlikely in practice. In particular, the 318 

fraction of load transferred to a fibre that intercepts an angular sector of 2ϕ is calculated simply as the 319 

angle ratio ϕ/π, (i.e. 2ϕ/2π, the fraction of the fibre radial zone occupied by fibres). Furthermore, the term 320 

sin α represents the component of stress acting on the interface of the intact fiber. Thus, for any length 321 

increment of fibre, dx, the area over which stress acts is calculated as r.dx.dϕ/sin α. This means the stress 322 

applied is independent of the angle α itself, which represents the orientation of the interface. 323 

One assumption of the model is that radial shear stresses in the matrix are unaffected by the presence of 324 

fibres, i.e., that only axial matrix shear is observed (not sustained in practice). Thus, if more than one fibre 325 

breaks, (i.e., N fibres) the maximum stress concentration is expressed by Eqn. 9:  326 

  𝐾𝑐 = 1 + 1
𝜋⁄ ∑ 𝑠𝑖𝑛−1 (

𝑟𝑓

𝑛𝑑𝑖
⁄ )𝑁

𝑛=1           (9)  327 

According to this model, the excess load on any intact fibre is unaffected by the presence or absence of 328 

other intact fibres, and can only be influenced by load transfer from one or more broken fibres. 329 

Furthermore, the total load at each fibre cross-section of the composite in this two-dimensional composite 330 

model is not constant. Thus, if only two fibres are in proximity and one breaks, the intact fiber will carry 331 

only 1/6 the tensile load shed by the broken fiber. The rest of the load “disappears” as the matrix is assumed 332 

to experience infinite shear, an assumption not sustainable in practice as matrices always bear some tensile 333 

stress. When the model of Eitan and Wagner is applied to a closely-packed two-dimensional fibre array, the 334 

extra loads transferred to the intact fibres sum to unity after the first five intact fibres on either side of a 335 

broken fibre.  336 

Grubb et al. [9] made changes to the E-W model as they held it was insufficient to model results obtained 337 

from their LRS technique. This was because it included a number of unsustainable assumptions. Firstly, it 338 

assumed that the excess load on an intact fibre was unaffected by the presence or absence of neighbouring 339 

intact fibres, a prediction not upheld by results of Grubb et al. [9]. Secondly, it asserted that the matrix bore 340 
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no tensile stress, only shear stress, which was also disproved by Grubb et al. (c.f. beginning of this section). 341 

Arguably, these deficiencies of the Eitan & Wagner model might not have been so well confirmed without 342 

the use of the Raman technique.  343 

The Grubb model is based on the same specimen geometry as the E-W model (Figure 5), [9]: Here, the load 344 

transfer angle, ϕ, is still defined and di is the inter-fibre centre-to-centre distance as in the Eitan-Wagner 345 

model. However, they substituted the use of rf, the intact fibre radius, with re, an effective matrix interaction 346 

radius (not shown in Figure 4) re is defined as the radius beyond which there is no significant stress activity 347 

in the matrix induced by a fibre break, a quantity somewhat more difficult to define than the radius of the 348 

fibre. This produced modified expressions for ϕ, F, and Kc as per Eqns. 10 to 12. 349 

 ∅ = 𝑐𝑜𝑠−1 (
𝑑𝑖

2𝑟𝑒
⁄ )                                                       (10) 350 

𝐹 = ∅
𝜋⁄ = 1

𝜋⁄ 𝑐𝑜𝑠−1 (
𝑑𝑖

2𝑟𝑒
⁄ )                                                                      (11) 351 

𝐾𝑐 = 𝜎(0)
𝜎(∞)⁄ = 1 + 𝐹 (

𝐴0𝐸0
𝐴1𝐸1

⁄ )                       (12) 352 

Here, σ(0) is the local axial stress acting on the intact fibre at the cross-section of the break, while σ(∞) is 353 

the undisturbed fibre axial stress at a point on the same intact fibre at a point far from the break.  354 

𝐾𝑐 = 1 + (
𝐴0𝐸0∅

𝐴1𝐸1𝜋⁄ ) 𝑠𝑖𝑛−1 (
𝑟𝑒

𝑑𝑖
⁄ )                                                      (13) 355 

In these new expressions, they also introduced the fibre cross-sectional areas and moduli for the broken 356 

[A1, E1] and intact fibres, [A0, E0,] , respectively, which enabled use of their model for systems with dissimilar 357 

fibres (hybrid systems). Where two fibres have different tensile moduli and cross-sectional areas, it is 358 

assumed that the larger fibre will have a larger interaction radius; presumably, because it has a higher load 359 

bearing capacity. In this situation, two stress-interaction radii, re0 and re1 are defined for the broken and 360 

intact fibres, respectively. re is an analogous parameter to the matrix-radius of stress influence, rm, of the 361 

