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Abstract 9 

One of the important microscale properties that determine a composite’s performance is 10 

the fiber-matrix interface strength. Research has primarily been focused on the interface 11 

strength under shear loading, while studies on interface strength under normal loading are 12 

limited. Nevertheless, normal loading is very relevant, for example to  understand failure 13 

mechanisms in 90° plies. Therefore, in this work, we modified a single fiber composite 14 

test to a cruciform shape with a thinned middle section to test glass fiber matrix interface 15 

properties under normal loading conditions. These specimens allow testing the interface 16 

up till the point of failure of the polymer matrix, thus improving over regular cruciform 17 

specimens. An in-house designed tensile stage enabled the use of in -situ transmission 18 

and reflection microscopy. Insights into the debonding process were obtained over a large 19 

fiber length (± 10 mm) via the use of a step-and-shoot method. The methodology is 20 

applied to a glass fiber with an epoxy compatible and incompatible sizing. It shows that 21 

the debonding process can be divided into two partially independent debonding processes 22 

(initiation and propagation). The obtained data enabled the construction of a descriptive 23 

function for the total debond length of a fiber-matrix interface. This showed that besides 24 

a high interface strength, a homogeneous application of the sizing should be aimed to 25 

decrease the chances of initiating debonding at lower stresses. 26 

  27 
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Highlights: 31 

• Normal loading of single glass fiber/matrix interface using cruciform specimens 32 

made using microscale VARI. 33 

• Large interface section is analyzed for initiation and propagation events using a 34 

step-and-shoot loading method combined with transmission optical microscopic 35 

imaging. 36 

• In-situ results show that debond initiation and propagation are partially 37 

independent and coexisting processes. 38 

• A descriptive function was constructed showing the influences of different 39 

parameters on the total debonding length of the fiber-matrix interface 40 

1. Introduction 41 

Fiber-reinforced polymer composites are one of the go-to structural materials of the 42 

future. Nowadays these materials are already used in many applications such as airplanes, 43 

wind turbines, and construction. To achieve optimal properties, the fiber-matrix interface 44 

is very important as it dictates how well the load is transferred to the fibers, and how 45 

damage initiates and propagates. However, quantifying this property is not 46 

straightforward. Yet, obtaining correct information about this property is very important 47 

for characterizing composites as well as for the use of numerical multiscale simulations. 48 

These simulations enable the prediction of composite behavior and failure on different 49 

levels, greatly reducing time and cost for the development of new composite applications 50 
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[1–4]. To assure the correctness of numerical predictions, a good understanding of the 51 

microscale behavior as well as correct microscale input properties are thus needed.  52 

To evaluate the interface strength a variety of methods can be used [5–9]. Often used 53 

methods are the microdroplet test [10–14], the fragmentation test [15–17], and the fiber 54 

pull-out test [15,18–20] (Figure 1). These tests are used to quantify the fiber-matrix 55 

debonding initiation and propagation. Yet, obtaining an absolute quantitative value of the 56 

interfacial strength can be difficult as different data reduction schemes are used. This 57 

makes these tests useful to compare different treatments with each other, yet limited in 58 

obtaining accurate quantitative values [17]. Another downside is their limitation to 59 

characterize only the interface strength under shear loading while often a composite fails 60 

first in a layer with normal or mixed mode stress at the fiber-matrix interface. To tackle 61 

this problem, several other tests were proposed over the years such as the Broutmann test 62 

[21–24] and the transverse tensile test [25–29]. These apply load to the interface in the 63 

normal direction of the fiber.  64 

The Broutmann test is constructed in such a way that by applying a compressive force on 65 

the sample, the transverse fiber-matrix properties can be determined (Figure 1d). Due to 66 

the Poisson coefficient, the compressive stresses will result in radial tension around the 67 

fiber, these stresses will be highest in the necked middle section of the sample. Fiber-68 

matrix debonding will thus occur under transverse stresses. Yet the compressive forces 69 

exerted on the material can result in early failure of the sample or fiber. A more direct 70 

method to test the normal fiber-matrix interface properties is to perform a transverse 71 

tensile test (Figure 1e). Therefore a single fiber is embedded in the matrix material and 72 

loaded in the transverse direction. The fiber-matrix debonding can be observed both at 73 

the edges of the sample or in the middle part. Yet, these free edges result in stress 74 

concentrations making those zones more prone to debonding. To prevent premature 75 

debonding the cruciform shape was first introduced by Gundel et al.[30] The special 76 

cruciform shape mitigates the influence of the free fiber edges present in the sample 77 

(Figure 1f). The whole sample is under a tensile load (normal to the fiber direction) with 78 

a decreasing stress level from the middle toward the cruciform arms. Therefore failure of 79 

the fiber-matrix interface will first happen in the middle zone of the sample and will 80 

progressively grow towards the cruciform arms [31–34]. 81 
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 82 

Figure 1 - Schematic overview of the interface strength tests. (a-c) interface shear strength tests and (d-f) 83 
interface transverse strength. 84 

Over the years, several researchers have used and altered the cruciform shape to study the 85 

debonding behavior under normal loading or a combination of normal and shear loading 86 

via altering the angle of the cruciform arms [35–37]. These studies show the great 87 

potential for cruciform samples as a method to study the fiber-matrix adhesion strength 88 

and failure behavior under transverse loading conditions as well as mixed loading 89 

conditions. Via observing the initiation and propagation of the debonding, values for 90 

interface strength and energy release rate could be determined. However, up till now, only 91 

a limited number of studies are available, and several of these use unsized fibers and/or 92 

low-resolution imaging (Table 1). This limits the impact of a very promising technique 93 

for testing debonding properties under normal stresses. 94 



5 
 

Table 1 – Overview of research papers on fiber-matrix debonding using cruciform specimens. 95 

