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Abstract Fiber push-in nanoindentation is conducted on a
unidirectional carbon fiber reinforced bismaleimide resin
composite (IM7/BMI) after thermal oxidation to determine
the interfacial shear strength. A unidirectional IM7/BMI lam-
inated plate is isothermally oxidized under various conditions:
in air for 2 months at 195 °C and 245 °C, and immersed in
water for 2 years at room temperature to reach a moisture-
saturated state. The water-immersed specimens are subse-
quently placed in a preheated environment at 260 °C to re-
ceive sudden heating, or are gradually heated at a rate of ap-
proximately 6 °C/min. A flat punch tip of 3 um in diameter is
used to push the fiber into the matrix while the resulting load-
displacement data is recorded. From the load-displacement
data, the interfacial shear strength is determined using a
shear-lag model, which is verified by finite element method
simulations. It is found that thermal oxidation at 245 °C in air
leads to a significant reduction in interfacial shear strength of
the IM7/BMI unidirectional composite, while thermal oxida-
tion at 195 °C and moisture concentration have a negligible
effect on the interfacial shear strength. For moisture-saturated
specimens under a slow heating rate, there is no detectable
reduction in the interfacial shear strength. In contrast, the
moisture-saturated specimens under sudden heating show a
significant reduction in interfacial shear strength. Scanning
electron micrographs of IM7/BMI composite reveal that both
thermal oxidation at 245 °C in air and sudden heating induced
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microcracks and debonding along the fiber/matrix interface,
thereby weakening the interface, which is the origin of failure
mechanism.
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Introduction

Bismaleimide (BMI) composites have been used extensively
for structural components in aircraft, including composite
frames for turbine engines and engine exhaust washed struc-
tures due to a unique combination of high service temperature,
reasonably high fracture toughness, and epoxy-like processing
conditions [1, 2]. BMI composites, however, are known to
have very limited service life under strenuous operational con-
ditions due to chemical, physical, and mechanical degradation
under harsh environmental conditions, such as temperature
cycles and atmospheric humidity experienced in flight [3-5]
and also in storage. Failure of composites in these aggressive
environments has a direct impact on operational cost and fleet
readiness. For an IM7/BMI unidirectional composite after ex-
posure to 195 °C and 245 °C for 2 months, we have reported
its dynamic compressive behavior at high strain rates [5]. The
results obtained are used to show that thermal oxidation leads
to a significant reduction in stiffness and strength. In a follow-
up work [6], the dynamic compressive experiments are con-
ducted to determine the effect of thermal oxidation on the
mechanical properties of the BMI resin at high strain rates.
The resin exposed to 245 °C for 1500 h shows only slightly
reduced mechanical properties, which is in stark contrast to
the data reported for IM7/BMI unidirectional composite oxi-
dized for two months at 245 °C [5]. It indicates that



mailto:hongbing.lu@utdallas.edu
http://crossmark.crossref.org/dialog/?doi=10.1007/s11340-017-0335-6&domain=pdf

Exp Mech

degradation in composites is likely due to matrix shrinkage
and debonding at the interface between fibers and matrix.
Consequently, measuring the thermal degradation of the neat
resin is a necessary but not sufficient step for understanding
the appropriate mechanism for synergistic degradation at the
fiber/matrix interface in a composite. In this paper, an inves-
tigation is made to determine the effect of thermal oxidation
on the fiber/matrix interface behavior directly using fiber
push-in nanoindentation.

Composites absorb moisture not only during the flight but
also in storage. Although it has been known that moisture-
induced swelling may degrade the fiber/matrix interface [4],
most of the literature investigating the moisture effect in poly-
mer composites has placed an emphasis for predicting the
diffusion of moisture. Much less attention is given to the deg-
radation of fiber/matrix interface due to the long-term mois-
ture effects [7, 8]. During normal operation, the moisture-
saturated polymer composites can be subjected to rapid
heating. If the heating is too fast for the absorbed moisture
to escape, large internal water vapor pressures can develop
and can lead to void nucleation in the matrix and at the
fiber/matrix interface. This steam-induced delamination and
blistering (referred as steam blistering effect) can potentially
cause failure of the composite. This phenomenon has led to
research interests from both experimental [9, 10] and theoret-
ical perspectives [11, 12]. Most of the existing work, however,
has been focused on understanding the effect of steam blister-
ing on overall mechanical behavior of composite laminates,
and predicting the onset of steam pressure-induced delamina-
tion. Investigations on the effect of steam blistering on the
degradation of interfacial shear strength, especially for BMI
composites, are very rare.

Over decades, a number of experimental techniques have
been developed to evaluate the fiber/matrix interface adhesion
by mechanically characterizing the interfacial shear strength
(IFSS) [13]. IFSS is commonly measured using
micromechanical test methods such as the single-fiber frag-
mentation test [14], the microbond test [15-17], the single-
fiber push-out test [18, 19], and the fiber push-in test
[20-22]. Yang et al. [16] measured IFSS of thermal-
oxidative degradation glass fiber-polypropylene composites
by microbond test. Yu et al. [7] reported long-term moisture
effects on IFSS measured by microbond test. Micrbond test
utilize single fibers embedded in a matrix, such a single fiber
model composite is inherently different from actual processed
composites. To study the environment effects such as thermal
oxidation and steam blistering, it is necessary to measure IFSS
on actual composites, in which case fiber push-out and fiber
push-in tests can be applied. However, the fiber push-out test
requires the cumbersome preparation of very thin sample
(~50 um), and samples tend to break easily during the
polishing, which results in extremely low yield in sample
preparation. Due to these reasons, the fiber push-in
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experiments are conducted in this investigation. To the best
of our knowledge, for IM7/BMI composites, there have
been no results reported on the effect of thermal
oxidization and steam blistering, with an emphasis on
fiber/matrix interface behavior.

