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OVERVIEW

An axisymmetric micromechanical finite element 
model has been developed to predict the 
superplastic behavior of whisker reinforced Metal 
Matrix Composites. It has been reported that internal 
stress superplasticity can be utilized to enhance the 
ductility of whisker-reinforced metal matrix 
composites that are normally brittle. In particular, in 
this study the superplasticity behavior of Al2024 / SiCw

is investigated as a typical MMC and the results 
obtained from the FE modeling are compared with 
some available experimental data. Some 
manufacturing defects such as various debonding 
ratios of fiber and matrix interface and strain 
hardening due to the superplastic deformation of the 
matrix are considered to improve the results of the 
modeling. The achievements of this simulation are in 
a good agreement with the reported experimental 
tests and the proposed model can be hired to have 
a proper prediction of the superplastic behavior of 
metal matrix composites. 

1. NOMENCLATURE 

fAR Fiber aspect ratio 

uAR Unit aspect ratio 
VV / Volume mismatch 

Strain per cycle 
Strain rate [s-1]

p Average plastic strain 
m Strain-rate sensitivity exponent 
n Stress exponent 
N Number of cycles 

Flow stress [Pa] 
Externally applied stress [Pa] 

i Internal stress [Pa] 

Y Yield stress [Pa] 
Period of applied loads [s] 

fV Fiber volume fraction 

Debonding parameter 
CTE Coefficient of Thermal Expansion 
FEM Finite Element Method 
FSS Fine Structure Superplasticity 
ISS Internal Stress Superplasticity 
MMC Metal Matrix Composite 

2. INTRODUCTION 

Discontinuously reinforced metal matrix composites 
have been successfully manufactured through 
powder metallurgy technology in the last decade. 
This kind of MMCs is attractive for many structural 
applications because of their high specific strength 
and modulus of elasticity. However, in general, 
these materials have relatively low room 
temperature ductility which means that to certain 
extent they are not easy to be shaped. Even at 
elevated temperatures, they normally show only 
limited tensile ductility [1]. Recently, a number of 
researchers [2-7] have reported that some 
discontinuously reinforced aluminum MMCs could 
behave superplastically when tested under the right 
conditions. The advantages of using superplastic 
forming are not only weight reduction, but also 
improvement of the stress concentration, cost, and 
time of manufacturing. 

Superplasticity is a phenomenon that has been 
observed widely in several kinds of materials due to 
the possibility of promoting the stress flow, such as 
metals (including aluminum, magnesium, iron, 
titanium and nickel-based alloys), intermetallics 
(including iron, nickel, and titanium base), ceramics 
(including monoliths and composites) and laminates 
[8]. In fact, Superplasticity is the ability of a 
polycrystalline material to exhibit, in a generally 
isotropic manner, very high tensile elongations prior 
to failure [9]. Superplastic materials have this 
characteristic because they exhibit flow stresses, ,
which are highly sensitive to the rate of deformation, 

. That is, they have a high strain-rate sensitivity 

exponent, m , in the Backoften’s relation mK ,
with values typically equal to 0.5 or greater. When 
the strain-rate-sensitivity exponent is equal to unity 
and the relationship between  and  happens to 
be linear, the material is said to exhibit Newtonian-
viscous behavior. The material can then behave like 
many non-crystalline materials such as heated 
glass. In such occasions, in crystalline materials, 
elongations of up to several hundred percentages or 
higher could happen without any trace of irregular or 
sharp changes in the cross section. This is a 
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desirable goal to achieve in superplastic crystalline 
materials although it could be rarely observed.

Two main types of superplastic behavior have been 
distinguished: Microstructural or Fine Structural 
Superplasticity (FSS), and Internal Stress 
Superplasticity (ISS). Fine-structured (grained) 
superplastic materials have a strain rate sensitivity 
exponent equal to about 0.5 (in most cases), and 
deform principally by a grain-boundary sliding 
mechanism. The most common superplastically 
formed products are made from fined grained 
sheets. The principal method is by blow forming, gas 
pressure being applied on one side of the sheet, 
whereby the sheet plastically flows into a die of 
predetermined shape and complexity. The structural 
prerequisites for FSS materials are fine grain size, 
presence and strength of the second phase, size 
and distribution of second phase, mobility of grain 
boundaries and shape of grains.