Cox shear lag model, and ideally it should be measured. On this basis, the area ratio of two separate fibre 362 

interaction zones is given by Eqn. 14 363 

(𝑟𝑒0
2 − 𝑟0

2)
(𝑟𝑒1

2 − 𝑟1
2)

⁄ =
𝐴0𝐸0

𝐴1𝐸1
⁄                        (14) 364 
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Here, r0 and r1 are the radii of the intact and broken and fibres, respectively. This expression does allows 365 

values for re, to be calculated where the moduli and areas of the two fibre types are known. This alters the 366 

expression for the interaction angle, ϕ (Eqn. 15) 367 

∅ = cos (
𝑑𝑖

2 + 𝑟𝑒0
2 − 𝑟𝑒1

2

2𝑟𝑒0𝑑𝑖
⁄ )                        (15) 368 

When the interaction distance is less than re0sinϕmax , Eqn 16 is used 369 

∅𝑚𝑎𝑥 = sin−1(
𝑟𝑒1

𝑟𝑒0
⁄ )                                                        (16) 370 

F can also be evaluated using the concept of area of overlap rather than angle of interaction, i.e., Eqn 17 371 

𝐹 =
𝐴𝑜𝑣

𝜋(𝑟𝑒0
2 − 𝑟0

2)⁄                                                         (17)  372 

Lastly, it is also possible to express the stress concentration at any fibre (1), K1r=R at a significant centre-to-373 

centre distance, R, from a broken fibre, in terms of the stress concentration K1 at a single fibre break using 374 

Equation 18, [28], which relates stress concentration to a normalized interfibre distance (R/rf), where R is 375 

the centre-to-centre distance between adjacent fibres, one of which is intact, the other broken: 376 

𝐾1 = 𝐾1
𝑟=𝑅[𝑅

𝑟⁄ ]
−0.14

          (18) 377 

This relationship, fitted on the basis of LRS measurements of point stresses, showed that there was 378 

negligible, (but not zero), influence of a fibre break for (R/r) = 11.       379 

2.3 Observations 380 

As mentioned at the start of this section, the E-W model cannot describe the actual inter-fibre stress 381 

transfer as it wrongly neglects matrix axial stress. Grubb’s modified model represented an improvement 382 

on this. In Table 1, Grubb et al., [9], the stress concentration factors calculated for three hybrid fibre systems 383 

are compared with predicted values of three models (local load sharing (LLS), Eitan & Wagner, and two 384 

variants of Grubb’s replacement model). Of the four predictions, that of Grubb’s sector angle interaction 385 

zone (SAIZ) model achieved the best fit across all three fibre systems, although the area overlap interaction 386 

zone (AOIZ) model also achieved relatively good agreement with data for two of these systems. In contrast, 387 

the LLS prediction for the Nicalon/Kevlar fibre system was 24% overestimated, but in a good agreement 388 

(3-6% difference) for the other two systems. This was also the case for the E-W model that showed 15% 389 

reduced SCF for the Nicalon/Kevlar fibre system when compared to the Raman stress data but better 390 
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agreement for the other two systems. However, in contrast to both models, the SAIZ model was closest in 391 

predicting Kc for all three composite systems. Nevertheless, significant discrepancies exist between all 392 

models and the data, and the deviations between various models and the data remain highly system-393 

dependent indicating that none of the models capture all of the parameters necessary to predict the 394 

behavior of different systems: i.e., none of these models can be described as a universal model for fibre 395 

stress transfer at time of writing. 396 

Overall, it is clear that geometrical models for inter-fibre stress transfer have developed to a fair level of 397 

quantitative accuracy, allowing useful data reduction from measurements such as MFFT deployed with 398 

LRS. However, by their very nature, they are geometrically constructed and are heavily reliant on the 399 

assumption that forces are uniformly transmitted in direct lines, or within definitely described areas 400 

defined by angles. As such, they are ‘line-of-sight’ models only, and are not constitutive models that are 401 

derived from constituent material properties, apart from elastic modulus. Thus, there is no provision to 402 

calculate a stress transfer efficiency over these areas; it is simply assumed that this efficiency will be 100% 403 

if fibres are ‘visible to each other’. A comprehensive model would retain the geometrical characteristics of 404 

these models, but would also be constructed with a better understanding of the mechanisms of load-405 

transfer through a given polymer matrix, incorporating properties such as fibre Young’s modulus and 406 

fracture toughness. 407 

3.0 Multi Fibre Fragmentation Test (MFFT)  408 

Stress transfer between fibres is an important area of study in the micromechanics of fibre arrays, 409 

particularly in the context of unidirectional lamina. The theoretical treatment of such systems has been 410 

discussed elsewhere [39]. Here, we describe the history and development of multi-fibre fragmentation test 411 

(MFFT) protocols designed to interrogate fibre-fibre interactions in a two-dimensional unidirectional 412 

lamina. Note that studies presented are mostly restricted to discussion of parallel fibres in one plane. 413 