During a fiber push-in nanoindentation experiment, the flat
punch tip is pressing on an individual fiber until fiber/matrix
interface debonding occurrs. The applied nanoindentation
load and the resulting nanoindentation displacement are re-
corded. A typical push-in nanoindentation load-displacement
curve follows an “S” shape [23]. The initial nonlinear region
at small depths, designated as “toe” region, is the result of
imperfect contact between the fiber and flat punch indenter.
As the flat punch tip makes full contact with the fiber end, the
resulting push-in load follows a linear relationship with the
displacement, giving a contact stiffness Sy, representing linear
elastic deformation of fiber and matrix. The end of the linear
region marks with the beginning of the fiber/matrix interface
failure, or debonding. A simplified shear-lag model [20-25]
gives the expression for the interfacial shear strength, 75

TgL:—2S20}:C (1)
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where S is the stiffness (slope) of the linear elastic region, P,
is the critical load at the onset of nonlinearity, » is the fiber
radius, £y is the longitudinal elastic modulus of the fiber. The
stiffness of the elastic region Sy depends on the fiber and
matrix properties, as well as the confinement from the sur-
rounding fiber and matrix, which depends on the local fiber
volume fraction. Rodriguez et al. [21] performed a series of
numerical simulations, and reported that the above shear-lag
model underestimated interfacial shear strength for push-in
experiments conducted at the central fiber of highly-packed
clusters with hexagonal symmetry and proposed a simple re-
lationship to provide a correction. However, the relationship
reported in [21] is based on fiber and matrix properties of one
composite with specific compound and fiber/matrix configu-
rations. The relationship does not necessarily hold for the
IM7/BMI composite used in this investigation. Thus, for
IM7/BMI composites used in this study, numerical simula-
tions are conducted to assist the determination of interfacial
shear strength.

In this paper, unidirectional IM7/BMI composite is ex-
posed to thermo-oxidation at elevated temperatures (195 °C
and 245 °C), close to and above the service temperature for
2 months. IM7/BMI laminates are also immersed in water for
2 years at room temperature. The moisture-saturated speci-
mens are heated to 260 °C under a gradual temperature in-
crease or a sudden temperature exposure, and the interfacial
shear strength is characterized by fiber push-in nanoindenta-
tion. The effect of thermal oxidation and steam blistering is
then investigated and discussed in detail.
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Material and Experiments
Material

The thermal oxidized unidirectional IM7/BMI composite
plates are the same as those used in our work published earlier
[5], thus only a brief description on specimen preparation is
presented here. The composite square plates with a nominal
thickness of 2.0 mm and a side length of 150 mm, are oxidized
at 195 °C (close to the service temperature of 204 °C) and at
245 °C (higher than the service temperature but lower than
glass transition temperature of 270 °C) in air, respectively for
1500 h (about 2 months). After 1500 h of oxidation, the cen-
tral portion (at least 41 mm away from all edges) of the large
composite plates are cut into small rectangular specimens
using 0.3 mm thick diamond-coated saw blade under cooling
by flowing water. Subsequently, the specimens are washed,
cleaned, and dried at 60 °C for 72 h. A schematic diagram of a
unidirectional IM7/BMI composite specimen prepared from a
composite panel after oxidation is shown in Fig. 1.

To investigate the effect of steam blistering, 6 pieces of
unidirectional IM7/BMI composite plates of 38.1 mm wide
and 127.0 mm long are cut from composite plates with a
thickness of 2.0 mm and 304.8 mm side-length, the samples
are immersed in water for nearly 2 years at room temperature.
The mass of each plate is weighed by a digital balance
(Denver Instrument, APX-200). Before weighing, the plate
specimens are removed from water, dried with tissues until a
new dry tissue could not absorb any water. The average
weight gain is 0.787% in 1.5 years and no additional weight
gain is detected thereafter, indicating that it took about 1.5 year
to reach a water saturated state. A 0.3 mm thick diamond-
coated blade saw is used to cut the specimens. After cutting,
the cutting surfaces are lightly polished by #600 sandpaper to
produce smooth surface. Subsequently, the specimens are
washed, ultra-sonically cleaned, and then placed back into
water. Two heating procedures, namely sudden heating (caus-
ing a thermal shock) and gradual heating, are used. In the first
procedure, a specimen is directly placed inside an oven
preheated to 260°C. In the second procedure, the temperature
is gradually ramped up to 260°C at a rate of approximately
6°C/min in a Fisher Scientific oven LB 305745 M (320°C
maximum temperature with £2°C accuracy).