Reference Fiber / matrix 

combination 

Production method Observation 

technique 

Gundel et al. [30] SiC /  Ti-6Al-4V Diffusion bonding Acoustic emission 

Bechel et al. [36] Carbon / Epoxy Pouring of degassed resin Optical microscopy 

Tandon et al. [31] SiC / Epoxy Pouring of resin Optical microscopy 

Tandon et al. [35] SiC / Epoxy Pouring of resin Optical microscopy 

Majumdar et al. [38] SiC / BSi glass Sintering of sheets Post-mortem 

Foster et al. [37] Steel / Epoxy Pouring of degassed resin Optical microscopy 

Koyanagi et al. [8] Glass / Epoxy Pouring of resin Optical microscopy 

Koyanagi et al. [34] Glass / Epoxy Pouring of resin Optical microscopy 

Levine et al. [39] Glass / Epoxy Degassing of poured resin High speed camera 

Chu et al. [33] Aramid / Epoxy 

Glass / Epoxy 

Degassing of poured resin High speed camera 

 96 

In this study, we further improved on the production method to obtain thin, void-free 97 

samples. This new, vacuum-assisted resin infusion  (VARI), high-quality production 98 

method was combined with a modified cruciform design to maximize debonding events 99 

before matrix failure is encountered. The obtained samples had a nominal thickness of 100 

200 µm and enabled clear observation of the debonding process via both normal and 101 

polarised light microscopy. The limited thickness also allowed the use of normal 102 

microscope objectives (no need for expensive long-working distance objectives) and a 103 

light-weight tensile testing machine. The thickness was still sufficient as not too affect 104 

the stress concentration field near the fiber. The cruciform samples were subjected to a 105 

step-and-shoot method allowing to study of a much larger fiber-matrix interface length 106 

throughout a tensile test, gaining new insights into the debond initiation and propagation 107 

process. Two identical glass fibers, yet with a different sizing (good/compatible vs. 108 

bad/incompatible) were studied to pinpoint differences in the adhesion characteristics. 109 

The combination of these innovations led to new insights into the debonding process 110 

under normal tension. 111 

2. Materials and methods 112 

2.1. Materials 113 

The epoxy resin used was EpikoteTM Resin MGS RIMR 135, which is based on diglycidyl 114 

ether of bisphenol A (DGEBA), combined with a liquid diamine hardener, EpicureTM 115 

Curing Agent MGS RIMH 137 obtained from Momentive Specialty Chemicals. Both 116 

components were mixed in a 100:30 weight ratio and degassed in a vacuum desiccator 117 



6 
 

for 10 minutes. After optimal curing, 24h at room temperature followed by 15h at 80°C, 118 

this leads to an epoxy system with a Tg between 80 and 90°C. This curing sequence is 119 

used for the production of wind turbine blades, making it a relevant process to study. 120 

Two types of E-glass fibers were used which were obtained via Johns Manville. One 121 

containing an epoxy-compatible sizing (StarRov® PR 220 1200 090) and one containing 122 

an epoxy-incompatible sizing (StarRov® PR 220 1200 490). The fibers have a nominal 123 

filament diameter of 16 µm. 124 

2.2. Methods 125 

Whereas in previous research, cruciform samples were made via pouring resin into a 126 

mold, whether or not degassed, here a completely sealed mold is used in combination 127 

with a miniaturized VARI process. Single-use molds were made with laser cut tape, used 128 

as spacers, and two glass plates as top and bottom sides to ensure flat surfaces (Figure 129 

2). A single glass fiber was placed between the layers of tape at half the mold thickness. 130 

The fibers were preloaded with 50 mg calibration weights, inducing a negligible preload 131 

stress of 2–3 MPa, to ensure fiber straightness before infusion. To ensure vacuum, the 132 

molds were sealed off via vacuum sealing tape and an in- and outlet tubing was attached. 133 

A degassed epoxy resin was subsequently transferred into the mold via the VARI process, 134 

this ensures the absence of air gaps in the matrix and at the fiber-matrix interface. After 135 

curing the samples were detached from the mold and cleaned with a detergent solution 136 

and a microfiber cloth. Specimens exhibiting fiber curvature, infusion defects, or 137 

thickness variations were excluded from the analysis. A DSC measurement of the cured 138 

sample shows a Tg of 85.3 ± 0.2°C which agrees with the Tg of a completely cured bulk 139 

sample confirming that a similar curing degree as for bulkscale samples is achieved. 140 
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 141 

Figure 2 - (a) Side view of the constructed mold. (b) Top view of the laser cut double-sided tape used as spacer. (c) 142 
After unmoulding a transparent sample is obtained. 143 

The specific build-up of the cruciform samples, with a curved transition towards the 144 

middle part with the extensive arms, results in a stress concentration at this curved section. 145 

