Hot plastic deformation of aluminium alloy
2009-15%SiC,, composite
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The hot deformation behaviour of the discontinuously reinforced metal matrix composite aluminium alloy 2009(Al-
3-8 wt-%Cu—1-3 wt-%Mg) — 15 vol.-%SiCy,, produced via powder metallurgy, was studied by compression testing
in the strain rate range 10 ~*-10" s ' at temperatures ranging from 450 to 525°C. It was shown that the composite
exhibits superplasticlike behaviour, which can be explained in terms of a threshold stress. This approach allowed
calculation of the true activation energy and true values of the stress exponent. A strong temperature dependence
of the threshold stresses was determined. Optical metallographic studies and TEM investigations were carried out
to examine microstructural evolution. It was shown that superplastic deformation does not lead to the formation of
a new macrostructure. Under superplastic conditions the SiC whiskers retain their orientation, while at both lower
and higher strain rates the reinforcements rotate during deformation. As a result, superplastic deformation yields
increased service properties. The origin of this phenomenon is discussed. MST/4998
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Introduction

Discontinuously reinforced metal matrix composites
(MMCs) based on aluminium alloys exhibit a unique
combination of high specific modulus and strength at room
temperature.!> This type of composite is characterised
by a considerable formability. Secondary fabrication to
manufacture parts from MMCs can involve conventional
metal working such as extrusion, forging, or rolling tech-
nology. However, these MMCs exhibit low hot work-
ability in comparison with monolithic aluminium alloys®*
owing to higher flow stresses and poor plasticity, which
lead to surface breakup or cracking during the forging
operation. This limits industrial application of the wrought
MMCs.

Superplastic deformation is a unique, effective route for
increasing the hot workability of MMCs.>* Various studies
have demonstrated that in discontinuously reinforced
MMCs superplasticity is evident at high strain rates’®
(621072 s, whereas in bulk aluminium alloys optimum
superplasticity is observed at lower strain rates*’ (&<
10~* s7!). The phenomenon termed high strain rate super-
plasticity (HSRS) has been found in a number of different
MMCs.3* Although numerous studies have dealt with the
mechanical behaviour of MMCs, experimental data relating
to structural evolution are few, and the effect of superplastic
deformation on the service properties of composites has
not yet been reported. It is well known!2%7 that service
properties of MMCs are closely related to the dominant
whisker orientation. However, the effect of HSRS on align-
ment and redistribution of the reinforcements is unclear.
It is also known® !' that elongated ceramic reinforcing
elements have a tendency to rotate during plastic deforma-
tion, and to align themselves in the working direction.

Thus, in the present work, the deformation behaviour
and microstructural evolution of 2009Al-15%SiC,, com-
posite has been investigated. This composite is an advanced
material used for aircraft wheels owing to its high strength
and fatigue resistance as well as perfect superior capacity.
Hot working parameters were examined using hot working
simulators. All forging processes comprise basically the
compressive deformation of a workpiece, and an axial
compression test was chosen as the best candidate for this
role. Specific attention has been paid to the effect of HSRS

on the arrangement of the reinforcing elements and service
properties of the 2009A1-15%SiC,, composite. The data
obtained have been compared with data from tensile
testing,!>!% allowing estimation of the influence of the
deformation method on HSRS in MMCs.

Experimental procedure

The composite 2009A1 —15%SiC,, was produced via powder
metallurgy from standard aluminium alloy 2009 and
15 vol.-%SiC whiskers. Composition of the matrix alloy
was Al-3-8Cu-1-3Mg-0-258i (wt-%).

Cylindrical specimens 10 mm in diameter and 13 mm in
height were machined from hot rolled plate, with a thickness
of 34 mm, produced by the Rockwell proprietary process.'’
The compression axis of the specimens coincided with the
initial rolling direction. Compression tests were carried out
at temperatures 450 - 525°C and strain rates from 10™* to
10" s~ on a Schenck RMS-100 universal testing machine.
A hydraulic machine, Schenck PSA-100A, was used for
testing in the strain rate interval 10! — 10" s™'. A graphite
colloid in oil was used as high temperature lubricant. The
specimens were cooled in air immediately after plastic
deformation.

Values of the stress exponent # in the power law equation

t=Ad" exp(—Q/RT) . . . . . . . . . . D

where R is the universal gas constant, 4 is a material
constant, 1"is the temperature, and Q is the true activation
energy, were defined from the slope of loge v. logo. The
steady state stress o and initial strain rate &, were used for
these calculations. Values of the strain rate sensitivity

m=d(log o)/d(logd . . . . . . . . . .2

were calculated as m=1/n.

For examination of service properties the specimens were
upset at 7=500°C and e=10"2s"" up to strain £=70%.
The compression axis matched the prior rolling direction.
Specimens for evaluation of mechanical properties were cut
along the compression axis, and examined using an Instron
type machine at ambient temperature. Tension tests were
carried out on smooth cylindrical specimens with a diameter
of 5 mm and gauge section of 25 mm.
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1 Typical true stress-strain curves for 2009AIl-15%SiC,,
composite: at T=525°C, ¢=13x102s"' and T=
500°C, =13 x10"" s~' 5-¢ curves exhibit steady state
flow, and at T=525°C, ¢=1x10"'s~' and T=450°C,
¢=6s"", the well developed heat stress can be recog-
nised

The toughness and fracture strength were evaluated by
static bending of specimens (7-5 x7-5 x55 mm) with a
I mm U type lateral notch. Fracture toughness was
determined as Kqy =a/F, where a, is the total work of a
specimen at failure estimated from a load —strain curve and
F is the initial cross-sectional area of the specimen.'*
Fracture strength was calculated as the ratio of maximum
load, taken from the above mentioned curve, to initial
cross-sectional area of the specimen.