For gradual heating, it took 40 min to increase the temper-
ature to 260°C at a rate of approximately 6°C/min. The final
average weight loss is 0.760%. However, for the sudden
heating, the wet sample is directly placed inside the oven
preheated to 260°C for 5 min; and the average final weight
loss of a specimen is 0.727%.

The unidirectional IM7/BMI composite specimens are pre-
pared in six conditions, namely (1) baseline specimens, (2)
specimens oxidized at 195°C, (3) specimens oxidized at
245°C, (4) wet specimens (fully saturated, and no steam
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Fig. 1 Schematic diagram of a thermally oxidized IM7/BMI unidirec-
tional composite laminate after exposure to a high temperature. The sche-
matic diagram shows a central portion of a larger laminate after oxidation.
The oxidized composite contains three zones: Zone 1 (fully oxidized
zone), Zone II (active reaction zone), and Zone III (unoxidized zone). A
Cartesian frame is also shown, with x, aligned with fiber direction

blistering), (5) saturated specimens undergoing sudden
heating history to 260°C, and (6) saturated specimens under-
going gradual ramp heating history to 260°C. The composite
specimens are embedded into epoxy potting material (modi-
fied Bisphenol A-Epichlorohydin Epoxy, Allied High Tech
Products, Inc.). Each potted sample is cured at room temper-
ature for 24 h. The cross section perpendicular to the fibers of
the unidirectional composite specimens are polished first by
#800 and #1200 sandpaper, respectively. The specimens are
then polished by a MultiPrep™ system polishing machine
using alumina suspension with particle size from 1 um to
50 nm in sequence. Typical scanning electron microscopic
(SEM) images of the cross-sectional area of a baseline speci-
men are shown in Fig. 2. Most of the cross sections of the IM7
fibers are found to have an approximately circular shape, and

Fig.2 Scanning electron micrograph of a cross-section of a pristine IM7/
BMI composite. The highlighted regions in the red and green boxes are
used in full 3D finite element simulations (shown in Fig. 8)
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the plane parallel to the specimen surfaces can thus be consid-
ered to be perpendicular to the fiber. This plane is used for
fiber push-in nanoindentation in the fiber directions.

Fiber Push-in Nanoindentation

In this paper, interfacial shear strength is determined by fiber
push-in nanoindentation experiments [20, 21, 23]. All the fi-
ber push-in nanoindentation experiments are conducted on an
Agilent G200 nanoindentation system. The nanoindentation
system can reach a maximum indentation depth of 500 um
(0.2 nm resolution) and a maximum load of 500 mN (50 nN
resolution). A flat punch tip (Micro Star Tech) of 3 pm in
diameter is used in this investigation. In order to conduct
nanoindentation on an IM7 carbon fiber (5 um in diameter)
at close to the center of a fiber as possible, calibration is con-
ducted to obtain an accurate lateral position of the indenter
relative to the sample surface with the use of an optical micro-
scope on the nanoindentation system. All the fiber push-in
nanoindentation are conducted at a constant loading rate of
1 mN/s. Considering the fact that the 45° cone angle of in-
denter used in this investigation, the flat punch tip does not
touch the matrix if the maximum displacement is below 1 pm.
In this study, the maximum load is chosen such that the max-
imum nanoindentation displacement is below 700 nm.
Twenty-five fiber push-in nanoindentation experiments are
conducted for each preparation condition of the IM7/BMI
composite specimen. During the experiment, it is found that
error in positioning of the flat punch indenter is accumulated
over time, making it difficult to push the target fiber right at
the center. Thus, the residual indents are checked every five
push-in experiments, if the nanoindentation site is off from the
center by more than 1 pum, the data is disregarded and the
calibration between flat punch tip and optical microscope is
re-conducted. The procedure mentioned above is repeated un-
til 25 fiber push-in nanoindentation experiments are complet-
ed, with all the nanoindentation sites located approximately in
the center of IM7 carbon fibers. Attempts are made to select
target fibers that have approximately the same diameter and
local fiber configurations, which best represent the overall
volume fraction. Fibers selected in experiments are nearly
hexagonally packed, and they are not touching the surround-
ing fibers.

Finite Element Model

General Model

The shear-lag model is used to determine the interfacial shear
strength from the push-in nanoindentation on the composites.

To this end, finite element method (FEM) is used to simulate
the fiber push-in experiments on IM7/BMI composite. The
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commercial software package ABAQUS V6.14 is used for
the modeling. A typical three-dimensional (3D) FEM model,
used to simulate the fiber push-in nanoindentation, is shown in
Fig. 3. The baseline case of a 3D FEM model is simplified as
one sixth of the entire 3D model to reduce the computational
time by considering the hexagonal symmetry of the fiber
packing. A flat punch tip, 3 pm in diameter, which is same
as the one used in experiments, is modelled as rigid. The
central IM7 carbon fiber with 5 um diameter is surrounded
by six IM7 carbon fibers. Those carbon fibers are embedded
in the BMI matrix and this central region is surrounded by an
annular region of homogeneous material continuum with ef-
fective properties of IM7/BMI composite. The height and ra-
dius of the FEM model are selected to be 375 and 80 pum,
respectively. This model size is found to be large enough to

Indenter

BMI matrix IM7/BMI composite

(b)

()

L.
Fig. 3 Three dimensional finite element models for nanoindentation
push-in experiment for IM7/BMI composite. (a) overall geometry and
FEM mesh; (b) top surface of the FEM model for pristine composite,
with a local fiber volume fraction of 0.6; (¢) top surface of the FEM model
corresponding to a local fiber volume fraction of 0.9
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avoid sample size effect on the push-in nanoindentation load-
displacement curve. The distance between the central fiber
and surrounding fiber is specified such that it corresponds to
a 60% fiber volume fraction. It is found that the local fiber
arrangement used in this investigation agreed well with the
experimental results. The validity of this assumption is ad-
dressed in the Discussion section, below.

