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A B S T R A C T

To characterize the fiber–matrix interface of a glass-fiber reinforced sheet molding compound (SMC), single-
fiber push-out tests are performed and simulated numerically. The parameters of a cohesive zone model for the
interface are calibrated on the single-fiber push-out tests. The fracture-toughness/energy release rate therein is
determined from cyclic (loading–unloading) experiments. The matrix model, consisting of the nonlinear-elastic
Neo-Hooke law with a Prony series to model viscoelastic behavior, is calibrated with data from nanoindentation
tests by adjusting simulation curves to their experimental counterparts. Using the calibrated model of the
single-fiber push-out, the influence of neighboring fibers and thermally induced residual stresses is shown.
The interface damage initiates in the single-fiber push-out test at the indented fiber at positions closest to
other fibers under the surface. In addition this is the position where the radially largest fiber expansion due
to the Poisson effect is found. The results reveal that although the push-out test is simple to perform, the
interpretation of its results might be a complicated task.
1. Introduction

Fiber reinforced polymers possess a high potential in lightweight
constructions due to their low density and high strength and stiffness.
Applications can be found in the automotive, aerospace and wind
energy industries where the reduction of weight is essential in or-
der to meet the present CO2 reduction requirements. Fiber reinforced
polymers are manufactured with continuous or discontinuous fiber
reinforcement. Whereas classical unidirectional (UD) continuously fiber
reinforced materials give the highest performance, discontinuous short
or long fiber composites can be manufactured at much lower expenses
and into complex structural components.

This paper focuses on the microstructure of a discontinuous glass-
fiber reinforced sheet molding compound (SMC) with a thermoset
matrix material consisting of an unsaturated polyester polyurethane
hybrid resin (UPPH). The material is advantageous especially for auto-
motive applications because of its mass-production compatibility. Due
to the compression molding in the manufacturing process, the investi-
gated material possesses a bundle-like microstructure, as can be seen
in X-ray computed tomography investigations [1,2] or in micro-tensile
tests [3]. The investigation and characterization of the fiber–matrix
interface is important for the assessment of damage-initiation of the
glass fiber reinforced SMC, as micro-tensile tests on this material [3]
show crack initiation at the fiber–matrix interface. Crack propagation
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inside a bundle, between bundles and in the matrix-rich regions oc-
curs afterwards. Particularly for discontinuous reinforced polymers, the
fiber–matrix interface is necessary for the load transfer from matrix to
the fibers and back.

In literature, several methods have been established to characterize
the fiber–matrix interface. In the fiber fragmentation test, one or several
fibers are completely embedded in a matrix material and tension load is
applied on the matrix. The breaking of the fiber into several parts is ob-
served in combination with interface debonding and matrix cracks [4].
In the fiber pull-out test one fiber end is embedded in matrix material
and pulled out to characterize the interface [5]. In the microbond test
a droplet of matrix is pulled of the fiber [6]. All these tests have in
common that their fiber–matrix interface is created under laboratory
conditions and the determined interface parameters might be difficult
to compare to the interface parameters of the composite under process
conditions. For example the apparent interfacial shear strength of a
microbond test can vary by more than a factor three depending on
the atmospheric conditions during the preparation process [3]. The
single-fiber push-in and push-out test are both used to investigate the
interface behavior of the composite material. At the push-in test, a
thicker specimen is polished on one side and load is applied on a fiber
lying vertically to the surface by an indenter tip. The debonding of the
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359-835X/© 2021 The Authors. Published by Elsevier Ltd. This is an open access a

https://doi.org/10.1016/j.compositesa.2021.106607
Received 17 May 2021; Received in revised form 9 August 2021; Accepted 12 Aug
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ust 2021

http://www.elsevier.com/locate/compositesa
http://www.elsevier.com/locate/compositesa
mailto:benedikt.rohrmueller@iwm.fraunhofer.de
https://doi.org/10.1016/j.compositesa.2021.106607
https://doi.org/10.1016/j.compositesa.2021.106607
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesa.2021.106607&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Composites Part A 150 (2021) 106607B. Rohrmüller et al.
fiber from the matrix material on the specimen surface, called push-
in, can be observed. No information on the length of the crack can be
determined. At the push-out test, a thin slice of material is polished
on both sides with fibers vertical to the surface. The fibers are loaded
axially by an indenter tip and interface debonding can be observed by
a push-in of the fiber on the front side and a push-out of the fiber
on the back side. The complete fiber–matrix debonding process can
be observed. The radial fiber expansion due to its compression by the
indenter tip might lead to an overestimation of the interface strength,
as stated in [7]. The single-fiber push-out test goes back to the work
of Marshall and Oliver [8,9] on ceramic-matrix composites. In [9] the
cyclic push-out test was proposed to get an information on the debond
fracture energy. This method was further developed by [10] to identify
a value for the interface fracture toughness directly from experiments
by an energy-based model. This method was extended and applied on
polymer–matrix composites in [11–14].

