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The hot-working characteristics of the metal-matrix composite (MMC) AI-1 0 vol % SiC- 
particulate (SiCp) powder metallurgy compacts in as-sintered and in hot-extruded conditions 
were studied using hot compression testing. On the basis of the stress-strain data as a 
function of temperature and strain rate, processing maps depicting the variation in the 
efficiency of power dissipation, given by rl = 2m/(m + 1), where m is the strain rate sensitivity 
of f low stress, have been established and are interpreted on the basis of the dynamic materials 
model. The as-sintered MMC exhibited a domain of dynamic recrystallization (DRX) with a 
peak efficiency of about 30% at a temperature of about 500~ and a strain rate of 0.01 s-1. 
At temperatures below 350~ and in the strain rate range 0.001-0.01 s - t  the MMC exhibited 
dynamic recovery. The as-sintered MMC was extruded at 500~ using a ram speed of 
3 mm s- t  and an extrusion ratio of 10 : 1. A processing map was established on the extruded 
product, and this map showed that the DRX domain had shifted to lower temperature 
(450~ and higher strain rate (1 s - t ) .  The optimum temperature and strain rate combination 
for powder metallurgy billet conditioning are 500~ and 0.01 s - t ,  and the secondary metal- 
working on the extruded product may be done at a higher strain rate of 1 s -1 and a lower 
temperature of 425 ~ 

1. In t roduct ion  
MMCs based on aluminium reinforced with SiCp were 
first reported by Divecha et al. [1] and the various 
aspects of their properties were reviewed by Nair et al. 

[2]. In addition to the attractive properties common 
to all composites, such as high specific stiffness, high 
specific strength, high-temperature resistance and im- 
proved wear resistance, these MMCs possess the addi- 
tional advantage of amenability to secondary metal- 
working processes, unlike composites with continuous 
fibre reinforcement. However, the formability of 
MMCs is greatly restricted by the incompatible defor- 
mation characteristics of the soft matrix and the hard 
reinforcement. The optimum processing parameters 
for the matrix material do not hold good for the 
composite, and the general method of optimizing the 
process parameters by trial-and-error methods would 
prove uneconomical. Recently, the use of processing 
maps for the optimization of processing parameters 
has been found to be very useful [3]. Tuler and 
Klimowicz [4] developed processing maps for 
alumina-aluminium alloy-cast MMCs and validated 
them using successful forging trials. 
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The aim of the present investigation was to study 
the constitutive flow behaviour of aluminium reinfor- 
ced with SiCp MMC under hot-working conditions 
and to generate a processing map for the optimization 
of its hot-workability. The map is interpreted on the 
basis of the dynamic materials model [5], which was 
reviewed recently by Gegel et al. [3] and Alexander 
[6]. Briefly, the model considers the workpiece essen- 
tially as a dissipator of power, and its constitutive 
equation describes the manner in which the power is 
converted at any instant into two forms (thermal and 
microstructural) which are not recoverable by the 
system. At any instant the total power dissipated 
consists of two complementary parts: a G content 
representing the temperature rise and a J co-content 
representing the dissipation through metallurgical 
processes. The factor that partitions power between G 
and J is the strain rate sensitivity (m) of flow stress, and 
the J co-content is given by [-5] 

J = cy~m/(m + 1) (1) 

where cy is the flow stress and ~ is the strain rate. For an 
ideal linear dissipator, m = 1 and J = Jm~x = CY~/2. 
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The efficiency of power dissipation of a non-linear dissi- 
pator may be expressed as a dimensionless parameter 

1"1 = J / J m a x  = 2m/(m + 1) (2) 

The variation of q with temperature and strain rate 
represents the characteristics of power dissipation 
through microstructural changes in the workpiece 
material and constitutes a processing map. 

The power dissipation maps are continuum maps, 
but the domains may be interpreted in terms of speci- 
fic atomistic processes. This can be done with the help 
of Raj maps [7]. In hot deformation there are safe and 
damage mechanisms that occur in different strain 
rate temperature regimes. For  example, the safe 
mechanisms involve dynamic recovery and dynamic 
recrystallization, whereas damage mechanisms are 
wedge cracking (which dominates at the lower strain 
rates and higher temperatures) and void formation at 
hard particles (which dominates at higher strain rates 
and lower temperatures). The damage processes are 
generally highly efficient in dissipating energy through 
the production of new surfaces, whereas the safe pro- 
cesses are relatively less efficient since power dissipa- 
tion occurs by annihilation of dislocations or their 
groups. In the safe regime dynamic recrystallization is 
more efficient than dynamic recovery. The major ad- 
vantage of the model is that it helps to establish the 
material behaviour under "dynamic" conditions, since 
the efficiency parameter represents the instantaneous 
power dissipation characteristics. 

