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Abstract

In the current study, a 3-D microscopic structural finite element (FE) model of interpenetrating SiC/Al composites (SiC/Al IPCs) is
built, based on X-ray tomography and optimized methods for 3-D mesh generation. In addition, an interface model is introduced into
the 3-D FE model to investigate the effects of the interfaces on the damage and failure processes, which includes a “tie-break contact”
method at the SiC/Al interfaces. Subsequently, FE methods are applied to investigate the dynamic compression response of the 3-D FE
model. To validate the numerical simulation results, the dynamic compression responses of SiC/Al IPCs are measured at strain rates of
2000 s�1 using a split Hopkinson pressure bar device. Our results show that failure of the SiC phase occurs just before the effective stress
reaches its peak, but it plays a leading role in bearing the pre-metaphase stage of the load. From the point of energy dissipation, however,
the contribution of Al phase cannot be ignored in the final stage of failure because the residual Al phase absorbs 30% of the energy of the
global model by plastic deformation, even though its mass failure ratio is only 2%. Further microanalysis shows that the cracks initiate
and propagate mainly near the SiC/Al interface, just on the side of the SiC ceramic phase. As the cracks extend further into the SiC
phase, there appears a new “interface debonding” failure mode. These results show that brittle fracture of the SiC ceramic phase plays
a key role in crack initiation, since the presence of complex 3-D SiC/Al interfaces usually causes the generated cracks to deflect before
interconnecting with each other. This significantly retards propagation of the cracks, and thus increases the ductility of the composite
materials. In the final stage of failure, the cracks are interconnected with each other in the SiC phase while the Al phase still maintains
a degree of structural integrity. It is found that there exists obvious plastic deformation in local, relatively narrow, regions in the Al
phase, and the local necking and tearing fractures tend to be localized in these severely deformed regions. Numerical simulation results
are consistent with the observed behavior.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Unlike traditional discrete-phase reinforced composites,
interpenetrating composites (IPCs) are composed of two or
more continuous phases. Each phase forms a completely
http://dx.doi.org/10.1016/j.actamat.2014.06.045

1359-6454/� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights r

⇑ Corresponding author. Tel.: +86 10 68911144 863; fax: +86 10
68911144 866.

E-mail address: fanqunbo@bit.edu.cn (Q. Fan).
interconnected network [1–5]. Such a special structure
endows the composite with a unique set of properties, since
the strength, hardness, fracture toughness and other phys-
ical and mechanical properties can be tailored by adjusting
the volume fraction of each phase and the interpenetrating
phase morphology. One important observation is that the
contribution of each phase’s desirable properties is
expected to be maximized as a whole [6]. A number of
novel IPCs have been developed. The primary uses for
eserved.
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these composites are in the aerospace industry [7], the auto-
motive industry [8,9] and, more recently, for the military
community [10,11].

Due to its importance in engineering applications and
for a theoretical understanding of IPCs, considerable atten-
tion has been directed toward their micromechanical
behavior and failure mechanisms. Zhou et al. [2] fabricated
an interpenetrating Al2O3–TiC/Al composite, and investi-
gated its fracture characteristics by in situ scanning elec-
tron microscopy (SEM) observations. It was found that
the pure Al-based IPCs followed plastic deformation
behavior, while the 2024Al-based IPCs presented a brittle
fracture behavior. Hence, the metal–matrix chemistry
played an important role in deciding the fracture behavior
of the composites. Gao et al. [12] studied the fracture
behavior of interpenetrating NiAl/TiC composites. In this
case, the fracture surface showed that the combination of
the debonding of TiC and NiAl interfaces and the cleavage
of TiC grains was the main fracture mode of the compos-
ites. By keeping the volume fractions of the constituent
phases constant, Vaucher et al. [13] examined the effects
of the cell size of the ceramic foam on the ultimate tensile
strength and the elongation tolerance of the interpenetrat-
ing SiOC–Al composites. It was found that the relatively
small cell size improved the mechanical properties of the
composite, due to the larger interface area.