Ref. [14] makes a distinction between abrupt and successive push-
out behavior. In the abrupt push-out behavior, the interface crack
propagation gets unstable after reaching the maximum force and the
force flux abruptly drops. In the successive push-out behavior, a stable
debonding occurs between fiber and matrix until complete debonding.
Then friction between the debonded fiber and the surrounding matrix
becomes the only dissipation mechanism, resulting in a plateau at the
end of the force–displacement curve. For polymer–matrix composites
both abrupt and successive push-out behavior can be found, also at
different fibers on the same material [14]. Experimental single-fiber
push-out tests can be used to test different interfaces and influence of
fillers like nano-particles or carbon nano tubes [12,15].

Simulation models of single-fiber push-out [12,16,17] or push-in
tests [18,19] often assume an isotropic linear elastic matrix behavior.
However, an elasto-plastic matrix material model for an epoxy resin
showed better agreement between experimental and numerical force–
displacement curves than the linear elastic matrix material model [20,
21]. Because of the nonlinear elastic behavior of polymers, a nonlin-
ear elastic Neo-Hooke model with a Prony series for time-dependent
viscoelastic effects for the matrix model is employed in the present
study. This matrix model is calibrated by simulations of experimental
nanoindentation tests on matrix-rich regions of the composite.

The aim of this paper is to characterize a fiber–matrix interface
model with a single-fiber push-out test through experiments and sim-
ulations. Nanoindentation is used to characterize the polymeric matrix
material. Nanoindentation offers the possibility to investigate the ma-
trix behavior directly on the composite on the microstructural level.
Material model parameters that can be derived directly from experi-
mental nanoindentation curves as described and established in [22,23]
are the modulus and the hardness. A nonlinear viscoelastic material
model is used to simulate the nanoindentation and modified to calibrate
the simulated force–displacement curve to the experimental curves
following [24,25].

2. Experimental investigation

2.1. Material

The investigated material is a glass fiber reinforced SMC. In its man-
ufacturing process chopped fiber bundles with a length of about 25mm
are randomly distributed on the UPPH resin. These pre-impregnated
fibers are then compression molded. Details on the manufacturing
process can be found in [26]. In the present study, SMC sheets manufac-
tured by Fraunhofer ICT were investigated. The manufacturing process
leads to a microstructure where the fibers are arranged in fiber bundles
with stochastic orientation. An exemplary micrograph with different
fiber bundles is shown in Fig. 1. The fibers are grouped and form the
bundle microstructure. Since the glass fibers are circular, fibers that
appear as differently shaped ellipses in cross-section are oriented in
2

Fig. 1. Glass fiber SMC microstructure with fibers arranged in bundles.

different directions. Several fiber bundles are visible with matrix-rich
regions in between.

The nanoindentation specimen was taken from the cross section of
a material plate which was ground and polished to a thickness of about
1mm. The specimen was not thinned further to avoid a large influence
of the substrate on the measurement. The specimen was glued on a
specimen holder for indentation testing.

To prepare the specimens for the push-out test, thin slices with a
thickness of 1mm were cut from the cross section of a material plate.
The material slices were ground and polished from both sides to get
a thickness of about 50 μm and a plane surface on both sides. The
specimens were glued on a sample holder to reduce the compliance in
the force–displacement curves for the push-out experiments and avoid
bending of the specimens during testing. The sample holder consists of
aluminum with grooves of 70 μm located under the indented fibers. The
grooves in the sample holder were manufactured by micromilling.

2.2. Nanoindentation

The matrix behavior is investigated on the matrix-rich regions of
the composite material, where the influence of neighboring fibers is as-
sumed to be negligible. The nanoindentation experiments were carried
out on a polished specimen with a Triboindenter TI-950 from Hysitron.
For the testing a diamond Berkovich modified tip was used, formed by
a three-sided pyramid with a half angle of 65.27◦. For the loading part
of the indentation curve, the ratio of the loading rate divided by the
load �̇�∕𝑃 is held constant. Then the force is kept constant for 100 s to
account for possible creep and relaxation effects. Indentation tests were
performed for constant rates �̇�∕𝑃 , of 2, 0.5, 0.1 and 0.01∕s. For each
�̇�∕𝑃 ratio, five tests were performed.