In this study the hot deformation behaviour of the 
composite material was evaluated in both the as- 
sintered powder metallurgy billet stage and the ex- 
truded condition. This would help in optimizing the 
process parameters for both billet conditioning and 
secondary metal-working steps. 

2. Experimental procedure 
Ultrasonically gas-atomized commercial-purity 1100 
A1 powder was blended with 10 vol % SiCp and 
compacted using cold isostatic pressing. The billets 
thus prepared were then sintered under vacuum. One 
of the billets was canned for further extrusion, whereas 
the other was utilized for machining cylindrical com- 
pression specimens 10 mm in diameter and 15 mm 
high for hot compression testing in the temperature 
range 300-550~ and strain rate range 0.0001-0.1 
s 1. The canned billet was extruded at 500 ~ using a 
ram speed of 3 mm s- 1 and an extrusion ratio of 10 : 1 
to produce a rod about 16 mm in diameter. Cylindri- 
cal specimens of the above dimensions were machined 
from the extruded rod for a separate set of hot com- 
pression experiments in the temperature range 
300 550 ~ and strain rate range 0.001 1 s-  1. Concen- 
tric grooves about 0.5 mm deep were engraved on the 
specimen faces to facilitate the retention of the lubri- 
cant. A 1 mm 45 ~ chamfer was given to the edges of 
the faces to avoid fold over in the initial stages of the 
compression. A 0.5 mm diameter hole was drilled to a 
depth of 5 mm at half the height of each specimen for 
the insertion of a thermocouple to measure the exact 
temperature of the specimen during testing. A corn- 
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puter-controlled servohydraulic machine (Dartec, 
Stourbridge, West Midlands, UK), which had the 
facility for an exponential decay of actuator speed to 
give constant true strain rates during testing, was used 
for the compression testing. In arriving at the expo- 
nential decay equation for the stroke time variation, 
the small elastic deflections of the machine and the 
grips were neglected. The temperature control was 
within _+ 2~ and the adiabatic temperature rise 
during compression was measured with a thermo- 
couple embedded in the specimen. 

The deformed specimens were sectioned parallel to 
the compression axis and the surface was prepared for 
metallographic examination using standard metallo- 
graphic techniques. The polished specimens were 
etched With an etchant containing 50 ml Poultan's 
reagent (12HC1, 6HNO 3, 1HF 48% and 1H20 ), 25 ml 
H N O  3 and 40 ml H 2 0  containing 12 g CrO3, which 
was applied for different times depending on the defor- 
mation conditions [8]. For  the purpose of revealing 
the grains for grain size measurements, electrolytic 
polishing and etching was employed. The electrolyte 
consisted of 25 ml perchloric acid, 40 ml glycerol and 
135 ml methanol. Transmission electron microscopy 
(TEM) studies were also performed on some of the 
specimens and electrolytic thinning was employed to 
prepare the thin foils. The tensile properties of the 
extruded MMC were measured on round specimens 
with a gauge length of about 27 mm and a diameter of 
4 ram. 

3. Results 
The  microstructures of the MMC in the as-sintered 
and in the as-extruded condition are shown in Figs 1 
and 2, respectively. The as-sintered microstructure 
(Fig. 1) exhibited prior particle boundaries (PPB; aver- 
age particle size 50 gm) and a uniform distribution of 
SiCp. The as-extruded microstructure had an equiaxed 
grain structure with an average grain diameter of 12 
~tm, which was much smaller than the prior particle 
size. 

Typical true stress-true plastic strain curves for the 
MMC in the as-sintered condition recorded at 500 ~ 
and different strain rates are shown in Fig. 3. All 

Figure  1 Initial microstructure of 1100 AI 10 vol % SiC (as-sin- 
tered). 