Until now, however, it has been almost impossible to
track the dynamic fracture process using conventional
experimental methods, thus making it extremely difficult
to reveal the underlying fracture mechanism of IPCs. For-
tunately, numerical simulation methods seem to be able to
avoid such a limitation. For example, using finite element
(FE) methods based on artificial array geometrical mod-
els, the elastic modulus, yield strength and the coefficient
of thermal expansion can be simulated [14,15]. Recently, a
more realistic approach resorted to 3-D microtomography
to represent the 3-D structure of IPCs. In this way, the
thermal stresses and damage in Cu/Al2O3 could be pre-
dicted numerically [16]. Nevertheless, as pointed out by
Basista and Weglewski [17], modeling of fracture and
crack growth of IPCs is still in its infancy. There are still
only a few fracture models for interpenetrating compos-
ites that account for real spatial distributions of the con-
stituent phases. Leon and Mishnaevsky [18] employed the
representative volume element (RVE) model, based on the
digital image-based modeling technique, together with
voxel array-based methods of 3-D mesh generation, to
simulate the deformation and damage evolution of the
IPC. Though such a model was able to reflect the real
structure compared with the idealized unit cell model, it
ignored the weak-interface effects in the composites,
which inevitably brought into question the validity of
the calculation.

By employing X-ray tomography and FE technologies,
the dynamic damage and failure process of interpenetrating
SiC/Al composites (SiC/Al IPCs), subjected to compres-
sion loadings under high strain rate, is investigated in this
work. SiC is selected as a three-dimensionally continuous
reinforcing phase, due to its low density, high compressive
strength and high hardness, coupled with metallic Al as a
continuous binder to improve the toughness. In addition,
a “tie-break contact” model at the SiC/Al IPCs interfaces
is taken into account, in order to investigate the effects of
the interfaces on the damage and failure processes.

2. Experimental and computational approaches

2.1. Material preparation and dynamic compression

experiment

The SiC/Al IPCs used in this study were prepared by
vacuum-pressure infiltration technology. A volume frac-
tion of 20% A356 aluminum casting alloy was used as
the infiltrant. The cells of the precursor SiC foams had
an average diameter of 20 lm. Cylindrical samples of
6 mm diameter and 6 mm length were shaped from the
composite ingot to conduct the dynamic compression
experiment. In the study, the uniaxial dynamic compres-
sion experiments were carried out with a split-Hopkinson
pressure bar (SHPB) device. As shown in Fig. 1, the SHPB
device consisted of a launcher device, a striker (14.5 mm
diameter and 200 mm long), a pulse shaper, an incident
bar (14.5 mm diameter and 1200 mm long), a transmitter
bar (14.5 mm diameter and 1200 mm long), an absorbing
bar (14.5 mm diameter and 1200 mm long), two strain
gages (one on each of the middle of incident and transmit-
ter bars), two jacked platens (one on each of the end sur-
faces of the incident and transmitter bars), an
ultradynamic strain gage and an electronic data processing
system. The sample, the end surfaces of which were coated
with a thin layer of petroleum jelly to minimize friction at
the interfaces between the sample and the two bars, was
held snugly between the incident and the transmitter bars
before loading. Both the striker and the bars were made
of maraging steel of the same diameter in order to eliminate
any impedance mismatch between them. The jacketed plat-
ens, made of tungsten which was jacketed by high-strength
steel sleeves with the shrink-fit carbide technique, were
inserted between the specimen and the bars to protect the
bars’ end surfaces. The pulse shaper, a 4.0 mm diameter
disk made of copper, was used at the front end of the inci-
dent bar to ensure the equilibrium of the stresses in the
specimen simultaneously. In this study, the average strain
rate was 2000 s�1.

2.2. X-ray tomography and 3-D reconstruction

A SiC/Al cube sample (3 � 3 � 3 mm3) was scanned
using a Sky-Scan 1172 microcomputer tomography
(micro-CT) scanner [19]. Images were obtained at 50 kV
and 800 lA, which correspond to a resolution of 2.2 lm,
with a 0.7� rotation step and a 0.5 mm aluminum filter.
Subsequently, the transmission X-ray images were then
reconstructed into high-resolution tomographic images



Fig. 1. Schematic of the SHPB device.