2.3. Single-fiber push-out test

A sketch of the single-fiber push-out test is shown in Fig. 2(a).
The indenter tip is placed in the center above the fiber which shall
be pushed out. This fiber should be located above the groove of the
specimen holder.

The push-out tests were performed with the same Hysitron TI-950
Triboindenter as the indentation tests, however by using a different
indenter tip. For the push-out tests, a diamond conical flat end indenter
tip with a diameter of 5 μm and an angle of 60◦ was used. As the
investigated glass fibers have a diameter of about 13 μm only the
indented fiber is touched. For the positioning of the indenter tip above
the fiber, the dual head option of the Triboindenter was used with
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Fig. 2. Push-out test: (a) experimental setup after [15] and (b) simulation model.
Fig. 3. Different energy contributions to a cyclic push-out test after [11].

a Berkovich modified tip for scanning. It works similar to an atomic
force microscope. Only fibers perpendicular to the surface which show
a circular contour on the surface were investigated. Among those,
fibers with more than a slight indenter imprint were excluded from the
evaluation. The tests were performed under displacement control with
a displacement rate of 50 nm∕s until an indenter displacement of 5 μm
is reached. Additionally, cyclic tests were performed with loading and
unloading cycles with increments of 200 nm per cycle. The cyclic push-
out tests have the advantage that a value for the fracture toughness can
be extracted directly from the experimental results. The method was
developed in [10] and [27] for ceramic matrix composites and extended
on carbon fiber reinforced polymer matrix composites in [11] and [21].

Using this method, cyclic single-fiber push-out tests are evaluated
energetically, considering the areas under the force-indenter displace-
ment record. According to [10,11] a selected loading–unloading and
reloading cycle is separated in the elastic, friction and plastic/crack
growing energy part. To avoid misunderstandings, the ‘‘plastic’’ energy
is termed separation energy in the present paper, as it is the energy
necessary for crack growth. An exemplary cyclic push-out curve with
the different energy contributions is plotted in Fig. 3. The elastic energy
is the area under the unloading curve. The friction work is the area
between the unloading and reloading curve, the separation energy is
given by the area between the loading and the following reloading
curve, and the total separation energy is the accumulated separation
energy which is the energy put into stable crack growth. Whereas for
3

most materials an unstable crack growth behavior in the single-fiber
push-out test can be found in the literature, [28] and [14] found a
stable crack growth until complete debonding on some polymer matrix
composites. The fracture toughness then can be calculated by

𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑡𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 =
𝑡𝑜𝑡𝑎𝑙 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦

𝑐𝑦𝑙𝑖𝑛𝑑𝑟𝑖𝑐𝑎𝑙 𝑓 𝑖𝑏𝑒𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
. (1)

Evaluating a push-out test only experimentally, the apparent interfacial
shear strength (apparent IFSS) can be defined [10,15,29–31]:

𝜏𝑚𝑒𝑎𝑛 =
𝐹max
2𝜋𝑟F𝑙F

, (2)

where 𝐹max is the maximum force, 𝑟F the fiber radius and 𝑙F the fiber
length.

3. Simulation

The experiments are assessed further by means of a numerical
simulation. In this context, finite element simulations of the nanoinden-
tation are performed to characterize the matrix material. Simulations
of the single-fiber push-out test are performed to characterize the
interface. Abaqus/Standard is used for the nanoindentation simulations
and Abaqus/Explicit for the push-out simulations.

3.1. Nanoindentation

For the modeling of the nanoindentation, a 60◦ model of the
Berkovich modified tip and the underlying matrix material is used.
Influences of tip rounding and surface roughness are neglected. Fric-
tion effects between indenter tip and specimen are not taken into
account either, since investigations by [32] show that their influence
in nanoindentation simulations is small. The indenter tip is modeled as
a rigid body. The matrix is modeled by 3D linear hexahedral elements
assuming a Neo-Hooke material model with a Prony series to model
viscoelastic behavior.