Figure 2 Initial microstructure of 1100 Al-10 vo l% SiC (as-ex- 
truded). 
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Figure 3 Flow curves for 1100 AI l0 vol % SiC (as-sintered) at 
500 ~ and strain rates of (a) 0.1, (b) 0.01, (c) 0.001 and (d) 0.0001. 

curves exhibited a steady-state flow behaviour except 
for those for 300 ~ which showed slight work hard- 
ening. The values of flow stress (cy) as a function of 
temperature (T) and strain rate (~) at a strain (~) of 0.3 
for the M M C  are shown in Table I. 

T A B L E  I Va lueso f f lows t re s s ( inMPa)  o f l l 0 0 A l - 1 0 v o l % S i C  
in both as-sintered and as-extruded conditions at different temper- 
atures and strain rates at a strain of 0.3 

Strain Temperature (~ 
rate 
(s- 1) 300 350 400 450 500 550 

As-sintered condition 

0.0001 36.0 23.3 17.4 12.3 8.8 8.3 
0.001 41.3 28.6 18.6 15.6 11.8 9.1 
0.01 54.0 35.0 22.4 22.4 16.7 12.7 
0.1 61.9 40.8 28.6 31.7 22.5 17.7 
As-extruded condition 

0.001 32.0 26.1 20.7 17.2 14.0 10.5 
0.01 43.9 34.1 26.1 22.0 18.4 13.5 
0.1 59.8 42.9 35.1 27.9 22.9 18.8 
1.0 82.5 61.5 47.8 37.5 31.0 23.0 

Power dissipation maps were constructed using the 
above data and the principles of dynamic materials 
modelling [3, 5, 6]. The map software adopted the 
following procedure: log (flow stress) versus log (strain 
rate) data at a constant temperature and strain were 
fitted using a cubic spline function, and m was calcu- 
lated as a function of the strain rate. This was repeated 
at different temperatures. The efficiency of power dissi- 
pation through microstructural changes [q = 
2m/(m + 1)] was then calculated fi'om a set of m-values 
as a function of the strain rate and temperature, and 
was plotted as a three-dimensional map. The 
three-dimensional variation is better viewed as an iso- 
efficiency contour map in the strain rate temperature 
plane. The power dissipation map for the M M C  in the 
as-sintered condition at a strain of 0.3 is shown in 
Fig. 4a in three dimensions and in Fig. 4b as a contour 
map where r I is plotted as a percentage. The maps 
obtained at other strains are essentially identical to 
that in Fig. 4. The map exhibits two different domains: 
first, a domain centred at 500 ~ and 0.01 s-x with a 
peak efficiency of about  30% and, secondly, a domain 
centred at about 300~ and 0.001 s-~ with a peak 
efficiency of about 21%. 

The mechanical properties of the M M C  in the as- 
extruded state are given in Table II. Typical true 
stress true plastic strain curves for the M M C  in the 
as-extruded state recorded at 450~ and different 
strain rates are shown in Fig. 5. The curves at other 
temperatures were similar to these and show slight 
flow softening at higher strain rates (1.0s -1) and 
nearly steady-state flow behaviour at lower strain 
rates. The values of cy as a function of T, ~ and ~ for the 
M M C  in the as-extruded condition are shown in 
Table I. Power dissipation maps were constructed 
using the above data, and the map at a strain of 0.3 is 
shown in Fig. 6a in three dimensions and in Fig. 6b as 
a contour map. The maps obtained at other strains 
were very similar to that at 0.3 strain. The map 
exhibits one major domain centred at 425~ and 
1 s -  1 with a peak efficiency of about 30%. There are 
other minor domains with lower efficiencies ( < 25%) 
occurring at about 300~ and 0.001 s -1 (rl = 25%), 
at 475 ~ and 0.001 s -1 (rl = 23%) and at 550 ~ and 
0.01 S -1  (]l = 24%). 

A comparison of this map (Fig. 6b) with that for the 
M M C  in the as-sintered condition (Fig. 4b) reveals the 
following differences. First, the domain of the map for 
the M M C  in the as-sintered condition occurring at 
500~ and 0.01 s-1 shifted to a lower temperature 
(425 ~ and higher strain rate (1 s-1) in the map for 
the M M C  in the extruded condition. Secondly, the 
domain of the map for the M M C  in the as-sintered 
condition occurring at 300 ~ and 0.001 s -  1 remained 
unchanged except for a slight increase in the peak 
efficiency value from 20 to 25%. Finally, two more 
minor domains with efficiencies < 25% appeared in 
the map for the M M C  in the extruded condition. 

