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[ Abstract] AIN particulate reinforced 6061 aluminum alloy composite was fabricated by powder metallurgy method and

hot-rolled after extrusion. Tensile strength and elongation at elevated temperature were measured by tensile test at initial

strain rates between 10™*s™ "and 10°s™ '. The AINp/ 6061A1 composite exhibits an m-value of 0. 42 and a maximum e-

longation of 450% at 863 K. Differential scanning calorimeter was used to ascertain the possibility of any partial melting in

the vicinity of optimum superplastic temperature. Partial melting resulting from solute segregation at interfaces has much

influence on superplasticity of the composite. It is postulated that AINp/ matrix interface sliding occurs along with grain

boundary in superplastic deformation.
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1 INTRODUCTION

M etal matrix composites are attractive for many
structural applications because of their high specific
strength and their modulus of elasticity. For metal
matrix composites containing ceramic reinforcements,
stress concentration during tensile deformation occurs
at interfaces between the matrix and ceramic, so
that, cavitation is excessively developed at interfaces,
resulting in premature fracture. In a previous pa-
per' !, it was suggested that the main deformation
mechanism of high strain rate superplasticity (HSRS)
in ceramic whisker or particulate reinforced aluminum
alloy composites is grain boundary sliding ( GBS),
and that liquid phases in HSRS serve both to relax the
stress concentration and to limit the appearance of in-
ternal cavitation and subsequent failure. Although the
role of liquid phases on the HSRS is not yet fully un-

3 reveal that

derstood, many experimental results!*”
the development of cavitation during tensile deforma-
tions limited by the presence of liquid phases. How-
ever, the presence of liquid phases does not always
lead to HSRS, because too much liquid phases at
grain boundaries cause interfacial decohesion. It has
been found that a large elongation is obtained at the
temperature, which is close to or slightly above the
solidus temperature of the matrix. This shows that
there is an optimum amount of liquid phase for HSRS
in these composites.

This paper aims to study the nature of interfaces
and surfaces of deformed specimens in AINp/ 6061A1
composites to understand GBS related with liquid
phases at interfaces during superplastic flow.

2 EXPERIMENTAL

AIN particles with an average particle size of
1. 78 Um, fabricated by a carbothermal nitridation
method were used as reinforcement material, whose
chemical compositions are w (Fe) = 50 x 10° 6w
(Si)= 100x 10" °, w (0,)= 0.01, w (N)= 0.338,
w(C)= 0.02 and Al the balanced. 6061 aluminum
alloy powder with a particulate size less than 45 Pm
was mixed with the AIN particulates in an alcoholic
solvent for 24h by a blender machine to produce com-
posites with AIN volume fraction of 0. 30. The mixed
powders were compressed at 773 K in vacuum under
the pressure of 200 M Pa for 20 min, and then forged
at 773 K in air under the pressure of 495 M Pa for 20
min.

The distribution of Al,O3 in the materials is
shown in Fig. 1 by SEM. The composite was hot ex-
truded at 773 K with an extrusion ratio of 44. After
heating in temperature range form 673 K up to 823
K, the extrusion billets were hot-rolled at 803 K.
The strain in each pass was less than 0. 1 and the re-
heating-holding time betw een rolling passes was about
Smin. The final thickness of the hot-rolled composite
was less than 0. 8 mm. Tensile specimens with a
gauge length of 5 mm and a gauge width of 4 mm
were deformed in the temperature range of 823 K to
893K in the strain rate range from 10" > to 10°s™ .
The microstructural characterization after superplastic
tensile was observed by SEM.

3 RESULTS AND DISCUSSION

Flow stress ( 0) and true strain rate ( € in a
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Fig. 1 Distribution of AIN particulate reinforcement
in matrix of 6061A1 alloy

superplastic material are related via the equation 0=

k€', where K is a constant and m is the strain rate
sensitivity index. The m-value of a superplastic ma-
terial is normally greater than 0. 3 because a high m-
value is expected to suppress neck formation and lead
to high elongation. The relationships between elonga-
tiorto-failure and the strain rate at different test
temperatures are shown in Fig. 2(a). The maximum
elongation of 450% was attained at a temperature of
863K and at a strain rate of 1.67x 10" 's™ !, i e.
under the conditions where the maximum m value
was found. DSC curve shows that the composite with
®= 0. 30 has a solidus temperature of 845K and

a melting temperature of 904 K. The optimum tem-
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Fig. 2 Superplastic characteristics of AINp/ 6061 Al
composite extruded and hot-rolled
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perature at which a maximum elongation is obtained
lies in 853~ 873 K, which is above the solidus tem-
perature ( 845 K) of the composite. This temperature
is the same as the previously reported optimum super-
plastic temperatures for 6061A1 alloy matrix compos-
ites! 71

A series of tests were conducted over a range of
strain rates, and flow stresses at a true strain of 0. 2
were measured. Fig. 2(b) shows a lg-lg plot of stress
vs strain rate for various temperatures.

As shown in Fig. 2(b), these curves have a
characteristic sigmoidal shape typically associated
with superplastic behavior. The strain rate sensitivity
index, m, was determined from the slope of these
curves. The variation of m-value, as a function of

The highest

strain rate sensitivity of m = 0. 42 was achieved at a

strain rate, is also shown in Fig. 2(b).

temperature of 863 K. At higher temperatures the
maximum m-value decreased slightly.

