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Particle-reinforced metal matrix composites (MMCs)
have attracted interest for years due to their low density
and high strength. In particulate MMCs, ceramic parti-
cles are incorporated in metallic alloys to improve their
mechanical properties [1]. In a wide range of engineer-
ing applications, MMCs may be subjected to extreme
loading conditions such as high strain rates. Therefore,
itis of great importance to study the strain rate effect on
the mechanical behavior of MMC:s for using in practice
and develop specific constitutive model to characterize
their deformation behavior for finite-element computa-
tional analysis.

The split Hopkinson bar is a very popular and use-
ful experimental setup for measuring the dynamic be-
havior of materials at high strain rates. Normally, the
constitutive responses in high strain-rate tests are essen-
tially considered to be related to the adiabatic deforma-
tion process involving the adiabatic temperature rise
due to the heat generated by irreversible plastic work.
Such adiabatic temperature rise may affect the defor-
mation behavior, which leads to the thermal-softening
phenomenon. Consequently, there exists the coupling
of strain-rate strengthening effect, strain-hardening ef-
fect and thermal-softening effect during the course of
high rate loading. Nemat-Nasser et al. [2] performed
an interrupted tests in the Hopkinson pressure bar to
obtain the isothermal compression stress-strain curves
at high strain rates. Such experimental technique makes
it possible to decouple the thermal softening effect on
the plastic deformation of materials from the strain-rate
strengthening and strain hardening effects. Xia et al. [3]
extended the method developed by Nemat-Nasser et al.
and performed the recovery tensile impact tests in a bar-
bar tensile impact apparatus to obtain the isothermal
tension stress-strain curves at high strain rates.

The present paper focuses on the phenomenologi-
cal constitutive description of SiCp/Al composite in
quasi-static and dynamic tension tests. The investigated
material was a powder metallurgy aluminum alloy
(3.8-4.9% Cu, 1.2-1.8% Mg, 0.3-0.9% Mn and 92.4—
94.7 A1) reinforced with 10 vol% of SiC particles. The
average particle size was 10 um. The composite was
fabricated by direct extrusion. Uniaxial tension tests
were carried out on dumbbell-shaped flat specimens at
four strain rates: a quasi-static rate of 0.002 s~! us-
ing a Shimadzu-5000 testing machine and high rates of
150, 500 and 1000 s~! using the bar-bar tensile impact
apparatus [4]. The tensile impact loading-unloading-
reloading stress-strain results at high strain rate of
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150 s~! are shown in Fig. 1. Curve 1 is the isother-
mal stress-strain curve at quasi-static strain rate of
0.002 s~!. Curve 2 is the adiabatic stress-strain curve at
150 s~!. The dashed lines are a series of multi-loading-
unloading stress-strain curves at rate 150 s~! using the
identical specimen. Curve 3 represents the isothermal
of the points initial yielding the elastic proportional
limit, upon each loading. The remarkable difference
between the adiabatic and the isothermal results at the
same high strain rate is solely due to thermal softening.
Fig. 2 shows the experimental isothermal stress-strain
curve at 0.002 s~! and adiabatic stress-strain curves at
150, 500 and 1000 s~! for SiCp/A1. The initial yield
stress with respect to strain rate is shown in Fig. 3. The
average values of Young’s modulus and initial yield
stress at different strain rates are listed in Table 1. Ex-
perimental data indicate that SiCp/A1l composite is a
rate sensitive material. Its initial yield stress increases
with increasing strain rate, especially, when the strain
rate exceeds about 100 s~!'. However, the experimen-
tal isothermal results at 0.002 and 150 s~! shown in
Fig. 1 illustrate that the strain-rate sensitivity of strain-
hardening behavior for SiCp/Al composite is not as
significant as that of initial yield stress.