The Neo-Hookean model’s strain energy potential is given by

𝛹 = 𝐶10(𝐼1 − 3) + 1
𝐷1

(𝐽 − 1)2 (3)

with 𝐼1 as the deviatoric strain invariant, 𝐽 as the determinant of the
deformation gradient and the material parameters 𝐶10 and 𝐷1. To get
a viscoelastic material response, a Prony series is used to describe the
time dependence of the dimensionless shear modulus

𝑔R(𝑡) = 1 −
𝑁
∑

𝑔𝑖(1 − exp (−𝑡∕𝜏𝑖)) (4)

𝑖=1
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Table 1
Material parameters of UPPH-matrix.
𝐶∞
10 𝐷1 𝑖 𝑔𝑖 𝜏𝑖

[MPa] [1∕MPa] [−] [−] [s]

419 0.00148 1 0.134 1.84
2 0.109 33.0
3 0.0148 653

with the material parameters 𝑔𝑖 and 𝜏𝑖, the number of series parameters
𝑁 and the time 𝑡. This leads to

𝐶10(𝑡) =
𝐶∞
10

1 −
∑𝑁

𝑖=1 𝑔𝑖
𝑔R(𝑡), (5)

ith the parameter 𝐶∞
10 describing the equilibrium curve after complete

elaxation. The parameter 𝐷1 and likewise the compressible part of the
train energy potential is assumed to be time independent, to reduce the
umber of parameters. For the parameter determination of the material
odel with 𝑁 = 3, the simulation model is fitted to the loading and
olding part of all experimental curves shown in Fig. 4(a). For the
oading part the indenter tip is moved force controlled with the same
̇ ∕𝑃 ratios as in the nanoindentation experiments in Section 2.2. The
arameter determination is carried out using a generic algorithm in
ython.

The resulting experimental nanoindentation curves are shown in
ig. 4. In (a) a single curve from the five recorded curves is shown
or each rate. It was selected not to be at the extreme for any local rate
ut rather to represent a ‘‘monotone’’ behavior. These curves are taken
or the parameter determination in the simulation. In (b) all curves for
he highest and lowest rate are shown.

Each curve can be separated into three parts: (i) the loading part,
tarting from zero displacement, (ii) the holding part, where the force is
eld constant and creep takes place and (iii) the unloading part, where
he force goes down again. Viscoelastic effects can be observed for the
ifferent rates because on the loading part of the curves for a higher
ate a higher force is needed at the same displacement. Additionally,
he curves with higher rate during the loading exhibit a larger amount
f creep deformation during the holding time. As a consequence, the
nloading curves for the different rates are more or less equal. The
arameters of the Neo-Hooke model and the Prony parameters were
dapted to the loading and holding part of all four nanoindentation
urves shown in Fig. 4(a). The fitting was performed in the time
omain. The resulting curves are shown in Fig. 5 and the resulting
arameters for the matrix material in Table 1. The nanoindentation sim-
lation curves are in a rather good agreement with their experimental
ounterparts, giving evidence for the adequacy of the chosen material
odel.

.2. Single-fiber push-out test

The simulation model of the push-out test is shown in Fig. 2(b).
he indented fiber is positioned in the center and surrounded by
eighboring fibers and matrix. Only the inner range is modeled in a
etailed manner with explicit modeling of the fibers and the matrix by
sing 3D linear hexahedral elements with reduced integration and an
dge length of 1 μm. In parametric studies with different mesh densities,
he simulation model was found to converge at this element size. The
nfluence of more distant fibers and matrix is included by a surrounding
rea consisting of a transversally isotropic composite material. The
ive transversal isotropic composite parameters (𝐸∥ = 49.4GPa, 𝐸⟂ =
3.5GPa, 𝜈 = 0.27, 𝐺∥ = 10.0GPa, 𝐺⟂ = 9.1GPa) are determined by
Mori–Tanaka homogenization implementation [33]. The local fiber

olume content inside the fiber bundle (66%) is used as the prescribed
olume fraction for the composite of the FE model. The isotropic linear
lastic UPPH neat matrix parameters for the homogenization are taken
rom [34] and shown in Table 2 together with the linear elastic glass
4

c

able 2
aterial parameters.
Parameter Symbol Value Unit

Young’s modulus glass fibers 𝐸F 73 GPa
Poisson’s ratio glass fibers 𝜈F 0.22 –
Young’s modulus UPPH [34] 𝐸M 3.4 GPa
Poisson’s ratio UPPH [34] 𝜈M 0.385 –
Thermal expansion coefficient UPPH [34] 𝛼M 7.45e−5 1/K
Thermal expansion coefficient glass fibers 𝛼F 5e−6 1/K

fiber parameters. Boundary conditions are applied to the composite
block according to the experiment, as can be seen in Fig. 2(b). The
outer blocks are clamped on the bottom side.