This can result in premature fracture of the samples, limiting the attainable stress levels 146 

of the fiber-matrix debonding. The addition of a support sheet on the loading arms, 147 

increasing the thickness of this fracture-prone zone, can resolve this issue [36]. By 148 

applying this thicker zone, a stress concentration in the very middle part of the sample, 149 

creating a favorable position for debonding, is achieved. Therefore, supporting tabs were 150 

used that thicken the loading arm zone as well as part of the wider zone of the cruciform 151 

sample. The supporting tabs (emery paper) were manually applied to the specimens 152 

(Figure 3).  This resulted in a thinned middle section with a nominal thickness of 200 µm 153 

(average thickness and standard deviation for all 10 specimens was 186 ± 5 µm), and a 154 

nominal gauge area of 3.5 mm x 10 mm, with the fiber located in the middle of this gauge 155 

area. 156 

A simplified linear elastic finite element model was constructed with the thicker zones 157 

conceived as one material (epoxy) (structured mesh, element size of 0.1 mm, quadratic 158 

hexahedral elements (C3D20)). The fiber was not incorporated in the model. The model 159 

confirms that the highest stresses are present in the center zone of the gauge area and 160 

gradually decrease towards the sides of the gauge area (Figure 3). Due to the thinner 161 

gauge area, stress levels up to around three times those present in the loading arms 162 

(nominal stress) are observed. This enables the study of a large area of fiber-matrix 163 

interface, while preventing premature failure of the cruciform sample. The use of a linear 164 
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elastic model is acceptable as the samples broke at values around 50 MPa in the gauge 165 

area of the sample, which is at the edge of the linear elastic zone of the used epoxy. ([40]) 166 

 167 

Figure 3 – (a) Side and (b-c) top view of the sample with supporting tabs. (d-e) A Finite elements simulation confirms 168 
that the highest stress region is in the middle of the sample. The relative stress factor across the dotted line shows 169 
that in ‘Zone 1’ a relative even stress is present with an average relative stress factor of 3 compared to the loading 170 
arms. 171 

Tensile tests (five specimens for each sizing type) were executed on an in-house built 172 

tensile stage containing a 100 N loadcell and two-step motors, enabling dual axial 173 

displacement (Figure 4). A step-and-shoot method with 5 N increments was performed 174 

with a displacement speed of 0.75 mm/min for a 15 mm gauge length until fracture 175 

occurred. The specimen was loaded to a specific load and then the displacement was held 176 

constant. The stress levels shown are those after relaxation. 177 

The stress present in the zone indicated by ‘𝜓’ (nominal stress, Figure 3d) is equal to the 178 

remotely applied load divided by the cross-sectional area of the loading arm (Equation 179 

1).  180 

 𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙 =
𝐹

𝐴𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑎𝑟𝑚
 (1) 

The relative scale obtained via the finite element model is used as a correction factor 181 

(fgauge area ) to obtain an estimated stress value in the central area near the fiber-matrix 182 

interface (thin zone stress) (Equation 2). This can be seen as the ‘far field’ stress around 183 

the fiber-matrix interface zone 184 
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 𝜎𝑔𝑎𝑢𝑔𝑒 𝑎𝑟𝑒𝑎 = 𝑓𝑔𝑎𝑢𝑔𝑒 𝑎𝑟𝑒𝑎 ∗ 𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙  (2) 

Due to the relatively uniform stress distribution in the middle of the thin part section 185 

(approximately 3.5 mm in length), a single stress level is used as reference ‘far field’ 186 

stress level. Since local debonding, the exact position of the debond, etc. influence the 187 

local stress level at each point along the fiber no local stress levels were calculated or 188 

reported and the far field stress is used in the analysis.  189 

 190 

Figure 4 - Overview of the test set-up. An Olympus BX-51 microscope was used with an in-house made dedicated 191 
tensile stage. Via transmission lighting (normal and polarized) the sample could be studied. 192 

At each step, the whole width of the cruciform was investigated with an Olympus BX-51 193 

microscope (Figure 4). This enabled visualization in both transmission and reflection 194 

modes with both normal and polarised light from directly above or below the sample, and 195 

not only with angled light as often done in literature. The use of transmission light 196 

microscopy visualizes fiber-matrix cracks as fine black lines at the fiber edge (Figure 5). 197 

While crack growth in the fiber direction will result in longer cracks, radial growth will 198 

result in a larger part of the fiber that has become black. The fiber-matrix debonding can 199 

also result in the creation of a gap between the fiber and matrix at higher stresses, as a 200 

result, the observed black zone will become thicker and grow inwards the matrix zone.  201 

Currently, debond labeling and measurement relied on manual assessment by identifying 202 

the dark features. This method, validated by consistent results from both experienced 203 

operators and inexperienced users, suggests potential for future automation using image 204 

processing techniques, such as thresholding or machine learning, combined with 205 

automated optical scanning and stitching via motorized XY-stage movement. 206 

 207 

 208 
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 209 

 210 

 211 

Figure 5 - (a) Fiber-matrix debonding is observed via optical light transmission microscopy as a thin black line at 212 
the interface. A closer look reveals that the debond extends in the fiber direction and ‘on top of the fiber’. (b-c) A 213 
schematic overview shows that the perceived debond growth ‘on top of the fiber’ is the result of radial 214 
debonding and gap opening of the fiber-matrix debonding. 215 