3.1 MFFT Test Protocols 414 

MFFT protocols tend to closely resemble single fibre fragmentation test (SFFT) ones, apart from the 415 

configuration of testing frames and equipment, which are modified to achieve consistent inter-fibre 416 

spacings. They have been tested over a period of many decades, [38, 39], with numerous techniques for 417 

alignment and embedding of these fibre arrays, [40-43]. Usually, the challenge for these techniques has 418 
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been the successful embedding of fine, brittle fibres at consistent inter-fibre distances within a matrix, 419 

which requires curing, and which shrinks after the fibres have been tensed and mounted in the mould.  420 

In an early version of MFFT (1964), Rosen [44] used prepeg tapes with large fibre volume fractions (~60%) 421 

to create such specimens and make qualitative observations and measurements of fibre-breaks in close 422 

bundles. Between 92-94 glass fibres of mean diameter 0.127 mm were arranged in parallel arrays and 423 

embedded in epoxy plates with dimensions of 12 x 25 x 1.5 mm. Notably, the fibre diameter in these tests 424 

was on average five times the inter-fibre spacing of the adjacent fibres. These were tensed along the fibre 425 

axis to their ultimate failure load (493-556 N). They discovered that the first breaks were observed at 50% 426 

of ultimate load and 130 breaks were observed at ultimate failure representing a linear break density of 427 

5.2 mm-1. Wadsworth and Spilling, [46] pursued a different method by placing dry fibres on parallel linear 428 

arrays of pins, rotated at equal rates to achieve the desired fibre tension and inter-fibre separation prior to 429 

embedding the tensed fibre system in resin and curing (Schematic illustrated in Figure 6). Nevertheless, 430 

the inter-fibre distances achieved were too random for significant conclusions to be drawn from their 431 

study. Furthermore, the curing method of these and many other microcomposite systems is different to 432 

those used industrially (e.g., autoclave curing), which may result in resin properties different to those of 433 

full-scale composite parts produced commercially. Nevertheless, properly controlled inter-fibre spacing 434 

can be used to mimic fibre volume fractions that would be achievable industrially, and since the value of 435 

the latter tends to dominate fibre-axis composite properties, the effect of differences in matrix shear yield 436 

strength and other resin properties may not sufficiently distort the transferability of the analysis from a 437 

microcomposite to a full-scale composite part at the sub-tow scale. One caveat to this would be the situation 438 

where the matrix yield strength of an under-cured matrix switched from being greater than the interfacial 439 

shear strength, to being less than it; however, typical matrix yield strengths (ca. 80 MPa, [46]) are usually 440 

far higher than IFSSh (20-60 MPa, [47]), so this will rarely occur. 441 

More controlled embedding of parallel fibres in monolayer epoxy films (microcomposites) was described 442 

by Steenbakkers & Wagner, [48], and tensile tests were performed for a variety of Kevlars- and E-443 

glass/epoxy microcomposites to relate strength and modulus properties to closely controlled volume 444 

fractions. Gulino and others [49, 50] improvised a three-fibre composite system by pulling the fibres 445 

through a fine mesh in order to more closely control fibre-fibre distance. However, this method was difficult 446 
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and tedious to perform, resulting in too few samples being prepared in the study to develop statistically 447 

significant results. 448 

By contrast, Wagner & Eitan, [38] and Steenbakkers & Wagner, [48], used a fibre spacing pin-array system, 449 

but on this occasion they not only placed fibres between pin arrays, but also rotated the arrays to deliver 450 

more accurate and reproducible inter-fibre distances in the ultimate composite specimen. This approach 451 

worked well for Kevlar and other polymer fibres, but carbon and glass fibres broke too easily under 452 

rotation. Using this method, the smallest inter-fibre distance achievable was four times the fibre diameter. 453 

This has been considered by Li et al. [10] to be insufficiently close to study meaningful stress transfer; 454 

however, elsewhere, a much higher ratio of 15 fibre diameters has been advanced as a reasonable stress 455 

transfer radius, (Cox model [52]). Jones and DiBenedetto [53] modified this approach by using rotating 456 

brass combs with spacings of 101 µm. Interfibre spacing was controlled by adjusting the angle of rotation 457 

on the device, before depositing the aligned dry fibres in a silicone mould for curing. Li, Grubb and Phoenix 458 

[10] reported yet another fibre-spacing apparatus, which used spacers to maintain fixed, known fibre 459 

spacings. A schematic of the MFFT apparatus is shown in Figs. 2 and 3 of Li et al. [10] and is similar to the 460 

apparatus shown in Figure 6.  This was used to perform MFFT on an epoxy-based composite with Nicalon 461 

silicon carbide fibres of 15 μm diameter. Fibres were stabilized in a group of three on a frame by tensing 462 

each fibre with freely-hanging glass rods on both sides as weights (1 g). The fibres were maintained at 463 

regular inter-fibre spacings along the top of the frame. Then the silicone mould was raised underneath the 464 

fibre assembly on an independent stage until the fibres were aligned correctly within the appropriate 465 

cavities, without touching the mould walls. The epoxy mixture was then injected into the cavities from 466 

either end using pipettes in such a way as not to unduly disturb the fibres. Once the moulds were filled, the 467 

epoxy mixture was cured as described above. Finished specimens had a typical thickness of 1 mm, and were 468 

polished after curing to eliminate rough edges, which could cause premature fracture and bias desired 469 

results. 470 

The epoxy was a mixture with 70:30 mass ratio of DER 331 (diglycidyl epoxide of bisphenol A) to DER 732 471 