The fiber–matrix interface is modeled by a cohesive zone model.
The interface stresses in the normal and the two shear directions 𝑡n, 𝑡s
and 𝑡t are in this case connected to the relative displacements 𝛿n, 𝛿s and
𝛿t in the same directions by an uncoupled traction separation law

⎧

⎪

⎨

⎪

⎩
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𝑡t

⎫

⎪

⎬

⎪

⎭

=
⎡
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⎣

𝐾nn
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⎪

⎩
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𝛿t

⎫

⎪

⎬

⎪

⎭

(6)

with the initial stiffnesses 𝐾nn, 𝐾ss and 𝐾tt in the normal and the
two shear directions. In general 𝐾 is seen as a numerical parameter
which has to be chosen large enough. As later described in the result
section the slope in the numerical force–displacement curve of a push-
out test can be influenced by its size as well, thus modeling a compliant
interface. The interface damage initiation is modeled by a quadratic
stress criterion
{

⟨𝑡n⟩
𝑡cn

}2
+
{

𝑡s
𝑡cs

}2
+
{

𝑡t
𝑡ct

}2
= 1 (7)

with 𝑡cn, 𝑡cs and 𝑡ct as the critical traction in normal and the two shear
irections, respectively. As the critical interface strength is not directly
omparable to the interfacial shear strength from Eq. (2), the critical
raction is adapted directly to the experimental push-out curves. To
ompare to the fracture toughness values from the experimental cyclic
ush-out tests, the damage evolution is modeled based on an energy
riterion. It is described by the following form
{

n
cn

}

+
{

s
cs

}

+
{

t
ct

}

= 1 (8)

with the critical fracture toughness cn, cs and ct in the normal and the
wo shear directions. For the completely debonded fiber–matrix inter-
ace Coulomb friction with a friction coefficient 𝜇 is assumed. Thermal
tresses are added to the model as a predefined field from a load free
mplicit cooling step. The model is therefor assumed to be stress-free at
he manufacturing temperature of 145 ◦C and cooled down to ambient
emperature. The necessary thermal expansion coefficients are given in
able 2.

. Results

.1. Push-out test results

The experimental push-out curves for a selected fiber bundle are
resented in Fig. 6. The force divided by the fiber surface area is plotted
n the ordinate, to exclude effects of different fiber diameters. The
ehavior of the push-out curves can be summarized as follows: After
shallow increase of the force in the beginning, the force increases

inearly when full contact between indenter tip and fiber is established.
hen the force-indenter displacement curve becomes nonlinear before
he maximum is reached. The force then decreases until complete
ebonding. The push-out behavior is successive (not instantaneous)
ith a stable crack growth. Sometimes the push-out behavior is ac-
ompanied by a drop in force. It remains unstable only for a short
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Fig. 4. Experimental nanoindentation curves with different rates for the loading part. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
Fig. 5. Nanoindentation simulation curves adapted on loading and holding part of
experimental curves in the indenter displacement time domain. The experimental curves
are taken from Fig. 4(a) with decreasing rate from left to right.

crack part and then becomes stable again. On the plateau at the end
of the curves friction is the only dissipating mechanism between fiber
and matrix. From the cyclic push-out tests only the enveloping curves
are shown in order not to overload the graph. This explains the non
smooth behavior of some curves. For fibers at the edge of a fiber bundle
which are surrounded only on one side by other fibers, the slope of
the force–displacement curve is lower. This effect was also observed at
other fiber bundles. Regarding the apparent interfacial shear strength
from Eq. (2), which is the maximum of every curve in Fig. 6, the fibers
can be divided into two groups based on its apparent interfacial shear
strength: one group of fibers with an apparent interfacial shear strength
of about 65MPa and another group with an apparent interfacial shear
strength of about 50MPa. The differences seem to be independent of
the position of the fiber in the bundle.
5

Fig. 6. Experimental push-out curves on one fiber bundle. For cyclic tests only the
enveloping curve is plotted.