3. Results and discussion 216 

The two differently sized fibers were studied in exactly the same manner, this allows us 217 

to compare the debonding process between a compatible and an incompatible sizing. If 218 

the method is sensitive to the interface quality, the expectation is to be able to clearly 219 

distinguish between both sizings by the measurements and observations.  220 

3.1 Qualitative analysis of the debonding process 221 

For the compatible sized sample, a few debonds along the fiber-matrix interface were 222 

observed before the start of the test (Figure 6a, 0 MPa). These initial debonds can be due 223 

to a multitude of reasons, such as a local absence of sizing agent or the presence of very 224 

small defects. 225 
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 226 

Figure 6 - Observation of the fiber-matrix interface for increasing stress states in the central area of the sample. 227 
The creation of new debonds as well as the growth of existing debonds can be observed for both sizings. 228 

Upon loading of the sample, the creation of debonding sites was only observed when a 229 

certain stress level was applied to the sample. Once the stress level passes beyond this 230 

‘onset of debond initiation’ stress, small debonds start to appear at the fiber-matrix 231 

interface (Figure 6a, 8.7 - 13.5 MPa). The first debonds appear at rather low stress levels 232 

for a sizing compatible with the matrix material.  233 

From this point onward new debonds are created with increasing stress level. Yet, the 234 

existing debonds do not seem to grow in the fiber direction or only very limited (Figure 235 

6a, 26.6 MPa). At the same time, only limited radial growth is observed (wider black 236 

spots on fiber). Upon further stress increase local debond growth is observed (Figure 7a), 237 

while in other spots almost no new debonds nor growth is observed (Figure 6a, 35.3 – 238 

43.6 MPa). 239 
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 240 

Figure 7 - Plastic deformation and stress concentrations observed around the debonded areas. For both sizings 241 
stress concentrations are observed at the tips of the debonds as bright lines under a 45° angle using polarized 242 
light. Around the debonded zones a bright zone is observed using polarized lighting, likely indicating plastic 243 
deformation. The observed phenomena are much more pronounced for the incompatible sizing samples. Under 244 
normal lighting conditions, the phenomena are only faintly visible. 245 

Around the debonded zones, a matrix region with high contrast is observed when 246 

polarized transmission microscopy is used (Figure 7a). This might be induced by local 247 

plasticity. These regions only occur where the fiber has (partially) debonded from the 248 

matrix. Indeed, for the compatible sizing, these high-deformation zones are only situated 249 

next to debonded zones (Figure 7a).  250 

Similar to the compatible-sized samples, the incompatible-sized ones had several debonds 251 

before the test was started (Figure 6b, 0 MPa). Upon stress increase, debonds start to 252 

initiate. Remarkable is that also for the incompatible sized samples a threshold value for 253 

debond initiation seems present, and is situated at similar stress levels as the compatible-254 

sized samples (8 - 9 MPa). This suggests that the debonding initiation is at least partially 255 

independent from the used sizing and that other factors are in play, because even for the 256 

incompatible sizing a ‘no initiation’ stress zone seems present. Several researchers have 257 

suggested that the epoxy shrinkage during cure and the mismatch in thermal expansion 258 

coefficient between the matrix and reinforcing fibers result in the presence of a radial 259 

compression at the fiber-matrix interface zone [41–45]. This radial compression can result 260 

in the delay of debonding initiations, even when a bad sizing is applied. As the fiber and 261 

matrix material are identical for both type of specimens, this residual stress will also be 262 

similar. The results indicate that a remote stress level of approximately 8 to 10 MPa is 263 

required in this case to relieve this residual stress and to allow debond initiation. A similar 264 

behavior was observed in our work on short fibers [46,47]. 265 
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With increasing stress levels, the creation of new debond sites is also observed for the 266 

incompatible sizing, while almost at the same time, the growth of the already present 267 

debonds is accelerating (Figure 6b, 13.4 MPa), in contrast to the compatible sized 268 

samples. The growth of the debonds is mainly in the longitudinal direction, while almost 269 

no radial growth is observed. Only at a later stage, when already a major part of the 270 

interface has debonded, radial growth of the debonds is observed (Figure 6b, 32 MPa).  271 

Near the point of failure (>40 MPa), the incompatible-sized fiber is completely debonded 272 

from the matrix, while also gap opening is observed. Polarised light microscopy shows 273 

that around the fiber a large deformation zone is present (Figure 7b). In contrast to the 274 

compatible sized samples, almost no stress concentrations at debond tips are observed, 275 

while a wider ‘deformed’ zone is present. Yet, a rather uniform deformation zone is 276 

present supporting the observation that the complete fiber has debonded.  277 

The extensive debonding in the incompatible-sized samples resulted in failure at the fiber-278 

matrix interface. This is reflected in the observation of the detached fiber from the matrix 279 

at break (Figure 8b). In contrast, the compatible-sized samples fail at the edge of the tabs 280 

(Figure 8a) as the sharp thickness reduction results in a local stress concentration (Figure 281 

3d). For both samples, this happened at far field stresses around 50 MPa. 282 

 283 

Figure 8 – (a) The compatible-sized fiber samples break at a location away from the fiber-matrix interface, (b) 284 
while the incompatible-sized samples break at the interface. 285 

3.2 Quantitative analysis of the debonding process 286 

To get a more quantitative view of the debonding process, the entire length of the fiber 287 

was analyzed for debonding observations. At each stress step, images were recorded over 288 

the full fiber length, and the following values were determined: 289 

• the number of debonds, 290 
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• the (longitudinal) length of each individual debond, 291 