(polyglycol diepoxide). It was cured with DEH 26, a tetraethylene pentamine. Specimens were cured at 472 

room temperature for 24 h and for 3 h at 80 °C in silicone rubber moulds. Importantly, the fracture strain 473 

of the epoxy resin was much higher; 12.2 %, compared with that of the fibre; 1.6 %.  474 
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Typically, the fragmentation tests were executed with a gauge length of 20 mm on an Instron Tensile Tester 475 

Model 1122 at a strain rate of 0.0025 min-1. Some tests were monitored in-situ, albeit somewhat remotely, 476 

using a telescope (Questar Model QM1) with 100x magnification and focal length of 1 m. Teflon was 477 

mounted behind the specimen to enhance the contrast of the embedded fibres in images, which were 478 

displayed on a local TV screen. The Nicalon fragmentation was typically complete at a strain of 5 %. 479 

Fragment lengths were measured after test completion using an optical microscope with a grid-calibrated 480 

eye-piece. Micrographs of some specimens were also taken on separate strain rigs implementing equivalent 481 

strains to the Instron, in order to study photoelastic, birefringence patterns (Olympus Model PME).  482 

Holmes et al. [54] designed a substantially different system to those used by Phoenix and others previously. 483 

Here, an integrated testing system was designed where interval-censored photographs of fibre-bundles 484 

could be recorded in tandem with the recording of load data in-situ during a uni-directional tensile test of 485 

a dogbone specimen. 486 

Overall, while MFFT test equipment has achieved increasingly more precise control over fibre uniaxial 487 

testing, the management of fibre tension during fibre embedding can be difficult due to the absence of an 488 

effective means of filament local tension measurement. The embedment process is also typically manual 489 

which introduces variability in initial fibre tension and potential undetected crazes on fibre surfaces that 490 

can precipitate premature failure. The stress relaxation state of individual fibres in an array is also not fully 491 

accounted for in published methods (which also indicates the need for in-situ tension measurement during 492 

embedment). Nevertheless, advances in microactuators, sensors and programming indicate that all of these 493 

challenges can be addressed. 494 

3.2 MFFT Literature Data 495 

A number of workers have reported important data for MFFT, albeit using equipment which has tended to 496 

diverge greatly in design, and also using different composite systems, testing techniques and protocols. 497 

Therefore, it is not always possible to make direct comparisons between their respective reports, or draw 498 

general conclusions about physical phenomena occurring in embedded fibre arrays generally. However, 499 

some fundamental observations have been made by some of these authors, which in some cases directly 500 

contradict response predicted by the shear-lag family of models based on the analysis of Cox. 501 

Jones and DiBenedetto, [53], performed a MFFT using their rotating brass ‘comb’ system to mount precisely 502 

co-aligned fibres in a silicone mould prior to filling resin. They performed same-fibre MFFT and hybrid or 503 
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different-fibre MFFT tests. These featured two coated E-glass fibres (A-1110 and A-163), AS4 and IM6-G 504 

carbon fibres, and Kevlar 49. The combinations were 1) AS4/IMG6-G, 2) A-1110, Eglass/A163 Eglass, 3) 505 

Kevlar 49/AS4 carbon fibre, and 4) A-1110 Eglass/AS4 carbon.  For the AS4 test, nine fibres were aligned 506 

with interfibre spacing of approximately 14 fibre diameters. It was found that the mean fragment length of 507 

two such samples was almost equivalent to that measured for the equivalent AS4 SFFT test (0.69 mm, 508 

MFFT, 0.72 mm SFFT), although the fibre fragment length distribution for MFFT was somewhat broader. 509 

This may have been due to an incidentally weak SFFT fibre interface compared with that of the MFFT fibres, 510 

which may have resulted in a longer stress transfer length. Additionally, where there was inter-fibre 511 

separation of seven or more fibre diameters, random fracture was observed. However, for inter-fibre 512 

spacings smaller than seven diameters, evidence of co-ordination between fracture locations of adjacent 513 

fibres was observed. Co-ordinated fractures between adjacent fibres were attributed to stress 514 

concentrations at the intact fibre caused by stress relinquished by the broken neighbouring fibre. The 515 

authors failed to determine fractures with sufficient certainty in the Kevlar 49 fibres, but stated that the 516 

Kevlar 49 fibre failed in shear based on micrographs and consistent with the observations of Wagner and 517 