The carbon fiber is modeled as a transversely isotropic and
linear elastic solid, and the BMI matrix is modeled as a linear
elastic isotropic solid. Material properties used in simulations
are taken from previously published data [26, 27], as summa-
rized in Table 1. The yield strength of BMI matrix is above
200 MPa [28], which is several times larger than the interfacial
shear strength. Since the yield strength is twice as large as the
interfacial shear strength, plastic deformation of the matrix is
not taken into account in this investigation, assuming linear
elastic response of BMI matrix does not affect the onset of
nonlinearity, and the results on the interfacial shear strength
[21, 29]. In the FEM models, different parameters are consid-
ered, these include: interfacial strength, interfacial fracture en-
ergy, local fiber arrangement, curing residual stresses, and
friction coefficient. The FEM model contains 117,422 linear
hexahedral fully-integrated elements (C3D8) and 2010 linear
wedge fully-integrated elements (C3D6). Adaptive meshing is
used, and very fine mesh is used at the fiber/matrix interface
and the region underneath the flat punch indenter. The fiber/
matrix interface is considered as infinitesimally thin, and a
surface-based cohesive interactions are used in the model to
take into account the fiber/matrix debonding and the effect of
friction during fiber push-in nanoindentation. Mesh conver-
gence studies are conducted to ensure that mesh independence
is achieved.

Surface-Based Cohesive Behavior

To model the debonding between fiber and matrix, a surface-
based cohesive interaction is used and the interface is assumed
to satisfy the bilinear traction separation law. The undamaged
and uncoupled linear elastic traction separation behavior is
defined as,

ty K., O 0 O
t=<t, ;=10 K, O 6y p = Kb (2)
tl‘ 0 O Ktt 61

where t is nominal traction vector and 6 is separation displace-
ment vector. K is stiffness matrix. The subscripts 7, s, and ¢
represent normal, shear and tangential components at the
fiber/matrix interface, respectively. Damage is initiated once
the quadratic traction criterion is satisfied,

{@} - {i—} - {f—} =1 (3)

where tg, tg and t? are normal, shear, and tangential interfacial
strength, respectively. Brackets for #, are the Macaulay
brackets, which return the argument if it is positive and give
a zero if the argument is negative, since the compressive nor-
mal stresses will not open the crack [15, 21, 30]. It is noted that
the fiber push-in nanoindentation only provide the values of
the interfacial shear strength. In this study, isotropic interfacial
strengths are assumed, specifically 2 = 1° = 1 = 7. The co-
hesive behavior is defined to follow the linear softening dam-
age evolution law,

t=(1-D)K& (4)

where D is the damage parameter defined as 0 in the case of no
damage and 1 at the complete failure. Additional details on the
bilinear traction separation law can be found in the literature [15].

In this investigation, a series of simulations are conducted
by varying interfacial shear strength, 7, = 40, 50, 60, 70, 80,
90 and 100 MPa; interfacial fracture energy, G, =2, 5, 10, 20,
30, 40 and 80 J/mz; friction coefficient, 1 =0, 0.2, 0.4 and 0.6.
To study the effect of residual stress induced in the curing
process, isotropic coefficient of thermal expansion for the
BMI matrix, and anisotropic coefficients of thermal expansion
for IM7 fiber and IM7/BMI composite are used, with values
given in Table 1. An initial stress state is introduced based on a
cooling from the curing temperature of 227 °C to room tem-
perature. The conclusions obtained from the above simula-
tions are used to interpret the experimental data.

Table 1 Material properties used

in FEM simulations Material property IM7 fiber IM7/BMI composite BMI matrix
Longitudinal modulus E; (GPa) 276 174 4.6
Transverse modulus E, (GPa) 19 12.1
Shear modulus G, (GPa) 27 9.0
Poisson’s ratio 1ZP 0.2 0.36 0.35
Poisson’s ratio 125 0.2 0.45
Longitudinal CTE a; (107 /°C) -0.4 0.25 44

Transverse CTE

s (107° °C) 5.6 21.1
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Results and Discussions