Fig. 3. 3-D FE model of SiC/Al IPCs.

192 G. Li et al. / Acta Materialia 78 (2014) 190–202
(voxel size 2.2 � 2.2 � 2.2 lm3) using Sky-Scan’s cluster
reconstruction software (NRecon). The Simpleware com-
mercial package [20] was used to reconstruct the 3-D model
from the high-resolution tomographic images. These tomo-
graphic images were segmented, smoothed and then recon-
structed to a variety of 3-D microscopic models by the
Simpleware’s Scan IP module, which offers an extensive
selection of image processing tools to assist the user in visu-
alizing and segmenting regions of interest from any volu-
metric 3-D data (e.g. magnetic resonance imaging, CT,
micro-CT). Fig. 2 shows the generated 3-D FE model
(0.5 � 0.5 � 0.5 mm3) of the SiC/Al composite, as well as
the SiC skeleton and Al. Subsequently, these models were
imported to the ScanFE module, which provides a robust
approach for converting segmented 3-D image data into
a volumetric mesh. By using the marching-cubes algorithm,
which should always attempt to group clusters of tetrahe-
dra to form hexahedra wherever possible, 3-D FE models
with mixed tetrahedral/hexahedral meshes were generated.
In addition, 20 iterations of the anti-aliasing algorithm and
two iterations of Laplacian smoothing were also employed
to make the interfaces between the SiC skeleton and the Al
smooth. Furthermore, by applying the interior mesh adap-
tation technique, the mesh density at the surfaces was pre-
served whilst being reduced elsewhere. Fig. 3 shows the
built 3-D FE model (0.5 � 0.5 � 0.5 mm3) containing
323,908 tetrahedral elements and 80,977 hexahedral ones.
These 3-D FE models were then exported to the Ansys/
LS-DYNA software for numerical analysis.
Fig. 2. 3-D reconstructi
2.3. Material properties

Johnson–Holmquist and Johnson–Cook constitutive
models [21,22] were used to describe the SiC ceramic phase
and Al metallic phase, respectively. Generally, the John-
son–Holmquist constitutive model is used for modeling
brittle materials such as ceramics and glass. Of particular
on of SiC/Al IPCs.



G. Li et al. / Acta Materialia 78 (2014) 190–202 193
note is that the strength and pressure are normalized by
dividing by the pressure component of the Hugoniot elastic
limit. The normalized equivalent stress is given by Eqs. 1–3:

r� ¼ r�i � DJH2ðr�i � r�f Þ
���
0<DJH2<1ðdamagedÞ

ð1Þ

r�i ¼ AJH2ðP � þ T �JH2Þ
nJH2ð1þ cJH2 ln _e�JH2Þ

��
DJH2¼0ðint actÞ

ð2Þ

r�f ¼ min BJH2P �m 1þ cJH2 ln _e�JH2

� ���
DJH2¼1ðfracturedÞ

; SFMX
j k

ð3Þ
where r�i is the normalized intact equivalent stress, r�f is the
normalized fracture equivalent stress, _e�JH2 is the normalized
strain rate (see Eq. (4)), P* is the normalized pressure (see
Eq. (5)), T �JH2 is the normalized maximum tensile hydro-
static pressure (see Eq. (6)), SFMX is the normalized frac-
ture strength, AJH2, BJH2, cJH2, nJH2 and mJH2 are material
constants and DJH2 (see Eq. (7)) are the damage
parameters.