Steenbakkers. This fibre shearing had the effect of lessening the concentration of stress concentrations in 518 

the neighbouring intact fibres. By contrast, the two coated glass fibres showed clearly co-ordinated 519 

fractures between fibres in each case, even at six fibre diameters’ displacement, which to that point had 520 

been believed to be the outer limit of significant stress transfer between two fibres. As seen for the AS4 521 

fibres, there was little significant difference between average critical fragment length under the SFFT and 522 

MFFT (0.77 mm, MFFT v. 0.78 mm, SFFT), although the fibre fragment length distribution for MFFT was 523 

broader. However, the MFFT/SFFT distinction was significant for the methyl silane-coated E-glass fibres. 524 

Here, the critical length of the SFFT was 0.95 mm, compared with the MFFT value of 1.28 mm.  The longer 525 

MFFT length was thought to be caused by more severe debonding and interface failure caused by stress 526 

concentrations induced by fracturing neighbouring fibres. (A-163 was a poor sizing agent, inducing a weak 527 

interface). The hybrid MFFT tests delivered further insights, albeit the systems being studied were highly 528 

artificial and the results would be unlikely to apply to a commercial system. For AS4/IM6-G, the two fibres 529 

fractured in a highly co-ordinated manner with nearly equivalent critical fibre fragment lengths. However, 530 

the common hybrid critical length (0.81 mm) of each fibre was higher both than that of the AS4 fibre alone 531 

(0.72 mm), and the IM6-G fibre alone (0.57 mm). The A1110/A-163 E-glass hybrid system (alternating in 532 

each type) showed high co-ordination of fractures between fibres, with both fibres showing slightly lower 533 
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critical fibre fragment length (A-1110 = 0.71 mm compared with an SFFT value of 0.78 mm; A-163 = 0.85 534 

mm compared with SFFT 0.95 mm) This was the opposite trend to that observed for the AS4/IM6-G system 535 

showing that differences between both test modes were primarily due to differences in the interface quality 536 

of the constituent fibres rather than being determined solely by the test mode or inter-fibre separation. In 537 

particular, for this system, the authors observed that a crack occurring at the A-1110 fibre was arrested at 538 

the poorly sized A-163 fibre since the weaker interface directed the energy along the interface via 539 

debonding, rather than permitting a further fibre fracture allowing the crack to propagate along the entire 540 

section of the composite. Thus, in this context, a relatively weak interface could be beneficial in arresting 541 

fibre breakage, an observation more easily facilitated by this type of MFFT where one plane of fibres could 542 

be studied and fibre volume fraction, interfibre spacings and fibre coatings could be closely controlled. The 543 

authors also performed computer modeling of the process using a technique by DiLandro et al. [55] based 544 

on a local load sharing (LLS) model where stress concentration at an incipient fracture site on an intact 545 

fibre were calculated based on a knowledge of the number of surrounding fracture sites, and the type of 546 

neighbouring fibres. The computer model established that fibres in the hybrid 1000-fibre MFFT systems 547 

experienced significantly lower transferred stress from a neighbouring fracture than the equivalent control 548 

fibre (SFFT). For high-extension glass fibres placed adjacent to low extension carbon fibres, this resulted 549 

in less fracture of the latter, resulting in higher measured mean strength of the carbon fibres. Increases in 550 

carbon fibre strength in these situations varied dramatically: from 24% for ‘tightly packed’ fibres to as 551 

much as 97% for more ‘dispersed’ fibres.  552 

Grubb, Phoenix et al. [9] reported MFFT data for three, five or seven Nicalon fibres spaced regularly on a 553 

frame as discussed above, where fibres were typically separated by one fibre diameter. They concluded 554 

that the mean fibre fragment length was a function both of inter-fibre separation and the number of fibres 555 

present in the parallel fibre array. Specifically, mean fragment length increased where inter-fibre distance 556 

was smaller, and also when more fibres were present in the system. Generally, longer mean fragment length 557 

(hence fewer fragments per unit length fibre) indicates that the fibre is absorbing less stress from the 558 

matrix, when surrounded by other fibres at sufficient proximity, because they are also absorbing stress. 559 

Longer mean fragment length can also indicate lower stress transfer efficiency of the interface or a lower 560 

interfacial shear strength, since if either of the latter are low, the interface may fail before it can transfer 561 

sufficient stress to the fibre to enable fragmentation. 562 
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However, this increase of mean fragment length in the presence of closer fibres directly contradicted the 563 

predictions of the Cox model, where a decrease in mean fragment length was expected as the matrix radius 564 

rm decreased. More fundamentally, if critical fibre fragment length is calculated as a direct function of mean 565 

fibre fragment length, this means that derived values of critical fibre fragment length, and hence, IFSSh 566 