• the zone in which the debond occurred, 292 

• the total debond length as the sum of each individual debond length (absolute and 293 

relative to the full interface length), 294 

• the average debond length as the total debond length divided by the number of 295 

debonds. 296 

The specific construction of the cruciform sample results in a stress concentration in the 297 

middle section of the gauge area and a decrease in stress level towards the sides (Figure 298 

3e). This means that towards the edges of the gauge area, the fiber-matrix debonding will 299 

be delayed. To have a more accurate/correct view of the debonding phenomena and 300 

accompanying stress levels, the stress distribution present in the gauge area needs to be 301 

taken into account. Therefore, the gauge area is divided into three zones. The middle zone 302 

of the gauge area (± 3.5 mm in length), situated between the loading arms, has a relatively 303 

even stress distribution (Figure 3e). Outside this middle zone, the stress rapidly lowers 304 

towards the edges of the sample. Therefore, the quantitative analysis was focused on 305 

zone 1. 306 

Within one sample as well as between different samples with the same sizing type 307 

differences in initiation and propagation were observed. This is reflected in relatively high 308 

standard deviations (Figure 9). Nevertheless, general trends can be observed. The 309 

statistical nature of debonding phenomena is likely also reflecting the reality in real-life 310 

composites.  311 

As observed in Figure 6, the compatible and incompatible-sized samples have a similar 312 

initial behavior. In both cases, small debonds are present from the start (Figure 9c, 15.0 313 

± 6.1 µm and 29.0 ± 11.2 µm for the compatible and incompatible sizing respectively). 314 

These pretest debonds are spread across the sample. More widespread initial damage is 315 

present in the incompatible-sized samples as well as a wider variety between individual 316 

samples (Figure 9a, 1.2 ± 1.0 % of total length for the compatible sizing versus 13.3 ± 317 

5.6% of total length for the incompatible sizing). These initial debonds can be due to a 318 

multitude of reasons, such as a local absence of sizing agent, bad adhesion, or the presence 319 

of small defects. The extent of interfacial debonding varies from fiber to fiber, yet all 320 

fibers suffer from at least some small debonds. This suggests that such microscale 321 
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debonds will also be present in full-scale composite and thus are an inherent part of a 322 

composite. 323 

 324 

Figure 9 - (a) The total debond length (%) clearly increases earlier and faster for the incompatible sized samples. 325 
(b) The number of debonds first increases as new debonds are created and later on decreases as propagation 326 
results in coalescence of debonds. (c) The average debond length remains initially constant and starts to increase 327 
when propagation starts to take place (this happens much earlier for the incompatible sized samples).  328 

As observed in Figure 6, below a certain threshold stress level no new debonds are 329 

observed. For the compatible sized samples the number of debonds stays stable up to 8.8 330 

± 0.1 MPa and for the incompatible sized samples up to 8.3 ± 0.6 MPa (Figure 9b). Once 331 

above this threshold the number of debonds starts to increase for both types of sizing 332 

(Figure 9b). 333 

For the incompatible sized samples, the onset of debond initiation is almost directly 334 

accompanied by an increase in average debond length (Figure 9c), which suggests that 335 

the present debonds start to propagate shortly after creation. As a result, a rapid increase 336 

in total debond length is observed (Figure 9a).  The propagation of the debonds results 337 

in the coalescence of debonds, which is reflected in a decrease in the number of debonds 338 

(Figure 9b), and the average debond length rapidly increases (Figure 9c). As observed 339 

in Figure 6b, the fiber has completely debonded in the longitudinal direction long before 340 

failure is observed (Figure 9a, 29.9 MPa). 341 

In contrast, for the compatible sized samples, the average debond length stays relatively 342 

stable (17.5 ± 5.6 µm) after the ‘initiation threshold’ is passed. This confirms the 343 
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observation of Figure 6a, that the created debonds remain relatively stable and no or 344 

limited propagation is initially present (Figure 9c). Therefore, the total debond length 345 

increases much slower for the compatible sized samples as a certain level of resistance 346 

against propagation seems present (Figure 9a). 347 

A similar increase in average debond length compared to the incompatible sized samples 348 

is observed at much higher stress levels (Figure 9c, 25.6 ± 0.9 MPa versus 12.7 ± 1.0 349 

MPa). The later onset of propagation results in the continued increase in the number of 350 

debonds (Figure 9b). Only at stress levels near 40.6 ± 1.4 MPa does the number of 351 

debonds start to decrease and a larger average debond length becomes present. This 352 

increase in average debond length (Figure 9c) does not seem to have an influence on the 353 

increase in total debond length (Figure 9a) as this keeps increasing linearly. This suggests 354 

that even near the point of sample failure, the propagation of debonds is still limited for 355 

the compatible-sized samples. 356 

The observed behaviors in the central zone of the sample (Zone 1) are also observed in 357 

Zone 2 (Figure 10). A delayed effect is observed as the present stress in this zone is lower 358 

than the central reference zone (Figure 3e). However, this similarity in trends supports 359 

the observations of the central zone. 360 
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 361 

Figure 10 - The number of debonds, average debond length, and total debond length per zone for the 362 
incompatible and compatible sizing. The data is reported in reference to the stress present in zone 1. A delayed 363 
trend can be observed for all curves which can be related to the lower stress levels present at the outer sides of 364 
the gauge area. 365 