On the other hand, the internal-stress superplastic 
materials are usually characterized by a strain-rate-
sensitivity exponent of unity, i.e., they exhibit 
Newtonian-viscous behavior. Such superplastic 
materials generally deform by a slip deformation 
mechanism through a phase change under thermal 
cycling (as in FeNi  alloys), or due to having 
different Coefficients of Thermal Expansion (CTEs) 
in different directions (as in Zinc  and Uranium ), or 
possessing phases with different CTEs (as in 
MMCs, like SiC/Al  composites) [5-7]. Actually 
internal stress superplasticity is classified into 
transformation superplasticity and CTE-mismatch 
superplasticity depending on the type of generation 
mechanism of the mismatch strain. The ISS regime, 
since the plasticity occurs by means of slip 
deformation mechanism and the strain rate 
sensitivity is close to one, the grain size and shape 
are not of great importance. 

It has been shown that internal stress superplasticity 
can be utilized to enhance the ductility of whisker-
reinforced metal matrix composites that are normally 
brittle. The basis of understanding the effect of 
internal stress on enhancing the ductility of metal 
matrix composites is as follows. During thermal 
cycling, internal stresses are developed at the 
interfaces between the metal matrix and the hard 
ceramic second phase. This is because the thermal 
expansion coefficient of the matrix is several times 
larger than that of the ceramic phase. These internal 
stresses will relax by plastic deformation in the metal 
matrix to the value of the local interfacial yield stress 
of the material. It is this remaining local yield stress, 
that we define as the internal stress, i , which 
contributes to the low applied external stress, and 
results in macroscopic deformation along the 
direction of the applied stress [6]. At room 
temperature, CTE-mismatch strains generally 

produce microcracks or grain boundary fractures, 
and then, the toughness or ductility of the materials 
decreases. This is because the materials cannot 
immediately accommodate the generated CTE-
mismatch strain. However, if the CTE-mismatch 
strain is immediately accommodated at high 
temperatures, quite different deformation behavior 
appears in the material. It is called CTE-mismatch 
superplasticity, which is one type of internal stress 
superplasticity.

For transformation superplasticity, Greenwood and 
Johnson [7] assumed an ideally plastic material and 
derived a linear equation between the strain per 
cycle  and the externally applied stress  as 

(1)
YV

V

3

5

where VV /  is the volume mismatch between the 
two allotropic phases and Y  is the yield stress of 
the weaker phase. 

Wu et al. [7] attempted to apply Greenwood and 
Johnson’s model to CTE-mismatch superplasticity 
by replacing the term of transformation mismatch 

VV /  with the term of CTE-mismatch. However, 
since the geometry of each material is quite different 
from the other, it is not appropriate to apply 
Greenwood and Johnson’s model to CTE-mismatch 
superplasticity. So they considered CTE-mismatch 
superplasticity from another point of view and 
assumed that the material deforms according to n-th
power law and that half of the dislocations 
experience a stress which is increased by the 

internal stress i , and the other half experience 

a stress which is reduced by the internal stress 

i . If the applied stress is much lower than the 

internal stress i , the deformation is described 
by the linear creep equation: 

(2) 1)( n
inB

where B  and n  are the coefficient and the stress 
exponent of isothermal power-law creep, 
respectively. 

Two different practical approaches based on the 
kind of loading, i.e. isothermal and thermal cycling, 
are employed for imposing superplastic deformation 
by the ISS mechanism. For the former approach, 
which is more common in practice, the forming is 
performed in a constant temperature. In this method, 
the strain rate is relatively high. However, for the 
latter approach, which is so called thermal cycling 
superplasticity, the strain rate is low and in average 
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it falls in the range of 1410510 s . Additionally, the 
thermally cycled composites are much weaker than 
the isothermally tested composites at low applied 
stresses. Also, the thermally cycled composites 
have strain rate sensitivity exponents of unity at low 
stresses. Note that in general, the thermal cycling 
approach creates higher elongations compared to 
the isothermal approach [7,9]. 