P � ¼ P
P HEL

ð4Þ

T �JH2 ¼
T max

P HEL
ð5Þ

_e�JH2 ¼
_e
_e0

ð6Þ

DJH2 ¼
XDep

ep
f

ð7Þ

Here, P is the hydrostatic pressure, PHEL is the pressure
component of the Hugoniot elastic limit, Tmax is the max-
imum tension hydrostatic pressure, _e is the strain rate, _e0 is
the reference strain rate, Dep (see Eq. (8)) is the plastic
strain during a cycle of integration and ep

f is the plastic
strain to fracture under a constant pressure P.

ef
p ¼ DJH2�1 P � þ T �JH2

� �DJH2�2 ð8Þ

where DJH2-1 and DJH2-2 are material constants.
The Johnson–Holmquist model parameters of SiC used

in the study are listed in Table 1.
Correspondingly, the Johnson–Cook constitutive

model, which is widely used in numerical models involving
high strain rates and temperatures for metallic materials,
was employed to model the Al metallic phase. In this
model, the flow stress is described as Eq. (9):

ry ¼ ðAþ B�epnÞð1þ c ln _e�Þð1� T �mÞ ð9Þ
where A, B, n, c and m are the material constants, �ep is
effective plastic strain, _e� (see Eq. (10)) is the normalized
effective total strain rate and T* (see Eq. (11)) is the homol-
ogous temperature.
Table 1
Johnson–Holmquist parameters of SiC.

AJH2 nJH2 cJH2 BJH2 mJH2 Tmax

0.96 0.65 0 0.35 1.0 0.37
_e� ¼
_�e
_�e0

ð10Þ

T � ¼ T � T room

T melt � T room
ð11Þ

where _�e is the effective total strain rate, _�e0 is the effective ref-
erence strain rate, T is the temperature, Troom is the refer-
ence temperature, Tmelt is the melting temperature.

In addition, the strain at fracture is given by Eq. (12):

ef ¼ ðD1 þ D2 exp D3r
�Þð1þ D4 ln _e�Þð1þ D5T �Þ ð12Þ

where D1, D2, D3, D4 and D5 are the material constants and
r* is the ratio of pressure divided by effective stress.

Fracture occurs when the damage parameter D (see Eq.
(13)) reaches the value of 1:

D ¼
XD�ep

ef
ð13Þ

where D�ep is the plastic strain during a cycle of integration.
The Johnson–Cook model parameters of Al used in the

study are listed in Table 2.

2.4. Boundary and loading conditions

The model was subjected to uniaxial dynamic compres-
sion by defining a moving rigid wall on one of its own six
sides as well as a fixed rigid wall on the opposite side. The
loading curve of the moving rigid wall was defined as fol-
lows: the velocity in the compression direction was
increased linearly from 0 to the peak velocity (Vpeak), which
is given by Eq. (14) to within 0.2 ls, then kept constant
until t = 9.8 ls to ensure a constant strain rate of
2000 s�1, and finally decreased linearly to 0 at t = 10 ls.
Considering the random space distribution characteristics
of the IPC microstructure, the compression load is applied
in the x, y and z directions, respectively. Fig. 4 illustrates
the loading process in the z direction.

V peak ¼ _eave � H 0 ð14Þ
where _eave is the average strain rate and H0 is the initial
height of the model. In this investigation, _e = 2000 s�1

and H0 = 0.5 mm. Therefore, the peak velocity Vpeak is
1 m s�1.

In addition, the effective stress and strain of the model
can be obtained from Eqs. (15) and (16):

reff ¼ jF j=A0 ð15Þ
eeff ¼ _eave � t ð16Þ
where F is the sum of the reaction forces at the nodes on
the surface Z = H, A0 is the initial area of that surface
and t is the loading time.
(GPa) PHEL (GPa) SFMX DJH2-1 DJH2-2

5.9 0.8 0.48 0.48



Table 2
Johnson–Cook model parameters of Al.