The test observations and data analysis show that the debonding process is a combined 366 

occurrence of local debond initiations and propagations of existing debonds, rather than 367 

a sequential event of initiation and debonding propagation. The debonding process can 368 

thus be described by defining the total debond length as a function of the present stress 369 

level, Ldebond(σ). This function can be separated into debond lengths stemming from 370 

initiation events and debond lengths stemming from the propagation of existing debonds:  371 

 𝐿𝑑𝑒𝑏𝑜𝑛𝑑(σ) = 𝐿𝑖𝑛𝑖(σ) + 𝐿𝑝𝑟𝑜𝑝(𝜎) (3) 
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Three different stress stages can be defined from the experimental data. Below an 372 

initiation, onset stress (𝜎 < 𝜎𝑖𝑛𝑖) no debondings are observed (neglecting the ones 373 

occurring during production) (Figure 11).  374 

 375 

Figure 11 Schematic overview of total debond length increase which can be divided into an initiation part and 376 
propagation part. 377 

Once the initiation threshold stress is overcome, new debonds appear (𝜎𝑖𝑛𝑖 < 𝜎 < 𝜎𝑝𝑟𝑜𝑝). 378 

The debond initiation stress can be defined as the point where the total number of debonds 379 

observed drastically increases (Figure 9b). Theoretically, a debond initiation happens 380 

over an infinitesimally small length. The experimental data however shows that a new 381 

initiation has a small but finite length (which is quite stable and reproducible) suggesting 382 

the presence of an average debond initiation length (Table 2). 383 

Above a certain propagation threshold value (𝜎 > 𝜎𝑝𝑟𝑜𝑝) an increase in average debond 384 

length is observed suggesting that the average debond starts to grow.  During the initial 385 

stages of debond propagation (limited debond coalescence present) a linear increase in 386 

average debond length is observed, resulting in the possibility of estimating the linear 387 

debond propagation speed based on the increase in average debond length.  388 

Table 2 - Overview of parameter values based on the available data. 389 

Parameter Compatible sizing Incompatible sizing 

Debond initiation onset stress 8.8 ± 0.1 MPa 8.25 ± 0.6 MPa 

Average debond initiation length 15 ± 6 µm 29 ± 11 µm 

Debond propagation onset stress 21.6 ± 0.7 MPa 12.7 ± 1 MPa 

Debond propagation speed 0.001 mm/MPa 0.03 mm/MPa 

Initial debonding length 1.2% 13.1% 

 390 
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The debond propagation speed for the compatible-sized samples is much lower than for 391 

the incompatible-sized samples. This shows, together with a higher debonding 392 

propagation onset stress, the better resistance of the compatible-sized samples against 393 

propagation. Since in both cases already at relatively low-stress levels debonds start to 394 

occur, the resistance against propagation seems to be the major factor in preventing fast 395 

and complete fiber-matrix failure. 396 

The above-mentioned values are onset values above which a certain debonding 397 

phenomenon is seen. For both sizing types, it is observed that the initiation of debonds 398 

happens over a certain stress range. Especially for the compatible-sized samples this is a 399 

broad distribution as even at the point of specimen failure initiation events are still 400 

witnessed (no fully debonded interface). Therefore, it is interesting to try to fit a 401 

probability distribution through the data, estimating the probability of failure at a certain 402 

stress level. To achieve this it is assumed that before the debond propagation threshold is 403 

reached, the total debond length is purely the result of the initiation of new debonds. Thus, 404 

within this region, the total debond length at a certain stress level is assumed to be equal 405 

to the probability of debonding at that stress level due to debond initiation. 406 

Since only a small part of the probability distribution is experimentally available (range 407 

0 MPa to 20 MPa), both a cumulative Gaussian distribution and a cumulative Weibull 408 

distribution were fitted through the data. Both distributions are common to assess failure-409 

related phenomena. For the compatible-sized samples, this resulted in a Gaussian 410 

distribution with an average value of 34.0 MPa and a standard deviation of 10.9 MPa. 411 

However, while these seem acceptable values, the cumulative Gaussian distribution 412 

predicts a faster total debond length increase than is actually present (Figure 12a).  413 

 414 

Figure 12 - (a) The cumulative Gaussian distribution fit results in a faster total debond length increase than is 415 
present in the experiments. (b) The cumulative Weibull distribution fit results in a better fit and a slower total 416 
debond length increase is predicted. 417 
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A better fit was obtained when a Weibull distribution was fitted through the data (Figure 418 

12b). This resulted in a shape factor (𝜆 ) of 1.63, and a scale factor (k) of 88.5. Based on 419 

the obtained Weibull distribution an average value and standard deviation can be 420 

calculated (Equation 4 and 5). 421 

 𝜇𝑊𝑒𝑖𝑏𝑢𝑙𝑙 = 𝜆 ∗ Γ(1 + 𝑘𝑊𝑒𝑖𝑏𝑢𝑙𝑙
−1 ) (4) 

 

𝜎𝑊𝑒𝑖𝑏𝑢𝑙𝑙 = 𝜆 ∗ √Γ (1 +
2

𝑘
) − (Γ (1 +

1

𝑘
))² (5) 

with Γ the gamma function. This results in an average value of 79.2 MPa with a standard 422 

deviation of 49.6 MPa. The cumulative Weibull distribution predicts a slower increase in 423 

total debond length than is actually present. This is more realistic since the total debond 424 

length is partially defined by length increase due to propagation. The large standard 425 

deviation reflects both the early observation of debonds and the partially intact interface 426 

at fracture that is observed for the compatible-sized samples. A physical explanation for 427 

this observation might be that it can be seen as a measure of the homogeneity of the sizing 428 