The thermal cycling approach along with an external 
tensile mechanical stress, which is considered to be 
small and constant, is employed for superplastic 
forming of metal matrix composites reinforced with 
ceramic whiskers. Note that these materials have 
found much interest in the aerospace industry due to 
their superior properties. The difference in CTEs of 
the fiber and matrix creates large interfacial internal 
stresses which depending on the characteristics of 
the applied thermal cycle they could increase to the 
values higher than the yield strength of the matrix 
causing plastic deformation in the composite. 
However, since in this approach a thermal cycling 
regime is applied, the plastic strain totally vanishes 
when the temperature is reversed in the next half 
cycle. Here, the applied small mechanical stress 
biases the stress field generated during the thermal 
cycle, causing a small permanent plastic strain, 
which with repeating the thermal cycle, it starts to 
accumulate [4,10]. This has been developed into a 
more soundly based quantitative predictive model 
using the Lavy-von Mises flow rules and has been 
further developed for other cases of the 
phenomenon [11], where more details could also be 
found in [12].

Keeping in mind the complication involved, to 
understand the deformation mechanisms and the 
interrelationship between the constituents of the 
composites in the event of superplastic behavior, it 
is necessary to analyze the problem carefully. 
However, as the experimental works are time 
consuming, costly, and very equipment dependent, 
therefore, analytical and numerical tools, which have 
not widely been considered, must be developed. 
Since the analytical studies involve with very 
complicated PDEs that require so many 
assumptions to become solvable, numerical 
methods such as the Finite Element Method (FEM) 
may ease the solution. However, very careful 
geometry and material modeling, as well as the 
meshing and employing nonlinear procedures are 
necessary. It should be mentioned that due to the 
complications involved, only a few FEM studies 
would be found in the literature [13-17]. 

In the most recent FEM papers [12,19], assuming a 
regular distribution for the whiskers, an axisymmetric 
micromechanical model has been used for modeling 
the behavior of wSiC/Al  composite under 
superplastic loading conditions. Although the study 

showed that the modeling is fundamentally 
acceptable, there is still a long way for generalizing 
the approach. For example, due to some differences 
that were detected between the experimental data 
and the calculated FEM results [18,19], the model 
seems to need some modifications.

In present study, the effects of fiber/matrix 
debonding are being investigated for wSiC%20/2024Al .
Some ratios of fiber/matrix debonding including 
12.5%, 25%, 37.5% and 50% have been applied to 
the model and the results are compared with the 
results of the perfect bond simulation and some 
available experimental data. The new proposed 
method of gathering results from the FE model is 
quite acceptable. Also, the probable necking 
phenomenon in larger applied mechanical loads is 
analyzed by considering the strain hardening 
property for the matrix. 

3. FINITE ELEMENT SIMULATION 

Considering all various aspects of geometry, 
material types, and loading profile will definitely 
result in more precise and reliable outputs. 
However, in order to reduce the cost of calculations 
and overcome the hardware and software 
limitations, it is necessary to adopt some 
simplification assumptions. A FE model, which was 
developed in order to predict the creep and 
superplastic behavior of metal matrix composites in 
previous studies [12,18,19] is being used here 
again. The main purpose is to improve the 
simulation by considering some additional 
properties. The specifications of the introduced 
model are as follows.

According to the SEM photos of the cross-section of 
MMCs [20], it has been seen that the added SiC

whiskers to the aluminum matrix are dispersed in 
the direction of extrusion axis. Also, the photos show 
that the misalignment of most whiskers is quite small 
and it can be reasonable to consider them all 
aligned [21]. Therefore, it could be assumed that the 
fibers are of circular cross-section and aligned as 
shown in FIG. 1 (a). Such an assumption makes it 
possible to simulate the whole composite with an 
axisymmetric micromechanical model, see FIG. 1 
(b). The applied boundary conditions are also 
presented in FIG. 1 (c).

