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Abstract

Fiber-matrix interface debonding is characterized experimentally using single transverse glass fiber
within an epoxy matrix specimen tested under uniaxial tension. A dual-vision system, consisting of two
synchronized cameras, is used to monitor the initiation and propagation of the fiber-matrix debonding
as a function of the applied remote loading. Debonding was found to initiate at the free surface to tunnel
at the fiber pole. Debonding topologies are characterized in terms of maximum opening and through
thickness length and angle. The debonding angles are challenging to determine experimentally, so that
a numerical model is established, which validated the accuracy of the experimental measurements.

1. Introduction

Fiber-matrix interface in composite materials is known to play a major role in the damage and associated
ultimate properties. Indeed, stress concentration resulting from elastic mismatch, proximity to adjacent
fibers, and low fracture properties can rapidly induce damage at the interface. Therefore, it is crucial to
accurately characterize their fracture properties.

Fiber-matrix interface fracture characterization can be achieved using single-fiber tests such as, e.g.,
multi-fragmentation or pull-out tests [1]. Fiber-matrix interface primarily undergoes shear loading using
above-mentioned methods. However, tensile properties are as important and require other
characterization methods to be used. Single-fiber sample loaded transversely can be used to assess
opening fracture properties. Koyanagi et al. [2] used the debonding length and cohesive zone model to
identified fracture properties. Authors reported the difficulty in identifying the debonding shape due to
compression loading on the fiber equators. Debonding monitoring may thus require more in-depth
characterization method to enable accurate inverse identification.

Livingston and Koohbor [3] performed experimental observations of macro-scale debonding. Single-
fiber composite specimens were tested under uniaxial tension and full-field measurements at the fiber
vicinity was performed to observe debonding stages. For this purpose, DIC was used to extract local
strain fields and debonding angle at the free surfaces as a function of the applied loading [4]. However,
debonding observations are limited to the front surface which provides limited information on the
complete debonding process.
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The present work thus improves the above-discussed experimental investigation of fiber-matrix
interface by using a dual-vision approach to enable the simultaneous characterization of in-plane and
through-thickness debonding process in single macro fiber model composites. Section 2 details the
experimental set-up along with samples preparation. Results obtained from the debonding
characterization are presented and confronted to numerical simulations to be further discussed in Section
3. Finally, conclusions on the proposed approach are drawn.

2. Experiments

2.1. Materials and sample preparation

Single fiber samples are made by embedding a 1 mm diameter quartz glass fiber in a translucid, room-
curable epoxy. The epoxy resin (SD2505/SR1500, Sicomin, France) is cured at room temperature for
one month to ensure that the resin is fully cured. Isotropic elastic properties of the fiber and the matrix
are given in Table 1. Elastic properties of the epoxy matrix are determined in-house, using 5 tensile
fiber-free samples prepared under the same curing conditions. The final sample, whose geometry is

shown in Figure 1, has a 5 mm wide and 5 mm thick cross-section.
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Table 1. Elastic properties of the matrix and fiber. __Fiber
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Figure 1. Single fiber specimen geometry and
dimensions.

The single fiber is held in place using a 3D-printed jig. The surface of the fiber is cleaned with
isopropanol to remove any unwanted substances from the surface. The matrix is poured into a silicone
mold, where the latter is drilled at the location of the fiber to allow it to protrude from the final sample.
This eliminates the need to polish the end of the fiber itself. The front surface of the sample is slightly
polished with fine sandpaper with a grain size of approximately 8 um. The side surfaces are also
polished, first using similar fine sandpaper, then using a rotating cotton disc coupled with a polishing
solution to obtain a perfectly transparent, flat side surface. The front surface is then spray painted for
DIC. Samples are tested under tension at room temperature at a constant displacement rate of 0.18
mm/min. A dual-vision system consisting of two perpendicularly positioned cameras (FLIR
Grasshopper GS3-U3-41C6M-C) is installed. This allows simultaneous observation of the front and side
surfaces of the sample.

2.2 Mechanical test and image-based measurements

Figure 2 shows the parameters describing debonding geometry. Since straight-faced samples are used,
debonding is likely to initiate at the free surface [5]. Debonding can be described by the debonding angle
64 at the free face, measured by the angle between the two debonding tips. The quantity &,,,, corresponds
to the maximum normal debonding opening. It is worth noting that considering the samples geometry
and loading condition, maximum opening will occur at the pole of the fiber. The debonding opening
actually reflects the distance separating the two lips of the crack. The length of debonding through the
thickness is described by 4, which corresponds to the length of debonding in the z-direction at the pole
of the fiber.
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Figure 2. Fiber-matrix debonding geometrical parameters.

