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ABSTRACT

This paper reports our recent progress on the experimental and numerical study of dynamic debond-
ing and frictional push-out in model composite systems. A modified Split Hopkinson Pressure Bar
system is adopted to perform the dynamic fiber push-out test. A Cohesive Volumetric Finite
Element scheme is developed to capture the initiation and propagation of the crack along the
fiber /matrix interface. Interface properties are extracted by comparison of experimental and nu-
merical results. Details of the physical process are scrutinized by investigating numerically the
propagation and evolution of axial stress along the entire system.
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INTRODUCTION

When a crack propagates in a composite material in a direction perpendicular to that of the re-
inforcing fibers, the failure process involves four basic mechanisms: matrix cracking, fiber/matrix
debonding, fiber breakage and fiber pull-out. Under high-velocity impact conditions, a substantial
part of the energy is dissipated in the frictional debonding and sliding of the bridging fibers located
behind the advancing crack front. Because of the important effect they have on the fracture tough-
ness of a composite, these two processes have been the subject of extensive experimental, numerical
and analytical work. Most experimental investigations of fiber debonding and push-out process use
model composites, in which a single embedded fiber is pulled or pushed out of the surrounding



matrix. The fiber diameter is typically chosen one to three orders of magnitude larger than that of
the actual composite reinforcement to allow for a better control and visual analysis of the failure
process. However, the vast majority of existing studies on these topics has been limited to the
quasi-static loading case [1,2,3]. The few experimental investigations involving dynamic loading
recently performed on various composite systems seem to indicate that the dynamic fiber sliding
process presents some unusual and sometimes even contradictory characteristics [4,5]. Recently,
existing models has been extended to high loading rates by taking into account the inertial effect
of fiber and matrix [6].

The primary objective of this paper is to enhance, through a combined experimental and numerical

investigation, the current understanding of dynamic debonding and frictional push-out in model
fiber-reinforced composites.

EXPERIMENTAL ANALYSIS
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Figure 1: Schematic of the modified SHPB for dynamic fiber push-out test and its connection with
a model composite specimen.

To investigate the fiber/matrix debonding and frictional push-out mechanism under high loading
rates, a novel experimental setup has been developed and model mono-filament composites have
been tested. The high-rate experiments are performed using a modified Split Hopkinson Pressure
Bar (SHPB) system (Figure 1). A set of specially designed punch and support connect the model
composite with the incident and transmitted bars of the SHPB, respectively. The tapered punch
is used to apply compressive loading to a single fiber embedded in a surrounding matrix material.
Once the interface debonds, the fiber slides into the hollow support. The contacting ends of the
incident bar, punch, composite specimen, support and transmitted bar are connected with each
other by grease to allow for free expansion in the radial direction. A schematic of the experimental
setup is shown in Figure 1. In this experimental system, the incident bar, punch and support
are all made of steel. As the transmitted signal is relatively small, aluminum is chosen for the
transmitted bar. The model composite specimen is made in a specially designed mold and cured
under room temperature. It consists of a metal fiber (steel or aluminum) embedded in an Epoxy
(EPON 862) matrix. Specimen dimensions are also shown in Figure 1. For later use, the dynamic
material properties of each individual constituent have been measured using standard high strain



rate SHPB dynamic compression tests. Following the traditional derivation of the SHPB equations,
corresponding data reduction equations for the push-out test can be obtained.
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Figure 2: Experimental results: Effect of sliding speed on transmitted force in a model Steel/Epoxy
composite (length = 36 mm, grit 36 roughness).

Figure 2 shows the effect of the sliding speed on the transmitted force. We can see from theses
curves that both the peak force achieved and the rise time of the signal increase with increasing
rate. The figure also illustrates the repeatability of these experiments. Using this technique we
have studied the effect of impact speed, material mismatch, fiber length, surface roughness, and
residual strain. For more results, please refer to [7].

NUMERICAL ANALYSIS

To process and support these experimental results, a special axisymmetric numerical analysis
scheme has been developed and implemented. To extract adequately the complex failure pro-
cess taking place in the dynamic fiber push-out event, the numerical scheme used in this analysis
must account the presence of residual strains in the matrix, the spontaneous motion of the interface
debonding front and the frictional contact between the fiber and matrix surfaces. The main compo-
nent of the numerical method is the cohesive volumetric finite element scheme described hereafter.
We then present a summary of the comparison between experimental and numerical results.

Cohesive Volumetric Finite Element Scheme

The spontaneous initiation and propagation of the debonding crack has been captured by a spe-
cial method referred to as the Cohesive Volumetric Finite Element (CVFE) scheme [8,9]. In our
fiber push-out CVFE model, a series of cohesive elements are introduced along the fiber/matrix
interface within a conventional finite element mesh as shown in Figure 3. These cohesive elements
basically act like nonlinear distributed springs linking standard volumetric elements at interfaces



where failure is possible. The nonlinear springs resist opening (or shearing in this case) in accor-
dance to a prescribed traction-separation law as shown. Eventually, as the separation increases,
the cohesive tractions go to zero, simulating the creation of a new free surface. In the general case,
the traction-separation law relates the cohesive traction vector, defined by its normal and tangen-
tial components, to the displacement jump vector. Figure 3 also shows the relation between the
cohesive traction and displacement jump for the pure shear failure. The maximum traction 7,4,
and fracture toughness G;c characterize the bonding strength of the interface. One goal of this
work is to extract these properties by comparing experimental results with numerical analysis. Let
us note that this CVFE model was successfully used in the simulation of quasi-static fiber push-out
by Lin et al. [8].
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Figure 3: Schematic of interfacial cohesive elements. The two cohesive elements in the center figure
are shown in their deformed configuration: in their undeformed configuration, these elements have
no thickness and the adjacent nodes are superposed. The quasi-linear cohesive model is shown in
the right figure for the pure shear mode.