The fiber/matrix interface debonding is applied to the 
model according to FIG. 2. Different cases of 
debonding at the fiber/matrix interface including 
perfect bond, partial debonding and full debonding 
are shown in this figure. In fact, fiber/matrix interface 
debonding is an important parameter in composite 
deformations, as it has been the case for predicting 
creep behavior of MMCs [22]. Therefore, this 
phenomenon is considered in this study, as well. It 
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should be noted that for the case of creep simulation 
it was found that 5.00  is meaningful (
represents the percentage of the fiber length 
debonded from the matrix, where for 5.0  half of a 
fiber length is considered to be debonded). Above 

5.0 , no sign of fiber effects could be 
distinguished, i.e. the matrix creeps as if no fiber 
presents in the unit. A full explanation of the 
debonding phenomenon could be found in [18]. 
Accordingly, 5.00  is considered in this study too. 
However, it should be noted that the fiber 
misalignment, fiber offsetting, and the fiber and unit 
cell geometric ratios (aspect ratios), which could 
also affect the rate of deformations are ignored here 
as simplification assumptions.

As for the meshing, uniform nonlinear quadrilateral 
elements were considered. The Plane-82 of ANSYS 
element library, which is a 2-D axisymmetric 
nonlinear elasto-viscoplastic element, is used for the 
geometry meshing. But, it should be noted that an 
extraordinary stress filed is developed at the sharp 
corner of the fiber, where for computing the effects 
of this field on the inelastic behavior of the material, 
it is necessary to place very fine mesh in this region 
[21].

The fiber volume fraction ( fV ) is calculated as 

follows; 

(3)
u

f
f AR

AR

b

r
V

3

where r  and b  are the fiber and the unit cell radii, 
and fAR  and uAR  are the fiber and the unit cell 

aspect ratios, respectively. Here, fiber volume 
fraction of 20 percent and 4fAR  are considered. 

In this study, it is assumed that the fibers remain 
elastic during the whole process, while the matrix 
behaves in an elastic-perfectly plastic manner. Also, 
a bilinear stress-strain curve with plastic modulus or 
secant modulus of some value is assumed for the 
matrix to understand the unusual form of strain vs. 
cycle diagrams in larger external stresses [19]. A 
summary of the properties considered for the fiber 
and the matrix is presented in TAB 1.

TAB 1. Material properties for Al2024/SiCw  constituents[20] 

Material E
[GPa]

CTE
[K-1]

y

[MPa]

Al 2024 73 24.7 10-6 0.33 30 

SiC 470 4.6 10-6 0.17 - 

As for the loading, according to the literature 
available on the experimental superplasticity [20], it 
is assumed that a thermal cycling regime, as in FIG. 
3, along with a small constant tensile mechanical 
stress is applied to the model. For the heating phase 
of the cycle, the composite is heated between 

CC 450100  in only 50 seconds, while in cooling 
half-cycle it is cooled down to C100  from the 
maximum of C450  during 150 seconds. This 
thermal cycle is accompanied with a constant 
longitudinal small mechanical stress of magnitude 2, 
4, 7, and 10 MPa [20] to form the biased stress for 
promoting superplastic deformation. 

4. RESULTS AND DISCUSSION 

As described before, for the ISS mechanism, the 
plastic strain starts to accumulate with increasing 
the number of applied thermal cycles in presence of 
the mechanical load. It is necessary to introduce the 
methods of obtaining the results from the FE 
simulation. One can find the relationship between 
the strain rate and the corresponding stress 
according to Backoften’s equation [8]; 

(4) mB  or nA  where nm /1

On the results published in [12], considering the 
linear relationship of the accumulated plastic strain 
( p ) with the number of cycles ( N ) for all the 

constant mechanical load cases considered in that 
study, the strain rate ( ) could be obtained from 
Equation (5); 

(5) 1
.

dN

d p

where pd  represents the accumulated plastic strain 

in a given number of cycles (i.e. dN ) and  indicates 
the period of the applied thermal cycle [20]. Then the 
log-log scale plot of the  values vs. the applied 
mechanical load indicated a power law type 
relationship (as in Equation (4)) for the material 
behavior. There, the power 8.1n  was found to be in 
a good agreement with the experimental results of 

1.6n . Although, some differences between the 
calculated and the experimentally measured values 
of  were evident.