Fiber Push-in Nanoindentation and FEM Simulations:
Baseline Specimens

Fiber push-in nanoindentation experiments are conducted first
on pristine IM7/BMI composite, and the experimental load-
displacement curves are shown in Fig. 4, from which a rea-
sonably good reproducibility can be observed. The experi-
mental load-displacement curves are also compared with sim-
ulated curves. They agree with each other reasonably well,
especially in the linear region, indicating that our FEM model
with a fiber volume fraction of 60%, both for overall compos-
ite, and for local region can capture the mechanical behavior
of IM7/BMI composite during the fiber push-in nanoindenta-
tion. For a detailed microscopic analysis of the load-
displacement relationship, fiber push-in nanoindentation is
paused at different loading stages, and unloaded. SEM micro-
graphs of the push-in fibers are acquired to illustrate the de-
formation process, as shown in Fig. 5. By increasing the load,
stress at the fiber/matrix interface increases. At the stage cor-
responding to the nanoindentation depth of approximately
150 nm (Fig. 5(a)), there is an initiation of fiber/matrix
debonding, as pointed by the white arrow. As nanoindentation
depth reaches nearly 250 nm, the crack propagation results in
a larger region of debonding between fiber and matrix, as
shown in Fig. 5(b). Finally, when the nanoindentation depth
is close to 400 nm, fiber has fully debonded from the matrix,
as shown in Fig. 5(c) and (d). SEM micrographs confirm that
the indenter tip makes contact with the fiber only and does not
touch the surrounding matrix region. In some situations, par-
tial debonding also occurs in the neighboring fibers

Fig. 5 SEM images of sample
surfaces after interruption at
different loading stages during the
fiber push-in experiments. (a) ex-
periment paused at nearly 150 nm
nanoindentation depth: initiation
of fiber/matrix debonding; (b)
experiment paused at approxi-
mately 250 nm nanoindentation
depth: progression of the fiber/
matrix debonding; (¢) experiment
paused at nearly 400 nm nanoin-
dentation depth: fully fiber/matrix
debonding; (d) another experi-
ment paused at nearly 400 nm
nanoindentation depth: fully
fiber/matrix debonding, the
debonding was also observed at a
neighboring fiber
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Fig. 4 Nanoindentation push-in experimental and simulated load-
displacement curves for IM7/BMI pristine specimen. Black lines repre-
sent the experimental results, other color curves are FEM simulation
results with different input values for the interfacial shear strength

(Fig. 5(d)). Following this observation, cohesive interaction
between neighboring fibers and BMI matrix is also included
in our FEM simulations. The debonding in neighboring fibers
is successfully captured by our FEM model, the details of
which are presented below.

In order to determine the interfacial shear strength accurate-
ly from experimental load-displacement curves, a series of
FEM simulations are conducted to study the effects of inter-
facial shear strength, interfacial fracture energy, friction be-
tween fiber matrix, and residual stress induced in curing pro-
cess. By doing so, the shear-lag model (equation (1)) is exam-
ined by comparing results with FEM simulations, the
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comparison indicates that the shear-lag model is applicable to
the experimental fiber push-in configuration of IM7/BMI
composites used in this investigation. For the first set of fiber
push-in simulations, friction and curing residual stresses are
neglected, and all the fiber/matrix interfaces are assumed to
have the identical interfacial fracture energy G, of 20 J/m>. To
perform a parametric sensitivity study, different interfacial
shear strengths are assigned in the FEM model, which fall in
the typical range of interfacial shear strength of carbon fiber
reinforced polymer composites: 40, 50, 60, 70, 80, 90 and
100 MPa, respectively. The corresponding load-
displacement curves predicated by FEM are shown in Fig.
6(a), it is found that all the curves have the same initial slope,
followed by a non-linear region, and a plateau region with
constant load, corresponding to the propagation of the inter-
face crack from the upper surface, and steady-state situation of
crack propagation, respectively. Further, the lower the
assigned interfacial shear strength, the lower is the onset of
nonlinearity. The behavior experienced here is very similar to
those reported in previous work [21]. Those results are not
surprising since the initial slope is governed by the geometry
configuration and elastic properties of the fiber and matrix.
The constant load at steady-state is controlled by the interface
fracture energy, as shown in Fig. 6(b).

The push-in nanoindentation load-displacement curves in
Fig. 6(b) are collected from the second series of FEM simula-
tion by varying G, = 2, 5, 10, 20, 30, 40 and 80 J/m? while

Fig. 6 FEM simulated

interfacial shear strength is kept at a constant value of 60 MPa.
It is concluded that the values for interfacial fracture ener-
gy does not affect the onset of nonlinearity, thus
confirming that the calculation of interfacial shear strength
is independent of interfacial fracture energy, for fiber push-
in nanoindentation [21].

Effects of friction and curing residual stresses are also ex-
amined. FEM simulations are conducted with different values
of the friction coefficient, specifically, 0, 0.2, 0.4, and 0.6. An
initial stress state is introduced based on a cooling from the
curing temperature of 227 °C to room temperature. In this set
of FEM simulations, interfacial shear strength and interfacial
fracture energy are given as 60 MPa and 20 J/m?, respectively.
The corresponding load-displacement curves are shown in
Fig. 6(c). It is found that friction increases the interfacial shear
resistance [21, 31], and residual compressive stresses due to
curing further enhance the interfacial shear resistance which is
due to the added friction resulting from the residual compres-
sive stresses. The onset of nonlinearity is not affected by the
existence of friction [21] and thermal residual stresses [31],
thus the calculation of interfacial shear strength are unlikely to
be affected by these parameters.