(calculated via Eqn. 2 (Kelly Tyson, [8,56]), are very dependent on experimental conditions rather than being 567 

independent material properties of the interface itself as they should be by definition.  This deficiency is most 568 

readily seen in tests involving multiple fibres aligned closely in parallel, and is evident throughout the MFFT 569 

literature. Grubb et al. [9] suggested that the shear-lag models, which had been designed to model the 570 

behaviour of single fibre fragmentation in a direction along the longitudinal fibre axis, were intrinsically 571 

incapable of modeling stress transfer between fibres. Despite the presence of an rm parameter in the Cox-572 

type models, which emerged mathematically in their development, there was no constitutive physical 573 

model for stress transfer to make rm representative of real systems. Consequently, Grubb et al. [9] advanced 574 

a number of literature models, in addition to their own, which were intended to more closely model such 575 

fibre-fibre interactions, and contained an interaction radius parameter similar to rm. These two 576 

geometrically-constructed fibre sector angle and overlap area models were claimed to deliver better 577 

agreement with their experimental Raman data than either the local load sharing (LLS) or Eitan & Wagner 578 

models, based on a comparison of Raman-derived and calculated values of stress concentration factor, Kc, 579 

for each binary fibre combination. However, despite the relative accuracy of these models, they are based 580 

exclusively on geometric considerations, i.e., they calculate either a ‘line of action’ or ‘area of action’ 581 

between two fibres and assume that stress transfer will be proportional to either of these factors. There is 582 

no provision for including factors such as viscoelasticity of the matrix, the associated time-delay of force 583 

transfer because of force amplitude damping effects or other factors. Nevertheless, they provide a useful 584 

conceptual framework, with which to build an effective comprehensive constitutive model of stress 585 

transfer through a matrix. 586 

  587 
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3.3 Areas for Improvements in MFFT 588 

MFFT tests require improvements in the following areas as follows: 589 

1. MFFT equipment has tended to diverge greatly in design, and also using different composite systems, 590 

testing techniques and protocols. Therefore, it is not always possible to make direct comparisons 591 

between their respective reports, or draw general conclusions about physical phenomena occurring 592 

in embedded fibre arrays generally. Thus, equipment needs to be improved and standardised. 593 

2. Existing models for stress transfer between fibres during the fragmentation process rely on 594 

geometrical models for stress transfer that project stress transfer between fibres as a sole function of 595 

area-of-sight, or in limiting cases as decaying functions of inter-fibre separation. These models are 596 

currently insufficient for modelling stress transfer as a function of matrix properties, especially 597 

considering the wide window of properties for existing commercial resin systems. Constitutive matrix 598 

stress transfer models are needed. 599 

3. Current MFFT models do not incorporate terms to calculate matrix vibration as a function of fibre 600 

fracture shock. The effect of shock is also a sensitive function of matrix viscoelasticity, so that a 601 

comprehensive model for MFFT will need to incorporate terms for the transfer of energy between 602 

fibres by acoustic shock. 603 

4.0 Measurements of Fibre Matrix Interfaces under other loading conditions 604 

To now, this review has focused almost exclusively on techniques used to interrogate fibre-matrix 605 

interfaces under uniaxial tension. However significant work has also been done on composites under 606 

fibre-axis compression, tensile-compressive cyclic loading and on commercial composites. For 607 

composite systems tested under compression, Goutianos et al. [57, 58] published two studies 608 

examining fibre matrix stress transfer for carbon epoxy composites under uniaxial compression along 609 

the fibre axis. Both studies examined interface stress transfer efficiency under both compression and 610 

tension, with tension loading being used as a control case. In [57], they established that the maximum 611 

interfacial shear stress measured was a function of applied strain, but, surprisingly, it was independent 612 

of the type of loading, i.e., (whether compressive or tensile). This finding is consistent with the idea 613 

that the maximum interfacial shear stress should represent the intrinsic interfacial shear strength of 614 

the interface, a material property, which should indeed be independent of the direction of uniaxial 615 

loading. However other differences were observed, i.e., the authors observed much lower stress 616 
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transfer lengths in fibre fragments under compression than those under tension (40-80 μm v. 450-500 617 

μm). This was accounted to the fact that when compressed fibres fragmented, they were still able to 618 

transmit stress through the break via mutual compression of adjacent fragments, a mechanism 619 

obviously not available during uniaxial tension. Additionally, it was found that the distribution of fibre 620 

breaks in a compressed system was far more uniform with a more reproducible mean fragment length 621 

than that determined for fibre systems under uniaxial tension. This was explained by the fact that 622 

tensile failure in a fibre is governed by the more random distribution of crazes and flaws that determine 623 

the location and order of fibre fragmentation, whereas compression failure is driven by failure 624 

phenomena at the microcrystalline level of the carbon fibres. Finally, Koimtzoglou et al. [59] extended 625 

work in this direction by examining cyclic loading at maximum 0.5% strain of one M40-40B Toray fibre 626 

in an Epikote 828 epoxy resin under uniaxial tension/compression to determine the fatigue properties 627 

of the fibre-matrix interface. They reported the progress of fibre fragmentation during a 2 Hz test over 628 

a 2 mm fibre length as follows: 1 fragment at 1 cycle; three fragments at 10,000 cycles; four fragments 629 

at 500,000 cycles and five fragments at 1,000,000 cycles, representing a final break density of 2.5 mm-630 