Fig. 3 shows a DSC result for the asrolled sam-
ple. The sharp endothermic peak at a temperature
range of 845~ 904K is attributed to the partial melt-
ing of reaction phases, which are probably related to
solute segregation at interfaces. The onset tempera
ture for partial melting is estimated to be 845 K,
which is determined from an intercept of two solid
lines shown in Fig. 3. In general the solidus tempera
ture depends on the volume of solute atoms. There
fore, the difference in thermal stability between the
composite and the rapidly solidified pow der of the ma-
trix alloy is probably related to solute segregation, be
cause solute segregation and reaction phases resulting
from solute segregation at the interfaces was previous-

ly reported in metal matrix composites' .

As-rolled AINp/6061Al1 composite
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Fig.3 DTA result for the asrolled sample

Fig. 4 shows the fracture surfaces of the compos-
ite tested at 863 K at an initial strain rate of 1. 67 x
100 s

tested show occurrence of ductile fracture. The long

The deep dimple patterns in the specimen
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thread-like filaments on the fracture surfaces at both
testing temperatures suggest occurrence of sliding of
viscous layer and occurrence of partial melting at grain
boundaries.

Fig.4 SEM of fracture surface of
compositetested at 863 K

Superplasticity is a thermally activated process,
therefore the activation energy value is believed to be
a good indicator of the deformation mechanism in-
volved. The activation energy is normally determined
by an Arrhenius plot of In € vs the reciprocal of tem-
perature at constant stress. As aluminum matrix com-
posites have been shown to exhibit a higher stress ex-
ponent with lowering strain rate, the concept of a
threshold stress is commonly invoked ®'. In order to
calculate the threshold stress the following power law

equation has been used! '
n

€ ADGbL| b|"| 9= 9 1
kT U d E (1
where €is the strain rate, D the appropriate diffu-

sivity, G the shear modulus, b the Burgers vector, k
the Boltzmann constant, T the test temperature, d
the grain size, p the grain size exponent, O the ap-
plied stress, Op the threshold stress, E the Young’s
modulus, n(= 1/m) the stress exponent and A a di-
mensionless constant. According to the above equa-
tion, the threshold stress can be determined by plot-
ting €”" against flow stress O and extrapolating the
plot to zero strain rate. The stress exponent of 2,
commonly found in conventional superplastic alloys,
has been used in this study to calculate the threshold
stress. The threshold stress values obtained by ex-
trapolating the best straight line through the super
plastic data are listed in T able 1.
Since the shear modulus G is equal to E/2( 1+

U, where the Poisson’ s ratio, U is assumed to be
0.34, and also assuming that the shear modulus of

the AL,O03,/ 6061A1 composite exhibits the same de

pendence on temperature, as aluminum, the relationr

Table 1 Threshold stress obtained

through extrapolation
T/K 823 843 863 893
0o/ MPa 1.34 0. 85 0.316 0. 148

ship between the shear modulus and the temperature
for the composite in this study may be expressed as:

G=4.2535x 10~ 14T (MPa) (2)

In order to determine the activation energy for
superplastic deformation of AFMMCs, the following
relationship at constant strain rate is derived from
Equation (1)

Oln((0- )"/ G"'T)

s R q1/T) (3)

Fig. 5 shows a plot of R In (( 0—= 05)"/ "~ 'T)
vs 1/ T at a strain rate of 1. 67 % 10" 's™ ' with n=
2. In this figure the slope of the line which represents

the activation energy for superplastic deformation is
determined to be 330. 53 kJ/ mol, which was appar
ently higher than the activation energy for lattice self-
diffusion in aluminum alloys ( 142kJ/ mol). Other re-
searchers! """ ' also reported similar values of the actr
vation energy of several other superplastic aluminum
composites. Two explanations of the high activation
energy have been proposed. Mabuchi et al''l believe
that high activation energies are due to the presence
of some liquid phase at the testing temperature. Re-
sults from DSC support this point of view in the cases
of 5052/Si3Ny4,, 6061/ SizNy4,, and 7064/ SizNy,
composites, but 2124/ SizNy, ( particles of 0. 2 Hm)
and 2124/ Si3Ny4,, also showed high activation energies
in spite of the fact that DSC did not reveal partial
melting in the temperature range studied. However,
it is argued that there might have been such a small
amount of liquid present that DSC could not detect it.
The DSC results in the present study again suggest
that there is liquid phase present at deformation tem-
perature, despite the fact that the activation energy is
high. The possibility of the presence of a liquid phase
even when DSC can’t detect it needs to be i
vestigated by some other method such as in situ TEM
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Fig. 5 Variation of R In[ (0= 0)"/( " 'T)] with
1/ T at a constant strain rate of 1.67x 10" 's™ '
of a AINp/ 6061A1 composite with n= 2
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examination.
4 CONCLUSIONS

1) The AINp/ 6061A1 composite shows the max-
imum superplastic elongation of 450% at testing tem-
perature of 863 K at the initial strain rate of 1. 67 X
100 's L

2) The fracture surface of the composite has fila-
ments and partial liquid phase, which shows that in-
terface sliding at the liquid phase has much influence
on the HSRS in addition to grain boundary sliding in
the composite.

3) The activation energy values in composites are
much higher than that of aluminum alloy and it is
thought that the superplastic deformation mechanism
of the composite has changed greatly because of mix-
ing the reinforcement into the matrix.
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