FEM simulations are also conducted to take into account of
the configuration with extremely high local fiber volume frac-
tion (V= 0.9). Figure 3(c) shows the FEM mesh of the top
surface, this model is very similar to the configuration in ref-
erence [21]. For this case, interfacial fracture energy is
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assumed to be 20 J/m? and interfacial shear strength is 40, 60,
and 80 MPa, respectively. It is assumed that no friction and
residual thermal stress exist. Load-displacement curves ob-
tained from the above model are compared with baseline
FEM model (V;=0.6), shown in Fig. 6(d). The initial stiffness
increases as the local fiber volume fraction becomes larger,
while the critical load at onset of nonlinearity remains lower.
Debonding of the neighboring fiber is also investigated
using this model. The interfacial shear strength is set to be
40, 80, and 100 MPa, respectively, and interface fracture en-
ergy is assumed to be 20 J/m” The interface properties are
assumed to be the same for both cohesive surfaces, namely
central fiber/matrix and neighboring fiber/matrix. As shown in
Fig. 7(a) and (b), cohesive interaction between neighboring
fiber and matrix has negligible effect on the overall load-
displacement relationships. Differences are only observed in
the steady-state crack propagation region. Figure 7(c) and (d)
indicate that initiation and propagation of debonding at the
neighboring fiber/matrix interface does occur. Debonding oc-
curs in the region close to the central fiber. This agrees with
the observation in experimental results shown in Fig. 5(d).
Equation (1) is used to calculate the interfacial shear
strength. It is found that the shear-lag model underestimates
the local constraint effect for Vy = 0.9 FEM model, and an
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empirical correction coefficient 1.32 could be used for such
a model, with the consideration of IM7/BMI composite mate-
rial properties.

The strategy proposed in Rodriguez et al. [21], takes ad-
vantage of the fact that a central fiber is surrounded by six
fibers in a perfect hexagonal packing (V; = 0.9 locally). This
can be often found in composites with large fiber volume
fraction. By properly selecting target fibers with a very close
hexagonal packaging, fiber push-in nanoindentation can be
conducted on the central fibers subjected to the same con-
straint from the nearest-neighbor fibers, and thus reduce the
experimental uncertainty. However, an empirical correction
coefficient has to be used. The correction factor is not univer-
sal, and depends on the geometry configuration and constitu-
tive behavior of fiber, matrix and surrounding composites.
More details can be found in the work by Rodriguez et al.
[21], where the correction coefficient is 1.92 in their case.

In this investigation, the FEM model with Vy= 0.6 is cho-
sen as the baseline model for the following reasons: First, in
contrast to Ve= 0.9 FEM model, for FEM model with V= 0.6,
interfacial shear strength calculated by equation (1) is very
close to the interfacial shear strength assigned. This is due to
the fact that, the shear-lag model works very well if the sur-
rounding fiber constraint is not high and a correction factor is
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Fig. 7 FEM simulation of fiber push-in experiments, cohesive interfaces were considered between neighboring fibers and matrix (a) nanoindentation
push-in load-displacement curves. “CCA” represents “Cohesive surfaces exist in Central fiber/matrix and Adjunct fiber/matrix region. “CC” represents
“Cohesive surface only exist in central fiber/matrix region; (b) enlarged figure of nanoindentation push-in load-displacement curve, a slight difference is
observed in the steady-state crack propagation region; (¢) contour plot of the damage initiation parameter (CSQUADSCRT) of the cohesive surface; the
red region corresponds to the initiation of fiber/matrix debonding; (d) damage parameter of the cohesive surface; the red region represents fully-
debonded fiber/matrix interface. The fiber/matrix debonding region in the neighboring fiber is the closest to the central fiber
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Fig. 8 FEM simulation results for fiber push-in experiments. Full 3D
FEM models were considered. (a) local fiber arrangement of Case 1,
surface information was taken from the red box in Fig. 2; (b) local fiber
arrangement of Case 2, surface information was taken from green box in
Fig. 2; (¢) push-in load-displacement curves

not needed. Second, as shown in Fig. 4, a very good agree-
ment is reached between experiments and Vy= 0.6 FEM mod-
el, particularly on the initial stiffness part. In the case where
equation (1) is not used, inverse method could be used to
allow the simulation curves to agree with experimental data,
by adjusting the interface properties. Such an inverse calcula-
tion method is not possible for our V; = 0.9 model, since the
initial slope of load-displacement curve does not change by

modifying interface properties only. Last, but not least, a high-
ly packed hexagonal central fiber can be found in IM7/BMI
composites. However, it is usually asymmetric, which can be
seen in Figs. 2 and 5. It is noted that both Vy=0.9 and V;=0.6
FEM simulations only consider the central fiber and 6 fibers
around, while the surrounding area is assumed to behave as
bulk composite. Recently, Jager et al. [30] and Naya et al. [32]
used a larger RVE, taken from cross-section micrograph, in
their FEM simulation. When such a RVE is used, the fiber
volume fraction in the central part (multiple fibers surrounded
by matrix) is comparable to fiber volume fraction of the bulk
composites. This method reflects the real situation, but is
much more computationally expensive [30, 32].

It is observed that there is a slight uncertainty in the exper-
imental load-displacement curve. This uncertainty can be at-
tributed to the varying surrounding environment of the ana-
lyzed fibers and/or deviation of nanoindentation site from the
center of the IM7 fiber. The baseline FEM model is
established under the assumption of symmetric loading and
geometry. Two non-symmetric configurations are simulated,
as shown in Fig. 8. The entire 3D model is simulated due to
the loss of symmetry. There are 425,650 and 435,351 ele-
ments, respectively. The fiber arrangement in the central re-
gion is taken from the SEM micrograph, as shown in Fig. 2. It
is seen that both the critical load and the slope of nanoinden-
tation load-displacement curves of these two configurations
are slightly different with the baseline FEM model.
However, IFSS calculated by shear-lag model is fairly
accurate.