1. Raman spectroscopy showed that there was a residual stress of ca. 400 MPa in the vicinity of the first 631 

break, with a stress development length of ca. 600 μm to a stress plateau of 4.4 GPa at a fibre strain of 632 

1.0%. At 1000 cycles, the first plateau showed a stress increase to 4.8 GPa, while the second showed 633 

one of 4.0 GPa at an applied fibre strain of 1.2%. Near-stress-saturated fragments were then observed 634 

at 100,000 cycles, which showed triangular stress distributions peaking at between 2.4 and 2.8 GPa at 635 

a fibre strain of 0.6%. The maximum IFSS calculated at 1 cycle was between 45 and 50 MPa, values 636 

which ultimately remained stable for practically all fragments formed at the end of the test (1,000,000 637 

cycles). Again, this result demonstrated that calculated IFSSh was largely independent of fatigue stage, 638 

which is consistent with its definition as a material property of the interface. However, the work in [57-639 

59] concerned single fibres rather than parallel arrays. It is clear that more work remains to be done 640 

in this area to interrogate compression and fatigue effects in multi-fibre arrays, and the formal fibre 641 

break statistics observed during compression also requires further characterisation.  642 

643 
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5.0 Discussion 644 

In this paper, the history and current state of the fibre fragmentation technique (augmented with Raman 645 

spectroscopy) have been described for the determination of interfacial shear strength in fibre-reinforced 646 

composite systems.  647 

However, none of the fragmentation techniques described have yet achieved sufficient reliability to form 648 

the basis of a universal standard for the measurement of absolute interfacial shear strength that could be 649 

used to estimate laminate ILSS. The reasons for this are many: 1) These indirect techniques do not result 650 

in a direct measurement of interfacial shear strength but rely on non-optimal equations to calculate IFSS 651 

as a derived quantity from first-order load-deflection curves and/or fibre fragmentation statistics coupled 652 

with load-time data, 2) Non-fibre-contact ‘embedded fibre’ techniques such as fibre fragmentation are 653 

currently time-consuming and non-trivial to perform, featuring complex model specimen preparation and 654 

complex loading conditions not fully understood at the interface level via existing models (e.g. Kelly-Tyson, 655 

shear-lag). 3) Direct-fibre-contact techniques, though simple to execute, do not properly capture interface 656 

behaviour that actually applies to fibres fully embedded in resins. 4) The matrix strain-to-failure commonly 657 

required to execute fragmentation tests are usually far higher than that which would apply in ‘real’ 658 

composite structures 5) Recent findings by McCarthy et al. [60] of Uniform fragmentation break statistics 659 

that apply to the fragmentation test imply no deterministic mechanism for formation of fibre breaks during 660 

SFFT or MFFT. This appears to defy the classical assumption of stress development over fibre fragments 661 

made by shear lag and Kelly-Tyson models. This renders it difficult to calculate IFSSh from these tests 662 

without the improvisation of a radically different theoretical framework to describe stress transfer and 663 

fibre fragmentation from first principles. Specifically, the concept of a 100%-ineffective stress transfer 664 

length is seriously challenged by these statistical findings, which implies that at the very most there is 665 

reduced probability of fragmentation along these lengths rather than a complete impossibility of a break 666 

forming.  667 

More fundamentally than this, it is clear that interfacial shear strength values derived from fibre 668 

fragmentation statistics are dependent on test parameters such as inter-fibre separation distance (in 669 

MFFT) that should have no effect on what should be an intrinsic property of the particular chemistry of the 670 

fibre-matrix interface alone. This presents the scenario that one can devise a fragmentation test at high 671 

volume fraction that closely models the behavior of a real composite, but is incapable of isolating the actual 672 
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intrinsic shear strength of the interface. Alternatively, one can pursue a SFFT that provides a closer estimate 673 

of IFSSh but does not capture stress concentration effects introduced by nearest neighbour fibres as is 674 

possible via the MFFT. Finding a technique that achieves a compromise between these two extreme cases 675 

remains the challenge at time of writing. 676 

Apart from determination of IFSSh, which is a mechanical property of the fibre-matrix interface, there are 677 

also techniques that measure surface energy and chemical energy of the fibre coatings/sizings. These 678 

include contact angle measurements, [61] inverse gas chromatography, [62] and precise atomic force 679 

microscopy, [63]. However, at present, there is no robust model that can predict interfacial shear strength 680 

on the basis of the known chemical bond or surface energy of an interface. Were this to be developed, it 681 

would arguably be much easier to customize interface chemistry to balance desired strength, toughness 682 

and shear strain-to-failure. 683 

The original Griffith expression which includes a term for surface energy, γ, might provide a precedent for 684 

how such a relationship could be conceived and validated, i.e., Eqn 19, [64]. 685 