In order to describe the experimental response ob-
served in SiCp/A1 composite, a phenomenologically-
based constitutive model is proposed in the following
form:
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where the flow stress is expressed as a function of the
plastic strain ¢, strain rate & and adiabatic temperature
rise AT - og is the material constant associated with
initial yielding and B and n are the strain-hardening co-
efficients. C, p; and p, are the strain-rate sensitivity
coefficients. A is the temperature coefficient to charac-
terize the thermal softening effect due to the adiabatic
temperature rise during the high rate deformation. AT
is the adiabatic transient temperature rise within the
specimen under high strain-rate loading, which is given
as
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Figure 1 Typical adiabatic and isothermal stress-strain relations at strain
rate 150 s~
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Figure 2 Stress-strain relations at different strain rates.
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Figure 3 Initial yield stress at different strain rates.

where y is the fraction of the irreversible plastic work
which is converted into heat, p is the mass density and

C, is the heat capacity.
The present model is a combination and modifica-

tion of the models proposed by Johnson and Cook [5]
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TABLE 1 Mechanical properties of SiCp/A1l at different strain rates

Initial yield stress

Strain rate (s~!) Young’s modulus E (GPa) 002 (GPa)
0.002 88.01 0.265
150 89.42 0.285
500 89.78 0.306
1000 89.81 0.319

and Cowper and Symonds [6], and that of Meyers et al.
[7]. The power law strain-hardening rule adopted in
Equation 1, op + Be", is used in the Johnson-Cook
model to describe the plastic deformation of metals at
high strain rates. In order to describe the mechanical
behavior of SiCp/Al composite over a wide range of
strain rate from 0.002 s~! to 1500 s~!, the Cowper-
Symonds model which scales the yield stress with the
factor 1 4 (¢/C)P is modified in the present paper by
including two strain-rate sensitivity exponents, p; and
P2, to account for the strain rate effects on the initial
yield stress and the strain-hardening behavior, respec-
tively. Compared with the original Johnson-Cook and
Cowper-Symonds models, the present modified model
also introduces thermal softening coefficient as in the
model of Meyers et al., A, to characterize the effect of
adiabatic temperature rise on the plastic deformation of
SiCp/A1 composites at high strain rates.

The material constants in the present model may be
determined experimentally using isothermal and adia-
batic data at different strain rates.

1. The initial yield point defined in the present paper
corresponds to 0.002 plastic strain. Such plastic strain
is relatively small and the temperature rise due to the
irreversible plastic work at this point is negligible, so
the initial yield stress may be approximately expressed

as follows:
1+ "
002 X O —
0.2 0 C

where three material constants oy, C and p; are in-
volved, which can be evaluated by comparing the ex-
perimental data for initial yield stress at different strain

rates.
2. The isothermal stress-strain curves obtained at

quasi-static rate and high strain rates are chosen to eval-
uate the constants B, n and p, by using the following
relation reduced from Equation 1.

£\ 2\ P
Oisothermal = 0'O|:1 + (E) :| + B8n|:1 + (E) :|
“)

where Oisothermal 1S the stress under isothermal condition.
3. The material constant A is given by
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Figure 4 Comparison of model correlations with experimental data at
different strain rates.

where 0 ,4iabatic 1S the stress under adiabatic condition.
A can be evaluated using the adiabatic experimental
results at high strain rates.

To obtain a more accurate set of values for these
material constants, the least square method is used to
interpolate the experimental isothermal and adiabatic
stress-strain results at different strain rates. The seven
material constants in the present constitutive model
for SiCp/Al composite are: oy = 0.215 GPa, B =
0.410 GPa,n =0.31, C = 60000, p; = 0.35, p, =2.0
and A = 0.02/ °C, respectively. The density of SiCp/Al

composite, p, is 2750 Kg/m3 and the heat capacity, Cy,
is 964 J/Kg °C. The conversion factor of work into heat,
y,istaken to be 0.9 athigh strain rates based on the theo-
retically and experimentally motivated assumption. The
experimental isothermal curve at 0.002 s~! and adia-
batic curves at 150, 500, 1000 s—! and the correlations
of the present model are shown in Fig. 4. It can be no-
ticed that the proposed constitutive model gives a good
correlation with the experimental response of SiCp/A 1
composite over a wide range of strain rates.
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