Due to the reasons mentioned above, it is determined to use
the V; = 0.6 model as the baseline simulation model. Even
though there is a slight underestimation of interfacial shear
strength for some extreme cases, namely a lot of fibers highly
hexagonally-packed together, the interfacial shear strength ob-
tained in this study can be at least considered as lower bound.
In our sample, such extreme geometries were rare, and we
avoided them in our testing.

Effect of Thermal Oxidation on Interfacial Shear Strength

After the composite specimens are exposed to isothermal ox-
idation for 1500 h, a larger reduction in interfacial shear
strength is measured for specimens isothermally oxidized at
245 °C than at 195 °C. These specimens are cut from areas of
the oxidized plates far away from the edges [5].

Oxidation occurs primarily along the thickness, which is
the x3- direction identified in Fig. 1. Three oxidation zones
from the surface to the core of a unidirectional composite
specimen [5, 33] are identified as zone I, zone II, and zone
II. Oxygen is diffused from the atmosphere into the surface
layer to form oxidized and damaged zone 1. Zone II is the
active oxidation process zone, which is the transition region
between zone I and zone III. Zone III is in the central core
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Fig. 9 Experimentally obtained nanoindentation push-in load-displace-
ment curves for unidirectional IM7/BMI specimen: effect of thermal
oxidation

region occupied by material which has not yet been oxidized.
It is found that after 2 months of exposure to elevated temper-
atures, the outer layers of a composite panel have been ther-
mally oxidized while the interior is thermally aged but not
necessarily oxidized. In this study, fiber push-in experiments
are conducted on zone I (close to the edge of the specimens)
and zone III (close to the center of the specimens).

Figure 9 shows the load-displacement curves from fiber
push-in nanoindentation on different specimens, namely (1)
baseline specimens, (2) specimens oxidized at 195°C, (3) spec-
imens oxidized at 245°C from zone 111, and specimens oxidized
at 245°C from zone I. In Fig. 9, the initial nonlinear region is
removed, in other words, toe correction at small displacement
has been made on these curves following the ASTM Standard
D695-15. Equation (1) uses linear slope of the load-
displacement curve, which is outside of the toe region.
Figure 9 indicates that the change of slope and critical load
are not apparent for specimens oxidized at 195°C. However,
for specimens oxidized at 245°C, both the linear slope and
critical load exhibited significant reduction, especially in zone I.

To determine the interfacial shear strength, it is important to
accurately identify the critical load at the onset of nonlinearity
of load-displacement curve. The algorithm for seeking the onset
of nonlinearity is briefly introduced here: the data point be-
tween 0 mN and 10 mN is used to obtain an average slope.
For every data point thereafter, the slope is compared with the
average slope. If the difference is larger than 0.5%, the data
point is marked as a “suspect” point. The 30 data points fol-
lowing the “suspect” point are checked to compare the slope
with the average slope. If any slope from these 30 data points is
same or within 0.5% difference compared with the average
slope, the “suspect” point is disregard. Otherwise, the
“suspect” point is marked as “critical” point. The above itera-
tion continues until the critical load is found. The algorithm

SEM

Table2 Summary of interfacial shear strength of IM7/BMI composite
in different conditions

Samples Interfacial shear Percentage of
strength (MPa) reduction (%)

Baseline 58.3+3.7 -

Oxidized at 195 °C 57.5+4.9 1.4

Oxidized at 245 °C, Zone 111 474+43 18.7

Oxidized at 245 °C, Zone | 20.6 +3.5 64.7

Water immersion for 2 year 56.742.9 2.7

Ramp heating 57.1+£3.7 2.1

Step heating 47.7+238 18.2

mentioned above is implemented in a MATLAB routine. The
MATLAB routine is checked and verified with FEM simula-
tions curves to ensure its accuracy. It is, then, applied to exper-
imental load-displacement curves to determine the critical load.

The interfacial shear strength determined by fiber push-in
nanoindentation is summarized in Table 2 (the first four rows
of data). The results are compared to the baseline case, and
analyzed by Welch’s unequal variances t-test [34], as summa-
rized in Table 3. After oxidation for 1500 h at 195 °C, the
interfacial shear strength exhibited no reduction compared
with baseline (insignificant difference based on statistics), in-
dicating good durability at a service temperature of 195 °C for
IM7/BMI composites. After oxidation for 1500 h at 245 °C,
the interfacial shear strength in zone III reveals a reduction of
18.7% compared with baseline data. The interfacial shear
strength in zone I, however, exhibits a more significant reduc-
tion of 64.7%, compared with the baseline. This indicates a
significant reduction in durability at a temperature which is
40 °C higher than the service temperature for IM7/BMI com-
posites. The degradation in interfacial strength revealed exper-
imentally provides direct evidence of the marked reduction in

Table 3  Summary of Welch’s unequal variances t-test results of inter-
facial shear strength of IM7/BMI composite in different conditions com-
pared with baseline

Samples p-value Significantly different
from the baseline?