A (MPa) B (MPa) n c m D1 D2 D3 D4 D5

50 157 0.3 0.0083 1.7 0.112 0.123 �1.5 0.007 0

Fig. 4. The applied loading conditions of the 3-D FE model in the z direction.
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2.5. Interface model

The interface of the SiC/Al IPCs is mainly composed of
transition layer materials, including Al2O3 and Al4C3.
Compared with the dimensions of the SiC or Al phase,
the thickness of the interface is very small, usually less than
0.2 lm. In this case, the thickness of the interface can be
ignored, and the “tie-break contact” model is employed
to simulate the influence of the interface on the dynamic
behavior of the SiC/Al IPCs. The “tie-break contact”
model is defined by Eq. (17):

jrnj
NFLS

� �2

þ jrsj
SFLS

� �2

P 1 ð17Þ

where rn and rs are the tension stress and the shear stress of
the interface, respectively. NFLS and SFLS are the corre-
sponding tension failure stress and shear failure stress,
respectively. As shown in Fig. 5, the nodes at the SiC/Al
interface are tied to each other before the tension stress
and the shear stress of the interface meet the condition
defined in Eq. (17); once the tension or shear stress failure
criteria are satisfied, however, the tied nodes are separated
from each other. In addition, the values for tension stress
and shear stress of the interface were both given as
20 MPa, which was measured by using of the push-out test
[23,24] in the study.
2.6. The details of FEM modeling used in LS-DYNA

In Ansys/LS-DYNA, the input data file is composed of a
series of keywords, as illustrated in Fig. 6. It should be noted
that the term “Part” is used, which combines the material
information and element attributes for a set of specified ele-
ments. In the current study, the Part of SiC and the Part of Al
were defined by pointing to the material card keywords
*MAT_JOHNSON_HOLMQUIST_CERAMICS and
*MAT_JOHNSON_COOK, respectively. In addition, the
constant stress element identified by *SECTION_SOLID
is used for both of the Parts. For the boundary and loading
conditions, a moving rigid wall with a trapezoidal velocity–
time curve defined by *RIGIDWLL_GEOMETRIC_
FLAT_MOTION and *DEFINE_CURVE was applied
on one of the six sides of the model, while *RIGID-
WALL_PLANER was prescribed on the opposite side.
For the interface model, the “tie–break contact” was
implemented by using *CONTACT_AUTOMATIC_SUR-
FACE_TO_SURFACE_TIEBREAK and *SET_SEG-
MENT, which incorporates the tension failure stress and
shear failure stress to be defined. For parameters of solution
control, the keywords *CONTROL_TERMINATION and
*CONTROL_TIMESTEP were used to set the solution time
and solution time step, respectively. Moreover, *CON-
TRL_HOURGLASS is needed to avoid zero-energy defor-
mation modes.



Fig. 5. Definition of the interface model.

Fig. 6. The schematic diagram of the keywords used in Ansys/LS-DYNA.
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3. Dynamic compression modeling

3.1. The macrodynamic damage and failure analysis

As shown in Fig. 7, the numerical simulation results of
effective stress–strain curves under compression loads in
the x, y and z directions (see Section 2.4) for the 3-D
SiC/Al IPCs model are compared with experimentally
obtained results. It can be seen that the simulation results
almost completely overlap the experimental results. To fur-
ther investigate the effect of model size on the reliability of
the numerical results, models with a series of different sizes
were calculated and compared with the experimental
results. Fig. 8 illustrates three representative models with



Fig. 7. The effective stress–strain curves of SiC/Al IPCs obtained from
numerical and experimental results.

Table 3
Al phase ratio with different sizes of microscopic models.

Micromodel size
(mm3)

0.15 � 0.15 � 0.15 0.3 � 0.3 � 0.3 0.5 � 0.5 � 0.5

Al phase ratio (%) 7–38 15–29 19–22
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different sizes, i.e. 0.15 � 0.15 � 0.15 mm3, 0.3 � 0.3 � 0.3
mm3 and 0.5 � 0.5 � 0.5 mm3. Considering the possible
scattered results caused by the geometrical models and
the intrinsic brittleness of the composites, a total of 30
models were randomly reconstructed for a specified size
scale. Correspondingly, the distribution of the Al phase
ratio for a specific sized model was obtained by the ScanIP
module, as listed in Table 3. It can be seen that, by increas-
ing the model size from 0.15 � 0.15 � 0.15 mm3 to
0.5 � 0.5 � 0.5 mm3, the variation range (the difference
between the maximum and minimum Al phase ratio) of
the Al phase ratio becomes narrower, from 7–38% to 19–
22%, and gradually converges to a ratio of 20%, which
reflects the realistic Al phase ratio of the SiC/Al IPCs, as
mentioned in Section 2.1.