These valuable results were, however, not valid for 
every point of the model due to the shortcomings of 
the data collection procedure used in that study. The 
data was taken from a node inside the matrix close 
to the interface region in the neighborhood of the 
fiber end. Replacing the node with another which 
placed, for example, at the model end, some great 
differences in the nature and the values of the strain 
could be realized. In fact, the results of only some 
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regions of the matrix were in agreement with 
available experimental data. Therefore, the need for 
a general data collection was clear and also 
necessary to develop. This task is fulfilled in the next 
published paper [19] with the use of averaging idea 
put forward by Hsueh in [23] for calculation of the 
average elastic strain, but with applying some 
modifications to the proposed procedure. In [23], the 
average values of the nodal and then elemental 
displacements were used to calculate the average 
elastic strain. However, since the average plastic 
strain calculation for the FE modeling is of interest, 
the average of elemental plastic strain was 
incorporated into the Equation (6); 

(6)
n

i

z

z

r

r
pp

i

i

i

i
i
rdrdz

Lb
1

2

2

1

2

1

2
1

where p  represents the average plastic strain over 

the entire model, iz  and ir  represent the z  and 
r dimensions of the i th element, 

ip  is the 

elemental plastic strain, and b  and L  are the radius 
and the length of the model, respectively. 

FIG. 4 (a) presents the plastic strain vs. the number 
of cycles (time) for four mechanical loads of 2, 4, 7, 
and 10 MPa applied to the model. Interestingly, the 
results confirm the linear relationship of the p  vs. 

time graphs for all applied stresses, which is the 
fundamental issue for calculating  values by the 
use of Equation (5). To obtain the stress power n  in 
Backoften’s equation we should plot the logarithmic 
diagrams of the calculated  values vs. the 
corresponding stresses. Then from the slop of the 
lines of log( )  vs. log( ) , one would calculate strain 
rate sensitivity exponent. Such diagrams are shown 
in FIG. 5 (a), (b) and (c). 

As shown in FIG. 5 (a), the value of n  is equal to 1.6 
from experimental data, while it drops to 0.6 for the 
case of the FE simulation with a perfect bond model. 
To see how the model behaves in presence of 
fiber/matrix debonding, finite element analysis of the 
model with 0.125, 0.25, 0.375 and 0.5 is 
considered here. As it is seen in FIG. 5 (b), the 
power n  is found to be 1.0 for the model with 12.5% 
debonding and it is now a little closer to the 
experimental data. By using a debonding value of 
25%, the power n  is shifted to 1.8 (FIG. 5 (c)) and 
the values of  are also getting closer to the 
experimental results compared to the case of perfect 
bond modeling. If we increase the percentages of 
debonding to reach 0.375, the values of strain 
rates are again higher than the results obtained 
while using a model with 0.25. But the problem 
occurs in case of very small mechanical stresses 

like 2 MPa in which the model behaves as if no fiber 
presents in the unit and consequently no significant 
superplastic elongation can be found in the 
composite. For the case of 0.5 or 50% 
debonding, the conditions are even worse and the 
problem exists for mechanical stresses smaller than 
7 MPa. 

Another interesting result obtained from the model 
that could promote further enthusiasm to be put into 
the efforts for further improvement of the model is 
related to the little bent or a small change in the 
slope of the average line of the graph of p  vs. time 

in the middle of the superplastic process for the 
case of higher values of stresses such as 10
MPa reported in [12], see FIG. 6. Note the straight 
line for the case of 2 MPa. Therefore, it could be 
concluded that during the superplastic forming of 
composites, for higher stress values, another 
mechanism rather than Newtonian viscous flow may 
come into effect which may need a special 
treatment. This may cause some problems in 
manufacturing of MMCs. 