Comparison between Numerical and Experimental Results

The numerical simulation described hereafter is carried out for an aluminum/EPON specimen, with
the stress signal measured from the incident bar in experiments as the load boundary condition.
The residual strain in the epoxy matrix is taken as -0.0022 [2]. The material properties of the
constituents measured from traditional dynamic SHPB experiments are listed in Table 1.

Table 1: Material Properties of Constituents.

Material Properties | Steel | Aluminum | Epon
E (GPa) 207.0 69.0 5.65

v 0.30 0.35 0.34

p (Kg/m?) 8130.6 2650.0 1176.0

By fitting the numerical model with experimental results for the 6 m/s impacting speed case, it
was found that the interface is characterized by a shear failure strength 7,,,, = 60 M Pa, a mode
IT fracture toughness G;;¢ = 150 N/m, and a friction coefficient p; = 0.2. As shown in Figure 4,
these interface properties also capture the increase of the peak load with increasing impact speed.
Also, the slope of the transmitted stress is well matched with experiments. As indicated by the
increasing difference between experimental and numerical peak values of the transmitted stress
with increasing sliding speed, these interface properties appear to have small rate sensitivity. For
details of the numerical scheme and more simulation results, please refer to [10].



LA S N e N L e I e s I
L /4‘»7 Mgt |
g °r , /’ -
G- /i ]
§§ 10+ / / 6 mis (EXP) —
[ " 6 mis (CVFE) 7
B .. / 1 :
£ -15 n l 10 m/s (EXP) =
= u 10 m/s (CVFE) -
8 I ]
= -20 - -
L 15 m/s (EXP) _
25 15 m/s (CVFE) m
ol o b ™ e ]

300 10 20 30 40 50

Time (us)

Figure 4: Comparison between numerical and experimental values of the transmitted stress for the
model Aluminum/Epoxy composite. All CVFE curves have been computed with 7,,,, = 60 M Pa
s G[[C =150 N/m and Hy = 0.2.

Determination of Crack Initiation Point and Propagation Speed

Beyond the comparison with experimental measurement of the transmitted force, the numerical
scheme also provides a unique tool to shed more light on the failure process, through a detailed
study of the evolution of the axial stress at various locations in the SHPB system. Several obser-
vation points (indicated by A, B, C and D in Figure 1) have been tested. The evolution of the
axial stress o,, at three of these points (A, C, D) and that of the crack tip location are presented
in Figure 5 for Aluminum/Epoxy composite case (impact speed = 10 m/s) shown in Figure 4.
Using the wave speed in the bar, the curve denoting the stress evolution in the middle of the in-
cident bar (point A) is shifted backward in time to match that observed at the interface between
the punch and the fiber (point B). To determine the crack initiation time, we performed another
elastodynamic simulation in the absence of failure (i.e., by imposing a very high strength 7,,,, in
the cohesive model). The corresponding axial stress evolution computed at point C is shown as a
dotted curve in Figure 5. At time ¢t = 18 us, we note a clear separation between the point C stress
evolution curves with and without failure, indicating the onset of the interface failure process. This
crack initiation time is confirmed by the crack tip evolution curve (solid curve in Figure 5). It
should be noted that the appearance of the failure-induced kink in the stress curve at point C is
unfortunately smoothed out by the time the signal reaches the mid point of the transmitted bar
(point D), indicating the need to measure the stress wave closer to the composite specimen [10].

It is interesting to note that, in this particular case, the interfacial crack initiated from the support
end of the composite specimen instead of the punch end, as it has been observed for quasi-static
experiments involving composite constituents with a high modulus mismatch [2]. Let us note that
this behavior also depends on the interface strength: for weak interface, the crack typically starts
from the punch end. As indicated in Figure 5, the crack propagates rapidly toward the punch end
at a speed of about 1650 m/s, slightly higher than the shear wave speed of epoxy (Cs. = 1340 m/s)
but less than that of Aluminum (Cs, = 3110 m/s), i.e., at a speed which is referred to as inter-sonic
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Figure 5: Numerical simulation of the force transfer process for model Aluminum/Epoxy composite
with sliding speed of 10 m/s: time evolution of the axial stress at various locations of the push-out
setup and of the crack tip location. Time ¢ = 0 us corresponds to the arrival of the initial loading
wave at the punch location.

[11]. As the crack length reaches 75% of the fiber length, the crack propagation speed increases
further to approximately 5500 m/s which represent 85% of dilatation wave speed in aluminum fiber
(Cy = 6460 m/s).
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