4 .  D i s c u s s i o n  
4.1. I n te rp re ta t i on  of  p o w e r  d i s s i p a t i o n  maps  
The basis for the interpretation of the power dissipa- 
tion maps is the dynamic materials model [3, 5, 6] 
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TABLE II Tensile properties of AI-10 vol% SiC extruded 
composite 

Yield strength Ultimate tensile Young's modulus Elongation 
(MPa) strength (MPa) (GPa) (%) 

75 1 t4 96 20 

described above. The maps are interpreted o n  the 
basis of the atomistic approach of Raj [7]. The do- 
main occurring at 500~ and 0.01 s -1 in MMCs 
(Fig. 4b) in the as-sintered condition has a peak 
efficiency of about  30% and represents the process of 
DRX since this process occurs at intermediate strain 
rates and higher temperatures. The microstructure of 
the M M C  deformed at the peak of the domain (500 ~ 
and 0,01 s-1) is shown in Fig. 7. In comparison with 
the initial microstructure (Fig. 1) the DRX micro- 
structure exhibited considerable reconstitution in 
terms of grain size and shape. A closer examination of 
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Figure 4 Processing maps (a) in three dimensions and (b) in two 
dimensions for 1100 AI-10 vol % SiC (as-sintered) at a strain of 0.3. 
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Figure 5 Flow curves for 1100 AI-10 vol % SiC (as-extruded) at 
450 ~ and strain rates of (a) 1.0, (b) 0.1, (c) 0.01 and (d) 0.001. 

the microstructure obtained at the DRX peak (Fig. 8) 
has shown that smaller nuclei of DRX are present at 
the grain boundaries, which are themselves corrugated 
or wavy. These observations clearly confirm that the 
domain represents DRX of the matrix in the MMC. In 
the DRX structure shown in Fig. 7 a new equiaxed set 
of grains could be seen, and this suggests that a 
reconstitution of the original prior particle boundary 
structure had occurred. 

The domain occurring at 300 ~ and 0.001 s-1 in 
the map for the as-sintered M M C  was characterized 
by a lower efficiency (21%) and therefore represents 
dynamic recovery of the matrix. The microstructure of 
the specimen deformed under these conditions is 
shown in Fig. 9. The microstructure was characterized 
by a very fine grain size caused by static recrystalliz- 
ation occurring during cooling following dynamic 
recovery. The stress-strain curves at the lower temper- 
ature showed slight hardening typical of dynamic 
recovery. A similar domain occurring at 300~ and 
0.001 s-1 in the map for the as-extruded M M C  also 
represents the process of dynamic recovery. 
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Figure 6 Processing maps (a) in three dimensions and (b) in two 
dimensions for 1100 AI-10 vol % SiC (as-extruded) at a strain of 0.3. 

Figure 8 Microstructure of the MMC (as-sintered) deformed at 
500 ~ and 0.01 s ~ at a higher magnification than in Fig. 7. 

Figure 7 Microstructure of the MMC (as-sintered) deformed at 
500 ~C and 0.01 s-a. 

The domain occurring at 350 450 ~ and 1 s-1 in 
the MMC in the as-extruded condition (Fig. 6b) also 
represents the DRX domain. The DRX microstructure 
corresponding to the specimen deformed at these 
temperature and strain rates (450~ and 1 s -1) is 
shown in Fig. 10. This again shows a major reconstitu- 
tion of the microstructure of the as-extruded MMC to 
produce a completely recrystallized equiaxed grain 
structure. The measured variation in the recrystallized 

Figure 9 Microstructure of the MMC (as-sintered) deformed at 
300 ~C and 0.001 s-  ~. 

grain size with temperature in the DRX domain is 
shown in Fig. 11 and compared with the efficiency 
variations. The grain size variation with temperature 
was sigmoidal and similar to that generally observed 
in static recrystallization. Following the convention 
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Figure 10 Microstructure of the MMC (as-extruded) deformed at 
450~ and 1 s 2. 
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Figure 11 Grain size and efficiency variation as a function of 
temperature for the MMC (as-extruded) deformed at 1 s- 1. 