Fig. 7 shows the force–displacement curve of a typical cyclic push-
out curve. Successive push-out behavior can be clearly observed. The
corresponding SEM-images after testing show a fiber inside a fiber
bundle which is pushed-in on the front and pushed-out on the back
side. The energy contributions in Fig. 8 are evaluated as described in
Section 2.3. They show the elastic, friction, separation and total sepa-
ration energy contributions for the single cycles. The total separation
energy, which is the accumulated separation energy up to this cycle, is
increasing almost linearly between 1 and 3 μm indenter displacement.
These two points – the start and end of the linear increase of the
accumulated separation energy – are identified after [11,14] as the
push-in and push-out of the indented fiber. The push-in and push-out
are also plotted as dashed lines in the force–displacement curve in
Table 3
Determined interface parameters.

Interface parameters Friction coefficient Critical fracture toughness Initial stiffness Critical traction Apparent interfacial shear strength from Eq. (2)
𝜇 𝑐

𝑛,𝑠,𝑡 𝐾𝑛𝑛,𝑠𝑠,𝑡𝑡 𝑡𝑐𝑛,𝑠,𝑡 𝜏𝑚𝑒𝑎𝑛
Unit [−] [J∕m2] [N∕mm3] [MPa] [MPa]

Fiber inside bundle 0.35 107 107 70 64.2
Fiber outside bundle 0.35 107 107 70 63.7
Fiber with weaker interface 0.35 81.3 106 57 52.9



Composites Part A 150 (2021) 106607B. Rohrmüller et al.
Fig. 7. Cyclic push-out curve with indented fiber after test from front and back side of the specimen.
Fig. 8. Different energy contributions for each cycle of push-out test plotted over indenter displacement. Dashed lines are push-in of the fiber on the front side and push-out on
the back side of the specimen.
Fig. 7. This shows that the fiber is pushed-in on the front surface before
the maximum force is reached. Averaging over 13 cyclic push-out tests
results in an experimental fracture toughness of 107 ± 20 J∕m2.

4.2. Push-out simulation results

Fig. 9(a) shows simulation and experimental push-out curves of
three different microstructures: one fiber inside a fiber bundle, one
fiber at the edge of a fiber bundle and one fiber inside a fiber bundle
6

with a lower maximum force. The geometry of the simulation model
was as shown in Fig. 2(b) with the three different microstructures from
Fig. 9(b)–(d) in the inner region. The simulation curves can be adapted
to the experimental curves by tuning the interface parameters. As there
is only one type of experiment, no distinction is made between the
different modes of crack growth and the interface parameters for the
normal and the two shear directions are set to the same value. The
remaining four interface parameters – the critical fracture toughness,
the initial stiffness, the critical traction and the friction coefficient
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Fig. 9. Push-out curves of three experiments and simulations with corresponding microstructure: (a) force indenter displacement curves with experimental microstructure (always
top) after test and simulation microstructure (bottom) of (b) fiber inside fiber bundle, green dots are interface damage evolution from Fig. 10, (c) fiber outside fiber bundle and
(d) fiber with weaker interface with indented fiber in the middle. The interface damage for the green dots on the simulation curve inside the fiber bundle is shown in Fig. 10.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 10. Interface damage evolution of simulation of fiber inside fiber bundle from Fig. 9(b) at displacements of 0, 0.54, 0.90, 1.15 and 1.87 μm. The corresponding points are
marked with green dots in the force indenter displacement diagram in Fig. 9(a). Depicted is the indented fiber with the neighboring fiber on the left. In (b)–(d) the right side of
the indented fiber is scaled radially by a factor of 50 to show the radial expansion during testing. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
– are given in Table 3. However, in the simulation, the interface
reaches a completely damaged state somewhat earlier i.e. at a lower
indenter displacement and then terminates. The differences between
the two curves of the fiber inside and outside the bundle is only due
to the geometry. Only for the fiber with weaker interface, the interface
parameters are different: the initial stiffness, the critical traction and
the critical fracture toughness are all smaller. The critical fracture
toughness of the fiber with weaker interface is directly taken from the
experimental measurement of this fiber since it is the enveloping curve
of a cyclic push-out curve.

In addition to the critical traction of the interface model from the
simulation, the experimentally determined interfacial shear strength
determined from Eq. (2) is given (see Table 3). The interfacial shear
strength is lower than the critical traction in all three cases.

The interface damage evolution on the indented fiber and one neigh-
boring fiber are shown in Fig. 10 at five different times for a fiber inside
a fiber bundle. The corresponding instants in time are marked with
green dots in the force–displacement diagram in Fig. 9(a). The interface
damage initiates at the upper part of the indented fiber at positions
near to other fibers. Somewhat below the surface the fiber expands
laterally under compression by the indenter tip due to the Poisson
effect. Contrary on the surface itself, the elastic imprint of the indenter
leads to tensile normal stresses on the fiber–matrix interface. The radial
fiber expansion is made visible by scaling the radial displacement of the
indented fiber (only on the right) in Fig. 10(b)–(d) by a factor of 50.
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After the interface at the indented fiber has almost completely failed,
an increasing damage of the interface at the neighboring fiber can be
observed in Fig. 10 (and all other neighboring fibers).