These models were subsequently imported into Ansys/
LS-DYNA to calculate the effective stress–strain curves
under virtual compression loads. As shown in Fig. 9, the
shadow diagrams covering the calculated effective stress–
strain curves with respect to different sized models are com-
pared with the experimentally obtained results. It is evident
Fig. 8. Three representative m
that the fluctuation range of the effective stress–strain
curves of models attenuates rapidly with the increase in
the size from 0.15 � 0.15 � 0.15 mm3 to
0.5 � 0.5 � 0.5 mm3, approaching the experimentally
obtained curve. It should be mentioned, however, that
the computation cost in terms of both time and memory
requirements rise significantly with further increases in
model size. Therefore, the 3-D FE model with the size of
0.5 � 0.5 � 0.5 mm3 is acceptable. In conclusion, even
though the dimensions of the 3-D FE model are only
0.5 � 0.5 � 0.5 mm3, the phase ratio and space distribution
of the 3-D FE model are reasonable and hence reflect the
macromechanical properties of the SiC/Al IPCs.

In the FE analysis, the element is deleted once the given
failure criteria for the material is satisfied, so the mass-loss
ratio can be used as a measure of the degree of failure for
the 3-D FE model for SiC/Al IPCs. The mass-loss ratio is
defined by Eq. (18):

g ¼ mfailureðtÞ
mini

ð18Þ

where mfailure(t) is the mass of the deleted elements of the
SiC or Al phase as a function of time and mini is the initial
mass of each phase.

Fig. 10 is the effective stress vs. time curve of the 3-D FE
model for SiC/Al IPCs under a load in the z direction as
well as the mass-loss ratio vs. time curves for the SiC and
Al phases of the 3-D FE model. It can be seen that the
effective stress increases very rapidly during the initial
stage, reaching a peak value of 1.92 GPa at t = 3.3 ls, then
odels with different sizes.



Fig. 9. The shadow diagrams covering the numerical simulation results of effective stress–strain curves under compression loads with different sizes for the
3-D SiC/Al IPCs model and the experimentally obtained results.

Fig. 10. Stress–time and mass evolution-time curves of the SiC and Al phases in the z direction.
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drops significantly down to 0.578 GPa at t = 4.2 ls. Subse-
quently, the effective stress decreases slowly to 0.471 GPa
at t = 4.6 ls, then drops immediately down to almost zero
after t = 4.8 ls; this corresponds to the complete stress-col-
lapse process of the 3-D FE model. It should be noted,
however, that the failure process of the model occurs just
before the effective stress begins to drop, which is reason-
able if the mass-loss ratio curve is taken into account. In
fact, the failure of the SiC phase appears at t = 2.0 ls
and the mass-loss ratio has increased to 5% when the time
reaches 3.3 ls, corresponding to the stress peak. Before the
failure of the SiC phase occurs, the deformation behavior
of the model is a linearly elastic deformation mode. Once
the failure of the SiC phase occurs, the model enters a non-
linear strain-hardening stage, so the mass–loss ratio of the
SiC phase increases rapidly to 37% from 3.3 ls to 4.6 ls,
accompanied by a rapid stress collapse of the model. At
the final stage (from 4.6 ls to 8.0 ls), the mass vs. loss ratio
of the SiC phase remains almost constant, indicating that
the failure of the SiC phase is almost complete. As shown
in the mass-loss ratio vs. time curve of the Al phase, how-
ever, loss of the Al phase does not occur until many of the
elements of the SiC phase are lost at 4.2 ls. In fact, the
mass-loss ratio of the Al phase peaks at only 2%, due to
its good ductility. It is evident that the ceramic phase is
the predominant contributor to damage of the model IPC.
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In FE analysis, the internal energy of the FE model due
to the elastic–plastic deformation of the elements can be
recorded. Fig. 11 shows the internal energy vs. time curve
results from the 3-D FE model, together with the individ-
ual SiC and Al phases. The internal energy given by the
3-D FE model is almost equal to that of SiC phase up to
3.3 ls. Evidently, the energy absorption by the whole
model depends mainly on elastic deformation of the SiC
phase over this period. After the internal energy of the 3-
D FE model reaches its peak value, it decreases rapidly,
since many SiC phase elements are deleted and hence the
stored internal energy of the eroded elements is released.
However, the internal energy of the 3-D FE model remains
constant for the period 4.0–5.0 ls. Further analysis shows
that, during this period, the internal energy of the SiC
phase keeps on decreasing, while the internal energy of
Al phase increases significantly, since the Al phase elements
can accumulate more internal energy by severe plastic
deformation. Beyond 4.7 ls, in the late stages of stress col-
lapse, the internal energy of the residual Al phase is about
30% of the whole model. Obviously, the energy consump-
tion of Al phase cannot be ignored, although the mass of
the eroded Al phase is rather low.