This is given a try by considering some deviation in 
the assumption of elastic-perfectly plastic behavior 
for the matrix material [19]. This is considered 
because during the plastic deformation a kind of 
strain hardening or softening due to the material 
imperfections or impurities may happen that causes 
the plastic deformation to go out of the regular 
expected path. FIG. 7 shows the plastic strain vs. 
time for 4 MPa for the case of some percentages 
of secant modulus that may brought about some 
small amounts of material strain hardening. As it is 
seen, in this condition even for small values of 
applied mechanical stress, a change in slope of the 
average line of the graph of p  vs. time could be 

detected. However, the decay in the amplitude of the 
plastic deformation is obvious which is also seen in 
the same diagrams for higher stress values. Note 
that the net plastic strain in heating phase of one 
cycle is negative due to compressive stresses in 
matrix and conversely, with cooling the composite, 
the compressive stress disappears and a tensile 
stress shows up which is resulting in a positive net 
strain in cooling half-cycle. Remember that the 
matrix was assumed to be elastic-perfectly plastic.

To investigate the change in superplastic behavior 
of the composite with respect to the loading profile, 
another pattern of mechanical stresses is applied 
here. A combination of various stresses including 8 
and 10 MPa is applied to the model during the 40-
cycle thermal loading instead of a sole stress of 10 
MPa. The resulted diagram of average plastic strain 
vs. time is shown in FIG. 8. As it is obvious in the 
diagram, the final values of average plastic strain for 
both profiles are close to each other although the 
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sum of the applied stresses is lower for 10-8-10 
MPa stress profile. It is interesting to mention that 
the linearity of the curve can be maintained better by 
applying a combination of lower stresses. More 
modeling is under way to find the basic reasons 
behind the phenomenon and the ways for avoiding 
the change in the slope. 

5. CONCLUSION 

From the study performed here one can highlight the 
followings: 

1) The finite element simulation introduced in this 
study includes an axisymmetric 
micromechanical model which can predict the 
behavior of superplastic phenomenon in metal 
matrix composites although it needs some more 
modifications before it could be successfully 
used to analyze all aspects of the superplastic 
behavior of MMCs. 

2) One of the necessary modifications of the model 
is considering the debonding at fiber/matrix 
interface. Considering a proper value of 
debonding for the model can cause the FE 
results to be closer to the available experimental 
data.

3) According to the study presented in this paper, 
the value of the debonding parameter must be 
chosen between 0 and 0.5 ( 5.00 ). As 
shown, for 375.0  the modeling can not model 
the superplastic behavior of the material in small 
stresses anymore. This study proposed the 
value of  to be considered between 0.125 and 
0.25 for similar simulations. 

4) It is now clear that there should be a kind of 
close control over the mechanical loading 
regime in superplastic forming of materials. At 
higher loads some sort of strain hardening due 
to the matrix properties or some kind of 
softening due to material imperfections may 
happen that affect the forming process by 
inflicting necking in the material. 

5) By changing the superplastic loading profile 
properly, manufacturers may be able to achieve 
better results in superplastic forming. More 
modeling is necessary to confirm this claim. 

6) Further attempts should be made to improve the 
ability of the introduced model to predict the 
superplastic behavior of metal matrix 
composites.

6. FIGURES 

(a)

(b)

(c)

FIG 1. Geometry modeling of the unit, (a) fiber and 
matrix in a 3-D model, (b) fiber and matrix in a 2-
D model, (c) the final modeling of the fiber and 
matrix and the boundary conditions

FIG 2. Different situations of debonding at fiber/matrix 
interface, (a) perfect bond, (b) fiber end 
debonding, (c) partial debonding, (d) full 
debonding
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FIG 3. Profile of the applied thermal cycling (only 3 
cycles are shown) 
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FIG 4. FEM average plastic strain vs. time diagram for 
Al2024/20%SiCw (perfect bond) with different 
applied stress values 
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Al2024/20%SiCw, 12.5% debonded
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(b)

Al2024/20%SiCw, 25% debonded
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(c)

FIG 5. logarithmic diagram of  vs.  for 
Al2024/20%SiCw simulation with (a) perfect bond 
(b) 12.5% debonding (c) 25% debonding 
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FIG 6. FEM average plastic strain vs. time, showing the 
change in the slope of the average line for higher 
stress values 
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Al2024/20%SiCw, Perfect bond, 4 MPa
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FIG 7. FEM average plastic strain vs. time, considering 
some values of strain hardening for the matrix 
material for 4 MPa 
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FIG 8. FEM average plastic strain vs. time for two 
different superplastic loading profile
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