used for static recrystallization, the temperature cor- 
responding to a 50% change in the grain size repre- 
sents the DRX temperature, which also coincides with 
the temperature for the peak efficiency (425 ~ It is 
interesting to note that in the as-extruded M M C  the 
DRX domain shifted to lower temperatures and 
higher strain rates than that in the as-sintered MMC, 
whereas the peak efficiency of power dissipation re- 
mained unchanged. DRX involves migration of grain 
boundaries as a critical step [-9], and the distance of 
migration in the case of as-sintered materials is limited 
to the prior particle size in the matrix. Upon  extrusion, 
the prior particle undergoes dynamic recrystallization 
(Fig. 2) and hence the grain size within the particle is 
smaller. The distance of migration is therefore reduced 
and the boundary takes a shorter time to cover the 
distance, thereby increasing the strain rate for DRX. 
Furthermore, in extruded materials a fine dislocation 
substructure forms upon hot deformation, leading to 
subgrain formation (Fig. 12). As the driving force for 
the migration of boundaries during high-temperature 
deformation is the reduction of the total interface 
energy, the fine subgrain structure enhances the rate of 

Figure 12 Fine dislocation cell structure in the extruded MMC 
which leads to subgrain formation as revealed by TEM. 

migration, and therefore the strain rate for DRX is 
high. This large driving force is also responsible for the 
reduction in the DRX temperature in the as-extruded 
MMC. 

At high temperatures and high strain rates the 
M M C  in the extruded condition exhibited extensive 
cracking. A typical microstructure of the specimen 
deformed at 550~ and 1 s -1 is shown in Fig. 13. This 
regime of cracking should be strictly avoided in pro- 
cessing. The other minor domains at 475 ~ and 0.001 
s -  1 and at 550 ~ and 0.01 s -  1 in the map for the as- 
extruded M M C  are not fully developed, and hence 
cannot be interpreted with any certainty. 

4.2. Implications in the optimization 
of processing 

The as-sintered M M C  powder compacts have prior 
particle boundary defects which must be eliminated by 
hot-working in order to improve the workability. For 
this purpose processing in the dynamic recrystalliz- 
ation regime is preferred, since DRX reconstitutes the 
microstructure and redistributes the prior particle 
boundary defects. Thus, billet conditioning of the as- 
sintered compacts of the M M C  is best done at 500 ~ 

Figure 13 Microstructure of the MMC (as-extruded) deformed at 
550 ~ and 1 s 1 showing large cracks (arrows). 
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and 1 s-l ,  which are the optimum parameters for 
DRX. The extrusion was carried out successfully using 
these parameters and the extruded stock had good 
mechanical properties (Table II)i On the other hand, 
secondary metal-working operations involving further 
processing such as forging after extrusion may be done 
at higher strain rates (1 s-1) and lower temperatures 
(425 ~ as the DRX domain in the as-extruded MMC 
becomes shifted in that direction. 

5. Conclusions 
From the processing maps obtained for the hot-work- 
ing of 1100 A1 10 vol % SiCp MMC in the as-sintered 
as well as extruded conditions, the following conclu- 
sions were drawn regarding the flow behaviour of the 
MMC in the temperature range 300-550 ~ 

1. Dynamic recrystallization of the MMC in the as- 
sintered condition occurs at 500 ~ and 0.01 s- 1 strain 
rate, and has an efficiency of about 30%. The micro- 
structure in this domain exhibited a reconstitution of 
the prior microstructure. 

2. The DRX strain rate for the MMC in the ex- 
truded condition is higher (1 s- 1) than that for the as- 
sintered condition (0.0l s-1), whereas the DRX tem- 
perature is lower (425 ~ 

3. The results are explained in terms of the enhanced 
grain boundary migration in the MMC, caused by the 
fine subgrain structures which are produced as a result 
of the high rate of dislocation generation. 

4. At 300 ~ and a strain rate of 0.001 s-1 both the 
as-sintered and the extruded MMC exhibited a dy- 
namic recovery domain with a peak efficiency of 21%. 

5. The MMC exhibited cracking when deformed at 
550~ and 1 s l  strain rate, and these conditions 
should be avoided in the processing of the MMC. 

6. It is recommended that billet conditioning by 
extrusion of the MMC in the as-sintered condition be 
done at 500~ and 0.01 s -1, whereas secondary 

metal-working may be conducted at higher strain 
rates (1 s-1) and lower temperatures (425 ~ 
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