3.2. The microdynamic damage and failure analysis

3.2.1. The process of crack initiation

Fig. 12 shows the failure contour of the SiC phase at
t = 2.0 ls. In order to observe the cracks more intuitively,
the failure elements of the SiC ceramic phase are explicitly
displayed in the model. As shown in Fig. 12(a), several
crack sources appear simultaneously in the region of the
SiC phase, near the SiC/Al interface. For further study of
the internal 3-D spatial distribution of the crack sources,
Fig. 11. The internal energy-time curves of the SiC/Al
the non-failure elements of the SiC phase are deliberately
hidden; only the Al phase and the failure elements of the
SiC phase are displayed, and these are portrayed in differ-
ent colors (see Fig. 12(b)). It is evident that all crack
sources are initiated near the SiC/Al interface, but only
on the side of the SiC ceramic phase. Fig. 13 shows the first
principal stress contour of the model at t = 0.9 ls. It is
found that the regions of stress concentration are located
just where the crack sources appear, as illustrated in
Fig. 12. Obviously, it is the local, relatively high, tensile
stress that leads to the failure of the elements of the SiC
phase, thus causing the initiation of multiple crack sources.

3.2.2. The process of crack propagation
Fig. 14(a) displays the evolution of the external damage

of the model at t = 3.6 ls. Fig. 14(b) is taken from
Fig. 14(a) to show the internal damage behavior. It can
be seen very clearly that the cracks are further developed
and distributed primarily inside the SiC ceramic phase,
and the directions of most cracks are distributed along
the loading direction.

With the further propagation of the cracks in the SiC
phase, those initiated near the SiC/Al interfaces arrive at
new SiC/Al interfaces. It is found that a new interface deb-
onding failure mode appears, which is apparently different
from the failure process inside the SiC phase. As shown in
Fig. 15, multiple interface debonding phenomena appear in
SiC/Al interfaces at t = 4.0 ls, labeled A, B, C and D. The
interface between the SiC and Al phases begins to debond
when the stress state in the interface satisfies the failure cri-
teria defined in Section 2.5. Fig. 16 is a typical experimental
SEM image, in which the interface debonding phenomenon
can be clearly observed; it verifies the simulation results
very well. For further study of the process of interface deb-
IPCs, together with individual SiC and Al phases.



Fig. 12. The failure contour of the SiC phase at t = 2.00 ls.

Fig. 13. The first principal stress contour of the 3-D FE model at
t = 0.9 ls.
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onding, the sequence from crack initiation, propagation
and interface debonding in region A is traced and analyzed,
with the results shown in Fig. 17. The crack initiation is
generated both on the up and down sides of the SiC phase
at t = 2.4 ls. Subsequently, the two cracks penetrate into
the inner side of the SiC phase at t = 3.2 ls, thus making
the interface bear a higher tension stress. As the two cracks
develop further, their paths begin to deflect along the origi-
nal interfaces at t = 3.6 ls, accompanied by the interface
Fig. 14. Damage evolution of the
debonding phenomenon. At t = 4.0 ls, the degree of inter-
face debonding further increases until the two cracks are
completely connected to each other. It can be seen that,
although brittle fracture of the SiC ceramic phase plays a
key role in crack initiation, the existence of complex 3-D
SiC/Al interfaces usually causes the generated cracks to
be deflected before connecting with each other. This signif-
icantly retards the propagation of the cracks and thus
increases the ductility of the composite materials.