(application and quality): early debonds can be the result of limited or bad local sizing 429 

while the intact zones at higher stresses represent optimal sizing. 430 

A similar fitting procedure was executed for the incompatible-sized samples. Since the 431 

data to fit the distribution is even more limited (0-12 MPa) only a Gaussian distribution 432 

could be fitted. This resulted in a Gaussian distribution with an average value of 25.0 433 

MPa and a standard deviation of 9.2 MPa. In contrast to the Gaussian distribution for the 434 

compatible sizing, here the cumulative Gaussian distribution does predict a slower 435 

increase in total debond length than is actually present and might thus be an acceptable 436 

prediction (Figure 13). 437 

 438 
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Figure 13 - The cumulative Gaussian distribution fit results in a slower total debond length increase than is 439 
present in the experimental data. 440 

Remarkable is that the average debond initiation stress based on the Weibull or Gaussian 441 

fit is higher than the observed debond propagation onset stress threshold value. While this 442 

seems counterintuitive it needs to be taken into account that at a debond tip a local stress 443 

concentration is present. Therefore, the local stress at the debond tip will be higher than 444 

the reported ‘remote’ debond propagation stress level.  445 

Table 3 - Overview of the debond initiation values based on a Gaussian and Weibull fit. 446 

Parameter Compatible sizing Incompatible sizing 

Debond initiation strength (Gaussian) 34.0 ± 10.9 MPa 25.0 ± 9.2 MPa 

Debond initiation strength (Weibull) 79.2 ± 49.6 MPa / 

 447 

The obtained values of Table 2 and 3 are estimations based on the assumptions that 448 

before a certain onset level no initiation and/or propagation takes place. They thus rather 449 

represent an overall behavior of the fiber-matrix interface than individual debonds. Yet, 450 

they hold value in evaluating the behavior and quality of a fiber-matrix interface. Based 451 

on the observed debonding phases and extracted data set, a descriptive formula can be 452 

constructed representing the overall failure behavior. 453 

The debond length associated with debond initiations can be described as a function of 454 

the number of debonds present at a certain stress level, multiplied by the average debond 455 

length associated with a new initiation. Theoretically, a debond initiation happens over 456 

an infinitesimally small length. The experimental data however shows that new initiation 457 

has a small but finite length (which is quite stable and reproducible). This ratifies the use 458 

of a debond initiation length (lini). 459 

 𝐿𝑖𝑛𝑖(𝜎) = #𝑖𝑛𝑖(𝜎) ∗ 𝑙𝑖𝑛𝑖 (6) 

To get the total debond length associated with debond initiations (Lini), the number of 460 

debonds (#ini) needs to be calculated. The length over which new debonds can initiate 461 

depends on how much fiber-matrix interface length (L) is still intact. Therefore L is a 462 

function of the stress level: 463 
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 𝐿𝑗(𝜎) = 𝐿0 − 𝐿𝑑𝑒𝑏𝑜𝑛𝑑,𝑗−1(𝜎) (7) 

With L0 the initial fiber-matrix interface length. 464 

At each increment in stress, the total amount of initiated debonds is equal to: 465 

 

#𝑖𝑛𝑖,𝑗(𝜎) = #𝑖𝑛𝑖,𝑗−1(𝜎) +
∫ 𝑃𝑖𝑛𝑖,𝑗(𝜎)𝑑𝐿

𝐿𝑗(𝜎)

0

𝑙𝑖𝑛𝑖
  

 
= #𝑖𝑛𝑖,𝑗−1(𝜎) +

(𝐿0 − 𝐿𝑑𝑒𝑏𝑜𝑛𝑑,𝑗−1(𝜎))

𝑙𝑖𝑛𝑖
𝑃𝑖𝑛𝑖,𝑗(𝜎) (8) 

  466 

With Pini(σ) the probability of debonding when a stress level σj is present.  467 

Once created, each of the debonds can grow with further increasing stress. The obtained 468 

experimental data suggest, that depending on the used sizing, the initiated debonds almost 469 

immediately propagate (bad sizing) or stay stable for a prolonged time, and only start to 470 

grow once a certain threshold value is passed (σprop).  471 

 𝐿𝑝𝑟𝑜𝑝,𝑗(𝜎) = #𝑖𝑛𝑖,𝑗 ∗ 𝑙𝑝𝑟𝑜𝑝,𝑗(𝜎) (9) 

With 𝑙𝑝𝑟𝑜𝑝,𝑗(𝜎) the propagation length for a single crack for stress increment j. The 472 

propagation length will depend on the propagation rate (mm/MPa) and number of 473 

debonds. When a constant growth rate is assumed, which seems viable from the linear 474 

increase in average crack length (Figure 12) during initial propagation stages (limited 475 

debond coagulation assumed), the propagation length for stress increment j becomes: 476 

 𝐿𝑝𝑟𝑜𝑝,𝑗(𝜎) = 𝑣𝑝𝑟𝑜𝑝 ∗ (𝜎𝑗 − 𝜎𝑗−1) (10) 

Combining all Equation 3-8, the total crack length at a certain stress level can be 477 

described by: 478 

 

𝐿𝑑𝑒𝑏𝑜𝑛𝑑,𝑗(𝜎) = 𝑙𝑖𝑛𝑖 ∗ (#𝑖𝑛𝑖,𝑗−1(𝜎) +
(𝐿0 − 𝐿𝑑𝑒𝑏𝑜𝑛𝑑,𝑗−1(𝜎))