For a deeper insight into the debonding process, the separation
between fiber and matrix is investigated in more detail. In order to also
account for the effect of residual stresses, two competitive simulations
with and without thermally induced residual stresses are performed.
The thermally induced residual stresses are included by assuming a
stress-free temperature in the range of the manufacturing temperature
(here 145 ◦C) and performing a load-free cooling step to ambient
temperature before the push-out simulation as described in Section 3.2.
Fig. 11(a) shows the simulation results for the fiber inside the fiber
bundle of the microstructure from Fig. 9(b) with and without thermally
induced residual stresses. Adding residual stresses results in an in-
creased force for indenter displacements larger than 1.2 μm. In addition
to the force–displacement curve, the axial separation of the indented
fiber from the surrounding matrix (mean nodal displacement) is plotted
for the front and back side of the specimen. The explanation of front
and back side is given in Fig. 10(a). The interface debonding process
appears to be dominated for both simulation cases by the separation
on the front side at displacements larger than 1 μm. However, the
separations for the simulation with residual stresses are delayed. The
thermally induced residual stresses lead to an axial mismatch between
indented fiber and surrounding matrix in the simulation model at the
beginning since the simulation model is assumed flat before cooling and
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Fig. 11. Simulation results of fiber inside fiber bundle from Fig. 9(b) with and without
thermally induced residual stresses. For explanation of meaning of front and back side
refer to Fig. 10.

since the matrix has a higher thermal expansion coefficient than the
fibers. Consequently the fibers are radially compressed but stand out
axially of the matrix material on both specimen sides at the beginning
of the simulation.

5. Discussion

We first focus on the accuracy of the material data of the de-
termined UPPH matrix material. The experimental nanoindentation
curves clearly show a viscoelastic behavior with higher forces for higher
loading rates at the same displacement. The experimental curves of
the same rate (Fig. 4(b)) show only little scatter. Differences could be
caused by variations in the surface roughness, local varying material
behavior or a drift in the piezo actuator of the indenter tip especially
for lower rates. The surface roughness and adhesive effects between
indenter tip and specimen surface in the experiment might lead to a
slightly underestimated numerical stiffness of the matrix material. Fur-
ther differences between experimental and simulated nanoindentation
are due to a slight rounding of the indenter tip and possible adhesive
effects or a remaining surface roughness, which are not considered
in the simulation. For the obtained viscoelastic material parameters
all these remaining inconsistencies between model and experiment
are regarded as minor since the viscoelastic model is able to nicely
reproduce the experimental indentation curves for all the different
loading rates (Fig. 5).

In the present investigation, the nanoindentation specimen was
taken from the ‘‘real’’ composite material and not from bulk material.
The advantage of this approach is, that the material is investigated
under the same manufacturing conditions as for the matrix in the push-
out test. Thus, the results are representative for the material in-situ,
i.e. in the state after polymerization in the composite material. Thus,
the proposed material characterization by nanoindentation provides a
high-precision tool for determination of the matrix material parameters
of composites in the relevant state. It should be mentioned that the
polymerization state and thus the mechanical properties of the matrix
may differ between positions inside fiber bundles and matrix-rich re-
gions outside fiber bundles. However, indentation measurements inside
fiber bundles are again influenced by the stiff fibers and are difficult to
perform as there are some slight differences in height between fibers
and matrix caused by different removal rates in the preparation process.

Concerning the push-out tests, the slope of the single-fiber push-out
tests in Fig. 6 appears to be dominated by the position of a fiber inside
a fiber bundle or more generally by the stiffness of the surrounding
8

material. This is also confirmed in the push-out simulations in Fig. 9
(a), where the variation in the curves of the fibers inside and outside
the bundle are caused just by the different geometries.

The weaker interface of some fibers could be due to the scatter of the
material parameters from the manufacturing process. However, it also
cannot be excluded that its interface might have been damaged during
sample preparation or push-out tests of other fibers on the sample.