3.2.3. The final stage of failure

In the final stage of failure (4.0–5.0 ls), as shown in
Fig. 18, there is an extensive region of collapse in the SiC
phase, but the Al phase still retains a certain structural
integrity. Fig. 19 shows the effective plain strain contours
of the Al phase at different times. To observe the plastic
deformation of the Al phase in 3-D space, the SiC phase
is hidden. As shown in Fig. 19(a), there exists clear plastic
deformation in the local, relatively narrow, regions in the
Al phase at t = 4.0 ls. At t = 5.0 ls (see Fig. 19(b)), local
necking and tearing fractures tend to be localized in those
severely deformed regions. This tearing phenomenon
shown by Al can also be seen in the experimental dynamic
compression results (see Fig. 20). Fig. 20 shows a typical
SEM image of the tearing phenomenon in the Al phase,
3-D FE model at t = 3.6 ls.



Fig. 15. The failure contour of the 3-D FE model at t = 4.0 ls (multiple
interface debonding phenomena appear in SiC/Al interfaces, labeled A, B,
C and D).

Fig. 16. Experimental SEM image of the SiC/Al IPCs showing the
“interface debonding” phenomenon.
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which confirms the results of numerical simulation. As
described in Section 3.1, the mass-loss ratio of the Al phase
is only 2%, but the effect of energy dissipation of the resid-
ual Al phase, which maintains a certain degree of structural
integrity in the late stage of failure, cannot be ignored.

4. Summary

In this investigation, a real 3-D microscopic structural
FE model, reflecting the microstructural characteristics of
SiC/Al IPCs, is established using X-ray tomography and
FE technologies. In addition, a 2-D interface ignoring the
thickness effect is employed successfully in this model by
defining the “tie-break contact” between the Al and SiC
phases. Subsequently, the model is applied to investigate
the process of dynamic damage under axial compression
Fig. 17. The process from crack initiation and propag
using FE techniques. The effective stress–strain curves
obtained from simulation almost exactly match the exper-
imental results, which indicates that this is a reasonably
effective model for the macromechanical properties of
SiC/Al IPCs. The curves of stress vs. time and mass evolu-
tion of the SiC and Al phases show that the failure process
of the model occurs just before the effective stress begins to
drop, at which point the SiC ceramic phase makes the dom-
inant contribution to the pre-metaphase stage when failure
of the model occurs. On the other hand, the contribution of
the Al phase cannot be ignored in the final failure stage
because the residual Al phase absorbs 30% of the energy
of the global model by plastic deformation despite contrib-
uting only 2% of the mass failure ratio. From the micrody-
namic damage and failure analysis, it is found that the
cracks initiate and propagate mainly near the SiC/Al inter-
face, but only on the side of the SiC ceramic phase. The
cracks develop further and are distributed primarily inside
ation to “interface debonding” in region A from.



Fig. 18. The failure contours of the 3-D FE model at t = 5.0 ls.

Fig. 19. The effective plain strain contours of Al at different times.

Fig. 20. Experimental SEM image of the tearing phenomenon in the Al
phase.
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the SiC ceramic phase, at which point a new “interface deb-
onding” failure mode appears that is apparently different
from the failure process inside the SiC phase. These results
show that the presence of complex 3-D SiC/Al interfaces
usually causes the generated cracks to be deflected before
interconnecting with each other, which significantly retards
the propagation of the cracks. This increases the ductility
of the composite materials. In the final stage of failure,
there is widespread collapse in the SiC phase, together with
obvious plastic deformation in the local, relatively narrow,
regions in the Al phase. The numerical simulation results
agree well with the experimental observations.
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