Baseline -

Oxidized at 195 °C 0.514 No

213%x10°1°  Yes
353%x10%%  Yes
0.104 No
0332 No
202x101%  Yes

Oxidized at 245 °C, Zone II1
Oxidized at 245 °C, Zone |
Water immersion for 2 year
Ramp heating

Step heating

Note: p-value is the probability for the Welch’s unequal variances t-test
model that when the null hypothesis is true. The statistical significance
level, o = 0.05. If p-value is smaller than the o, the results are statistically
different with baseline
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Fig. 10 Experimentally obtained nanoindentation push-in load-displace-
ment curves for unidirectional IM7/BMI composite specimen: effect of
steam blistering

compressive stiffness and strength of the composites reported
earlier [5].

Effect of Steam Blistering on Interfacial Shear Strength

Fig. 10 shows the load-displacement curves of fiber push-in
nanoindentation on different type of specimens, namely (1)
baseline, (2) water-immersed, (3) gradually heated, and (4)
suddenly heated specimens. It is observed that load-
displacement curves obtained from the water-immersed spec-
imens and gradual heating specimens are comparable to base-
line. The load-displacement curves obtained from the sudden-
ly heated specimens show reduction in both initial slope and

Fig. 11 Typical SEM
micrographs of IM7/BMI unidi-
rectional composite sample sur-
faces. The white arrows point to
the pre-existing initial cracks at
the fiber/matrix interface (a) ther-
mally oxidized zone at 245 °C,
fully oxidized region (Zone I); (b)
enlarged view of thermally oxi-
dized zone at 245 °C, Zone I; (¢)
one region formed after a step
heating history; (d) another region
after a step heating history

critical load. The interfacial shear strength determined by fiber
push-in nanoindentation is summarized in Table 2 (bottom
three rows of data). The results are compared to the baseline
case, and analyzed by Welch’s unequal variances t-test [34], as
summarized in Table 3. It is found that there is a negligible
reduction (insignificant difference based on statistics) in inter-
facial shear strength of both water-immersed specimens and
gradually heated specimens, compared to the baseline data. A
significant reduction (18.2%) in interfacial shear strength is
found in the suddenly heated specimens, compared with the
baseline. This indicates the fiber/matrix interface of IM7/BMI
composites can sustain long-term moisture exposure without
appreciable degradation in interfacial shear strength. It also
indicates that slow heating will simply dry the IM7/BMI com-
posites while rapid heating may result in large internal water
vapor pressures, leading to void nucleation in matrix and at the
fiber/matrix interface, which reduces the fiber/matrix interfa-
cial shear strength. The degradation at the interface makes it
casier for the initiation and propagation of microcracks, which
can potentially lead to global failure of the structural compo-
nents of an aircraft.

The degradation at the interface is also confirmed by
SEM micrographs of IM7/BMI composite specimens, as
shown in Fig. 11. Figures 11(a) and (b) are acquired in
zone I which is the fully oxidized region of IM7/BMI spec-
imens oxidized at 245 °C. It is observed that microcracks
or initiation of debonding exist extensively at fiber/matrix
interface, which correlate with the degradation of interfa-
cial shear strength. Figures 11(c) and (d) are used to illus-
trate the typical surface of IM7/BMI specimens under sud-
den heating. For some of the fibers, microcracks are clearly
observed at the fiber/matrix interface.
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Conclusions

Fiber push-in experiments are conducted to evaluate the ef-
fects of thermal oxidation and steam blistering on the interface
behavior of IM7/BMI unidirectional composite. Systematic
FEM simulations with appropriate geometric configuration
are performed to validate and justify the fiber-push in exper-
iments. This study illustrates that lower-bound interfacial
shear strength can be determined by the shear-lag model re-
gardless of the interfacial fracture energy, residual stresses due
to curing process, and friction between fiber and matrix. FEM
simulations agree reasonably well with the fiber push-in nano-
indentation experiments for baseline specimens.

For composite specimens oxidized at 195 °C for
2 months, the degradation in interfacial shear strength is
found to be negligible. For composite specimens oxidized
at 245 °C for 2 months, significant degradation is found in
interfacial shear strength, specifically 18.7% reduction in
central unoxidized zone III and 64.7% reduction in oxi-
dized and damaged zone I. These results provide direct
evidence that extensive oxidative degradation of fiber/
matrix interfacial shear strength causes easier fiber/matrix
debonding and crack growth. This debonding and crack
growth are the primary cause of the eventual dynamic com-
pressive failure observed in prior studies.

For composite specimens immersed in water for 2 years,
the degradation in interfacial shear strength is found to be
negligible, indicating a reasonably good moisture resistance
of IM7/BMI composites. Some of these specimens are heated
suddenly or gradually to study the effect of steam blistering. It
is concluded that gradual heating at a rate of nearly 6°C/min
caused slow drying with negligible reduction in interface
shear strength. Sudden heating, however, is found to have an
18.2% degradation in interfacial shear strength.

In this investigation, it is evident that extensive thermal
oxidation and steam blistering degrade the fiber/matrix bond-
ing, which makes it easier to initiate and propagate
microcracks along the interface, potentially leading to global
structural failure in aircraft components.
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