While the apparent interfacial shear strength from Eq. (2) is a
‘‘global’’ value for the entire experiment, the cohesive zone critical
interface traction is a local value which needs to be overcome to
enable interface damage. Thus, it is clear that the two values are not
directly comparable and it also means that an interfacial shear strength
determined experimentally by a push-out test cannot be directly used
in a simulation model.

The friction part of the push-out curves in Fig. 6, the amount of
force after complete debonding, when the force is more or less constant,
varies between different fibers. This may be due to different surface
roughnesses of the different fibers, or due to different residual stresses
on different fibers, or due to a slightly imperfect debonding of the fiber–
matrix interface. Residual stresses are induced due to the difference in
the coefficients of thermal expansion of fibers and matrix in conjunction
with the elevated manufacturing temperature. Especially for the fibers
at the edge of a fiber bundle, the deviation in the friction part is larger.

In the separation energy plot of the cyclic push-out test in Fig. 8
top right a slight increase of energy in two cycles before the energy per
cycle drops down toward the push-out can be observed. This effect of
increased separation energy before the fiber push-out in this evaluation
method can also be observed in diagrams in [14]. Due to the Poisson
effect, the fiber, which is axially loaded by the indenter tip, expands
radially in the upper part, as observed in the present simulation. This
effect results in an additional pressure between fiber and matrix which
has to be overcome to provoke crack growth. In contrast, in the lower
part of the fiber a lower crack growth resistance exists which results in
an increased crack growth energy per cycle (for cycles with constant
displacement increments). The increased separation energy with an
energy of about 30 nJ per cycle in the second part of the push-out test
in Fig. 8 top right could be interpreted as this increased crack growth
velocity in the second part of the push-out process.

The push-out simulations reveal a strong interaction between neigh-
boring fibers. Since the simulations show that interface damage in the
push-out process also occurs at neighboring fibers, which is not taken
into account in the experimental evaluation, the experimentally deter-
mined fracture toughness according to the standard evaluation overesti-
mates the real value. However, as the simulation curves fit quite well to
the experimental curves, an overestimated fracture toughness might be
compensated in the present investigation by underestimated residual
stresses, as residual stresses additional to the thermally induced ones
are not considered.

The push-out simulations show that the interface damage initiates
at the interface of the indented fiber nearby the surface where fibers
are close together. Similar observations were made in [21] where
it was also found that the interface damage initiation in push-out
simulations starts in areas where fibers are close together. In the current
investigation this is the location where the largest radial expansion
of the fiber is obtained during testing. That radial expansion of the
indented fiber occurs due to its compression by the indenter tip, has
been described by [7].

The influence of thermally induced residual stresses plays an im-
portant role in the simulation results. As the matrix material features a
higher coefficient of thermal expansion than the fibers, a pronounced
radial pressure from the matrix onto the fibers and subsequently a
pronounced frictional force develop. This effect is represented in the
force-indenter displacement diagram through an increased force after
the interface is already partly damaged. The influence of additional

residual stresses like curing residual stresses should be considered
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further since by this means, the residual stresses might be covered in
an improved manner.

The single-fiber push-out test gives the possibility for an in-situ
investigation of the fiber–matrix interface on the composite material
with a predefined location of crack initiation and direction of crack
propagation. The problems of specially prepared specimens as in other
single fiber tests (microbond test, pull-out test, fiber fragmentation test
etc.), all featuring a specially prepared matrix and thus possibly non-
representative interface properties are avoided since specimens can
be prepared directly from a piece of material taken from the actual
manufacturing process. However, the interface damage at neighboring
fibers should not be ignored in the evaluation as numerical simulations
show.

6. Conclusion

The present contribution has been concerned with an improved
determination of fiber–matrix interface properties for an SMC com-
posite using single-fiber push-out tests in conjunction with numerical
simulation of the experiments. Both, the influence of the neighboring
fibers and the development of thermally induced residual stresses were
investigated.

The matrix material, playing an important role in polymer–matrix
composites, was characterized by nanoindentation directly on the com-
posite. It is modeled nonlinear viscoelastic. With the chosen matrix
material model, calibrated by nanoindentation experiments and sim-
ulations, and the cohesive zone model, the experimental curves could
be reproduced up to the maximum strength.

The determined parameters can be further used for microstructure
simulations and for investigations of the fiber–matrix adhesion. This
is especially important for short fiber reinforced composites, where in
comparison to UD material much more force transmissions from matrix
onto fibers takes place. Therefore, and since the fiber direction is not
aligned with the main loading direction, the fiber–matrix interfaces for
chopped fiber composites are of crucial importance for the integrity of
the material.
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