𝑙𝑖𝑛𝑖
𝑃𝑖𝑛𝑖,𝑗(𝜎)) 

+𝐿𝑝𝑟𝑜𝑝,𝑗−1 + (#𝑖𝑛𝑖,𝑗−1(𝜎) +
(𝐿0 − 𝐿𝑑𝑒𝑏𝑜𝑛𝑑,𝑗−1(𝜎))

𝑙𝑖𝑛𝑖
𝑃𝑖𝑛𝑖,𝑗(𝜎)) ∗ 𝑣𝑝𝑟𝑜𝑝

∗ (𝜎𝑗 − 𝜎𝑗−1) 

(11) 
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Below the value of 𝜎𝑖𝑛𝑖 this formula (Equation 11) is reduced to a single constant value 479 

representing the amount of debond length present before loading (here assumed zero). 480 

Between 𝜎𝑖𝑛𝑖 and 𝜎𝑝𝑟𝑜𝑝 only the term associated with initiation is in play. While very 481 

limited growth in the individual cracks was observed it is reasonable to assume that at 482 

this stage (𝜎𝑖𝑛𝑖 < 𝜎 < 𝜎𝑝𝑟𝑜𝑝) the majority of debond length increase is due to the 483 

initiation of new debonds. Once beyond the value of 𝜎𝑝𝑟𝑜𝑝, debond growth starts to play 484 

a major role in the debond length growth and the complete formula will describe the total 485 

debonding length (Ldebond).  486 

This formula leads to five necessary parameters that are needed to describe the debonding 487 

length in function of applied stress: the length associated with a single initiation (lini), the 488 

initiation onset stress level (𝜎𝑖𝑛𝑖), the initiation probability distribution (Pini(σ)), the 489 

propagation onset stress level (𝜎𝑝𝑟𝑜𝑝), and the propagation growth rate. Filling in the 490 

derived data points (Table 1 and 2) into Equation 11, a descriptive function of the total 491 

debond length is obtained (Figure 14). This function represents accurately the overall 492 

trend of debond length growth with increased stress levels. Yet, a delayed effect seems to 493 

be present which can be due to the fact that only after the onset stress a certain 494 

phenomenon is taken into account, while in reality it has already started. However, the 495 

general assumptions and simplifications still lead to a good representation of the overall 496 

debond growth behavior.  497 

 498 
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 499 

Figure 14 - Total debond length evolution based on Equation 11 (red) and the fraction of initiation debond length 500 
(blue) and propagation debond length (green). The experimental data for the compatible sized fibers is shown as 501 

well. 502 

4. Conclusion 503 

This paper introduces a novel method for evaluating the fiber-matrix interface under 504 

normal loading conditions using the cruciform sample design. By using a miniaturized 505 

VARI technique, high-quality samples were obtained. To prevent premature failure 506 

during testing, we enhanced the cruciform sample design by adding support sheets, 507 

creating a thin middle gauge area to localize the highest stresses at the fiber-matrix 508 

interface. This allowed us to study the fiber-matrix interface strength, even for high-509 

quality sizings. 510 

The combination of a step-and-shoot method with a transmission light microscope further 511 

increased the quality of the obtained data as the complete fiber-matrix interface zone 512 

could be studied in detail. Our observations differed from existing literature, where fiber-513 

matrix debonding typically starts from a single damage site and expands. Instead, we 514 

observed the initiation of numerous small debonds across the fiber-matrix interface zone. 515 

These many small debonds grew and coalesced upon stress increase, forming larger fiber-516 

matrix debonds. The use of polarized light revealed stress concentrations at the debond 517 

tips as well as the creation of plastic deformation bands around the debonded zones.  518 

The step-and-shoot method allowed us to monitor and analyze the development of 519 

individual debonds in function of far-field stress levels. We found that for both good and 520 

bad sizing, fiber-matrix debonds initiated at far-field stress levels exceeding 8.7 MPa. 521 
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Once debonds started to initiate, large differences between both sizings were observed. 522 

In the case of incompatible sizing, debonds quickly grew beyond 12.7 ± 1.0 MPa far-field 523 

stress, whereas compatible-sized fibers experienced only initiation, with minimal growth 524 

until much higher far-field stress levels (above 40.6 ± 1.4 MPa). At the point of failure, 525 

the incompatible-sized fiber is completely debonded, while compatible-sized samples 526 

contain a large collection of debonds at the interface. As a result, the incompatible-sized 527 

fiber samples failed at the debonded fiber-matrix interface, while the compatible-sized 528 

fiber samples failed at the edge of the thinned middle section. 529 

The obtained data plots for total debond length, average debond length, and number of 530 

debonds illustrate these trends. Based on these trends a simplified predictive formula for 531 

the total debond length was derived. Nonetheless the simplifications, the obtained 532 

formula showed good agreement with the experimental data. 533 

Our newly presented production and testing methodology for cruciform-shaped samples 534 

shows promise for studying fiber-matrix interface debonding. With a limited number of 535 

tests, we can gain valuable insights into the debonding process. The ability to construct a 536 

simplified predictive formula for total debond length based on these cost-effective tests 537 

holds potential for both industrial evaluation of sizing and application procedures and 538 

computer-aided simulations of composite failure behavior. 539 
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