𝜎𝑓√𝑎 = √(
2𝐸𝛾

𝜋⁄ )                                                        (19) 686 

Here σf is the fibre tensile stress, a is the crack length, and E is the material modulus. However, the surface 687 

energy referred to by Griffiths does not capture the covalent or hydrogen bonding energy of the interface 688 

chemistry that would be distinctive for various common fibre sizings. The surface energy effectively 689 

expresses physical attractive/repulsive forces at the interface that are not necessarily equivalent to energy 690 

of chemical debonding at the interface, but may be related. 691 

At present, optimization of interface chemistry is done in an iterative manner by depositing a fibre sizing 692 

formulation and performing tests at a macroscopic level, e.g., using lap-shear testing to assess bond 693 

strength. However, no constitutive relation has been proposed between chemical and mechanical 694 

properties (apart from the Griffith relation above) that would allow mechanical properties to be 695 

customized in a controlled, precise and predictable manner by molecular design. 696 

Lastly, qualitative detection methods for interface bonding conditions are in their infancy. Recent work by 697 

Zammarano et al. [65] showed that Forster Resonance Energy Transfer (FRET) could be used to identify 698 

the interface using optical microscopy to make a qualitative evaluation of the size and condition of a 699 

polymer composite interface, a potentially revolutionary technique for revealing the interface by 700 
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conventional confocal microscopy accessible to many laboratories. However, this technique is hampered 701 

by a number of challenges: a) a system with an embedded interface can only be studied if the matrix is 702 

significantly transparent, b) there must be robust and complete coverage of both interfaces by the relevant 703 

donor and acceptor dyes to eliminate the possibility of false positive indications of interface rupture.  704 

Thus, both detection methods and mechanical tests for interface strength and quality are significantly 705 

underdeveloped in various ways. This presents a significant challenge to the engineering design community 706 

in understanding the link between adhesive and sizing chemistries and mechanical/degradative 707 

performance. Arguably, there is a significant case for dedicating increased resources and attention to the 708 

solution of the scientific and technological challenges necessary to produce standardized descriptive 709 

models and measurement standards for the interface. If this is achieved, it is highly likely that it would 710 

enable radically improved control of interface properties by a more precisely customised chemistry of 711 

sizings. After fifty years of activity in mechanical characterization of the fibre matrix interface, it is perhaps 712 

time to consolidate numerous approaches into one, unified comprehensive model of the fibre matrix 713 

interface and fibre-fibre stress transfer that explains macroscopic behavior of composites. The critical fibre 714 

fragment length has an impact on composite fracture toughness and affects the notched strength and hence 715 

notch sensitivity of the composite system [66], so its accurate evaluation becomes important in design.  It 716 

has been seen earlier that it also relates to the IFSS that may influence the initiation of matrix cracking in a 717 

cross ply or multidirectional laminate [67, 68] which in turn would trigger delaminations at different ply 718 

interfaces [69, 70] that could lead to fibre breakage or fibre instabilities when loaded in compression [71, 719 

72] and ultimately to catastrophic failure. Currently, uncertainties in the value of the IFSSh and ILSS lead 720 

to unnecessarily high load safety factors and overweight structural configurations, reducing the benefit 721 

offered by fibre reinforced polymer composites [73]. 722 

723 
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Figures 875 

 876 
 877 
Figure 1. Measured Strain Profile and Derived IFSS Profile for three fibre-epoxy systems at an 878 

applied strain of 1%, Based on Schadler et al. [21].  879 
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 880 

Figure 2. Measured Strain Profile and Derived IFSS Profile, Based on Melanitis et al. [22]. 881 

                             882 

Figure 3. ISS Maxima plotted at different axial specimen strain levels (different fragmentation 883 

experiments), Based on Melanitis et al., [22]. 884 
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                            885 

Figure 4. Geometry of Interfibre stress transfer model of Eitan and Wagner, Based on [38]. 886 

                      887 

Figure 5. Geometry of Interfibre stress transfer model of Grubb et al., Based on [9]. 888 

                            889 

Figure 6. Schematic of typical multi-fibre fragmentation embedding system.  890 
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Table 891 

Table 1 Interfibre Stress Transfer Model Predictions for Stress Concentration v. Raman measured 892 

values, Grubb et al. [9].  893 

Composite 

System 

Raman Data Local Load 

Sharing 

Eitan and 

Wagner 

Sector Angle Overlap 

Nicalon/Kevlar 1.45 ± 0.1 1.80  1.26  1.47  1.67  

AS4/Kevlar 1.32 ± 0.1 1.28  1.13  1.28  1.28  

Fortafil/Kevlar 1.18 ± 0.07 1.25  1.12  1.23  1.24  
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