The debonding length determination consists in observing and monitoring the debonding propagation
through the thickness of the sample, i.e., in the z-direction. Since the debonding is likely to initiate and
propagate at the fiber pole with respect to the loading direction due to the maximum stress attained at
this location, the latter also corresponds to the maximum possible debonding length 4. The method used
to determine the debonding length makes use of the image processing free software, ImageJ. The side
images are first imported into the software, then aligned to eliminate any motion induced by the tensile
test, with the images shifted to match the previous one. In this way, the location of the fibers remains
constant for several remote stresses, which facilitates identification of the debonding. The image
preceding the onset of debonding is then selected, from which the gray level difference for each pixel is
calculated with the subsequent images. As a result, the debonding area results in a large gray level
difference compared to the initial image, while the other areas result in a difference close to 0. A
threshold of 17% in gray level intensity is then applied to the difference between the two images and
superimposed on the real image. The threshold value is set so that the results coincide with the visual
observation of a large debonding surface. The new images highlight the debonded area, which length is
determined as the maximum distance within the threshold area.

Maximum debonding opening is determined using the displacement fields deduced from DIC
measurement. In details, a camera is positioned parallel to the sample front surface. The approach
involves the use of Ufreckles software [6], from which displacement fields can be derived. A virtual
gauge aligned with the loading direction and passing through the fiber and the matrix at the top pole is
positioned. The Uy, displacement is determined along the gauge as a function of the applied remote load
within both the fiber and matrix. From a certain loading level, displacement discontinuously develops
at the fiber-matrix interface, which can be associated with debonding initiation. From this loading level,
the displacement remains almost constant within either the matrix or the fiber, allowing the debonding
opening &,y to be assessed by computing the displacement jump.

The debonding angle remains difficult to observe because it is characterized by sub-pixel mechanisms
that cannot be captured either by optical observation or by the DIC residuals. As a consequence, inverse
calculation based on elastic calculations performed on a 3D numerical is used to determine the
debonding angle.

3. Results and discussion

The following results are presented for one sample to illustrate the characterization approach. Since
debonding is likely to initiate from the free surfaces of the sample at the pole of the fiber relative to the
loading direction, 4 preferred initiation sites can be defined. For the sake of simplicity, only the first
debonding site is considered in what follows.

Figure 3a shows multiple side images illustrating the debonding process, with both raw and thresholded
images, left and right images, respectively, for different loading level ¢*. The location of the crack tip
is highlighted by a red triangle marker, enabling the debonding length to be determined as the distance
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to the free surface. Notably, the fiber from the studied sample is slightly tilted, approximately 4 deg.
relative to the loading direction, potentially influencing the debonding shape topology.
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Figure 3. (a) Debonding propagation observed using the raw image, left column and using a
threshold, right column. (b) Variation of both debonding length and opening as a function of the
remote stress.

Figure 3b shows the variation in debonding opening and normalized length as a function of remote stress
at the same debonding initiation site. The debonding length is normalized by the sample thickness h.
Debonding initiation occurs at a remote stress of 7.2 MPa with both opening and length predictions
being consistent. The maximum debonding opening at initiation are given in Table 2. Since debonding
initiation occurs between two images, upper and lower bounds for debonding initiation opening can be
determined.

Table 2. Debonding opening at initiation.

Sppn [pm] lower bound Spn [UM] upper bound
154+ 1.0 1.7+ 1.0

Difficulties in determining debonding angles are encountered experimentally. The pixel size obtained
with the front camera varies between 10 and 12 um, whereas the DIC provides debonding initiation
opening with a sub-pixel size of 1 to 3 um. Consequently, the resolution of the camera is not sufficient
to capture the early stages of debonding at the free surface. Nevertheless, coupled experimental-
numerical approach is established to retrieve the debonding angle and shape that best match the
experimentally measured opening and debonding length. The approach consists of numerically
comparing various debonding geometries approximated using a power-law of exponent 4. The
appropriate geometry thus gives the debonding angle at the free surface and the shape of the debonding
front. Identification can be performed at several debonding stages, providing debonding angles as a
function of remote loading.
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Debonding angles obtained from the coupled numerical-experimental approach are shown in Figure 4
by the white markers. The debonding angle can also be assessed using the side observation, using results
from Figure 3a, shown by the solide line in Figure 4. The side observation method provides precise
debonding angles for small angles only. For angles larger than 70 degrees, the difference in reflective
index brought by the debonded zone is not sufficient to capture the actual debonding area. The mixed
shear-compression loading causes the debonding area to be partially captured. Despite those differences,
the proposed method offers an accurate description of the debonding angle for early stages of debonding.
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Figure 4. Variation of the debonding semi-angle as a function of the remote stress.

4. Conclusion

The proposed method enables the thorough description of the debonding process using different
geometrical parameters. The extracted quantities provide key information such as the debonding
initiation remote loading. Additionally, the debonding propagation can be monitored as a function of
the remote stress. Experimental-numerical approach that couples experimental debonding opening and
length to numerical results enables determining the debonding angle as a function of the remote loading.
Debonding angle determined using the side observation is confirmed to be accurate except when the
interface undergoes mixed shear-compression. Such experimental debonding observation can be used
to calibrate an inverse identification approach that requires the debonding topology to be computed.
Such inverse identification may enable the determination of the fiber-matrix interface fracture
properties.
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