Metallographic analysis of deformed specimens was
done using a Neophot-32 optical microscope, a JSM-840
scanning electron microscope, and an Epiquant structural
analyser. Microstructural observations were carried out on
specimens compressed up to a strain of 50% as well as
composite in the as received condition. Specimens for opti-
cal microscopy were prepared from a section containing the
compression axis by mechanical polishing and subsequent
etching in Keller aqueous solution of 0-5%HF, 1.8%HCI,
and 2-7%HNOj;. The fine structure was examined in a JEM-
2000EX electron microscope using thin foils jet polished to
perforation with a 20% nitric acid solution in methanol at
—30°C and 15 V. Lattice dislocation density was deter-
mined from the number of dislocation intersections on
the foil surface.!”> Grain boundary dislocation density was
caculated as the ratio of number of dislocations/grain
boundary length.'®

Results

MECHANICAL BEHAVIOUR
Stress-strain curves

Typical true stress—strain curves for the 2009A1 —15%SiC,,
composite are shown in Fig. 1. Two types of o— ¢ curve can
be distinguished. One type exhibits steady state flow after
&~ 3%, at £<1072 s~!. The other type of o— ecurveis found
at higher strain rates, and contains a well defined stress
peak. Steady state is attained at =40 —50%. The value and
extension of the stress peak are dependent (albeit non-
significantly) on the deformation temperature, and are
mainly determined by the strain rate.
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2 Strain rate dependence of flow stress at given tem-
peratures: coefficient of strain rate sensitivity m has
been calculated in accordance with equation (2)

Strain rate — steady state stress dependence

The strain rate versus steady state stress dependence is
described by the power law given in equation (1) (Fig. 2).
Inspection shows that there is evidence for a sigmoidal
relationship between the flow stress and the strain rate,
plotted on a double logarithmic scale, over the entire tem-
perature interval under study. Three classic strain rate
regions of superplasticity®’ can be distinguished (Fig. 2). In
the temperature interval 450 -475°C, the value of m in
region II is larger than in regions I and III by a factor of
~1-5, but is significantly less than a typical value of m for
superplasticity.’ Increasing the temperature leads to an
increase of coefficient m in region II from m=0-17 at
T=450°C to m=0-34 at T=525°C, in the strain rate
interval 1-2 x1072 -2 x10% s 7L, Notably, the o—¢ curves
exhibiting steady state flow occur in region I, and the other
type of curve can be observed to occur in regions II and III.

The above o—¢ dependencies are typical for manifesta-
tion of the superplastic effect,’ and are very similar to those
for the present composite found by tension testing.!?!* The
transition from tensile deformation to compression results
in a shift of the optimal strain rate interval for superplastic
flow towards higher strain rates by one order of magnitude,
as found in bulk materials.

SHAPE OF COMPRESSED SPECIMENS

The anisotropy of plastic flow of the 2009A1-15%SiC,
composite yields non-uniform compression. The anisotro-
pic shape can be determined as a ratio of the major axis of
the ellipse @ to the minor axis b (Fig. 3). With increasing
strain rates, aspect ratio a/b values decrease gradually in
region I, while in region II they decrease rapidly and attain
unity in region III (Fig. 3). Therefore, the increase in strain
rate causes the plastic flow to be more uniform and, as a
result, the compressed specimens become circular in cross-
section. Similar results were reported in the work of
Gonzalez-Doncel et al.,'” and were attributed to the initial
whisker distribution.

It can be expected that the anisotropic plastic flow is
associated with the initial crystallographic texture. How-
ever, X-ray analysis showed that the initial texture of the
matrix was relatively weak, and no discernible texture
changes were revealed after plastic deformation in the first
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v. 1/T for 2009AI1-15%SiC,, composite

sliding. At higher strain rates, a transition from CGBS to
uniform grain boundary sliding leads to the establishment
of a steady state.

Thus, superplastic deformation is a unique fabrication
route that retains the initial directionality of the reinforce-
ments. This is a result of the features of the operating
deformation mechanism. An enhancement of service pro-
perties can be attained by the use of superplastic deforma-
tion.

Conclusions

1. The composite 2009A1 -15%8SiC,, examined in com-
pressionat T=450-525°C and £=10 410! s_l, exhibits a
superplastic like behaviour at 7=500-525°C in the strain
rate interval 1072 —10° s_l, which is one order of magnitude
higher than that in tension.

2. The superplastic behaviour of the composite has been
considered in terms of a threshold stress. The stress expo-
nent # has the value 3 and the true activation energy for
plastic deformation is ~148 kJ mol™'. A strong depend-
ence of threshold stress versus temperature with the energy
term Oy =160 kJ mol ! has been found.

3. Sliding along intergranular boundaries within the
aluminium matrix occurs during superplastic deformation.
No evidence has been found for interfacial sliding. The
SiC whiskers provide high uniformity of grain boundary
sliding.
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15 Double logarithmic plot of normalised strain rate
versus normalised effective stress is regions | and Il
for 2009Al-15%SiC,, composite

4. The shape of compressed specimens and orientation of
SiC,, depend strongly on strain rate. The SiC whiskers
retain their directionality during superplastic deformation.
The reinforcements rotate and align towards plastic flow
during deformation at both lower and higher strain rates. In
region I, a strong anisotropy of plastic flow at macroscopic
level takes place.

5. It has been found that superplastic deformation results
in decreased lattice dislocation density. Deformation at
lower or higher strain rates leads to increased dislocation
density. In region III, dynamic recrystallisation occurs in
coarse matrix grains. Enhanced dislocation density is
observed near SiC/Al boundaries.






