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Semi-solid deformation of AI/graphite (Gr) composites was studied. The effects of 
deformation temperatures and deformation rates on the macrostructures, morphologies, 
the deformation force, and the formability of the composites were studied. For AI-10 wt % Gr 
composites, the semi-solid deformation stress increases as strain increases at lower strain 
rate. At higher strain rate, the stress first increases to a local maximum, then decreases 
before it starts to increase again as strain increases. For AI-30 wt % Gr composites, the stress 
decreases as strain increases. For both the AI-10 wt% Gr composites and AI-30 wt% Gr 
composites, the higher the deformation strain rate is, the more severe is the degree of 
cracking. The higher the deformation strain rate, the larger is the deformation stress, not 
counting the effects of fracturing. The deformation stresses required to semi-solid-deform 
AI -30wt% Gr composites are larger than those for AI-10 wt% Gr composites, which is 
contrary to the normal solid-state deformation behaviours of AI-Gr composites. Composites 
deformed at 620~ tend to require a higher deformation stress than at 630~ for the same 
deformation strain, due to smaller liquid fraction and lower ductility at 620 ~ The effects of 
deformation temperatures on the ductility of the compacts are not significant at lower 
deformation strain rate. However, at the highest deformation strain rate, the ductility is 
better for higher deformation temperature. 

1. Introduction 
The study on the behaviour of metals in the semi-solid 
state was pioneered by Spencer at MIT in 1971 [13. 
He applied a shear strain on solidifying Sn 15%-Pb 
alloy, and discovered a remarkable reduction in shear 
stress compared with those that were not sheared 
during solidification. The grain structure of the 
sheared alloy was non-dendritic, as opposed to the 
dendritic structure ,of not-sheared alloy. Since this 
early work, semi-solid processing (SSP), including 
semi-solid synthesizing (SSS) and semi-solid forming 
(SSF), has become a widely studied and accepted 
process. Semi-solid forming is a process combining 
elements of both casting and forging and is an 
effective net-shape forming process [--2-43 . Compared 
with conventional cast materials, SSP materials 
have less segregation and finer grain size. Practically, 
SSP can increase part-forming rate, reduce the ther- 
mal shock imposed on the mould, increase mould life 
and reduce the force applied during forming, etc. 
[,1 161. 

Metal matrix composites (MMCs) possess many 
advantages over monolithic materials, e.g. higher spe- 
cific strength, good wear resistance, higher thermal 
conductivity than ceramic materials, lower coefficient 
of thermal expansion, etc., and have been used in the 
aircraft, space, defence and automotive industries 
[-17-20]. One of the most common processes for 
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manufacturing MMCs is the powder metallurgy pro- 
cess (P/M) [-21]. However, a complete P /M process 
may be elaborate and more costly. 

The objectives of this study were to combine the 
P /M and the SSF processes into an integrated net- 
shape forming process. 6061 A1 powder and graphite 
powder were mixed and cold-pressed into compacts, 
which were then heated to the desired temperatures in 
the semi-solid regime and deformed. In the experi- 
ment, the effects of the Gr wt % and the temperatures 
and deformation strain rates of the deformation on the 
macrostructures, morphologies, and the deformation 
behaviours of the composites we're studied. 

2. Experimental methods 
Mixtures of 6061 A1 powder (average powder size: 
30 mm) and Gr powder (average powder size: 30 mm) 
of two weight ratios, 10 wt % and 30 wt % of Gr, were 
mixed in a V-shape mixer for 12 h at 100 r.p.m. The 
mixtures were then cold-pressed using a 50.8 t hydrau- 
lic press into cylindrical compacts of A1/Gr MMC 
preforms. The dimensions of the compacts were 
12 mm in diameter x 12 mm in length. The compacts 
were then semi-solid-deformed directly. 

Semi-solid forming was performed with a 10.16 t 
Instron machine, model 1125. The compacts were 
placed between graphite plates, through which 
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TAB LE I Process parameters of semi-solid deformation 

Sample Composite Deformation Initial strain 
No. compositions temperatm-e (~ rate (s- ~) 

4.5 

5 AI-I 0 wt % Gr 620 0.00083 
7 A1 10wt% Gr 620 0.0083 
6 AI 10 wt % Gr 620 0.083 
4 A1 10wt% Gr 630 0.00083 
2 AI-10 wt % Gr 630 0.0083 

13 AI 10wt% Gr 630 0.083 
22 AI-30 wt % Gr 620 0.00083 
28 A1 30 wt % Gr 620 0.0083 
21 AI 30 wt % Gr 620 0.083 
34 AI 30 wt % Gr 630 0.00083 
32 A1 30 wt % Gr 630 0.0083 
38 Al-30 wt % Gr 630 0.083 
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thermocouples were inserted to contact the compacts 
directly from the top and the bottom. A three-zone 
temperature-controlled furnace was used to control 
the temperature of the compacts with the feedbacks 
from the thermocouples. The differences in temper- 
atures between top and bot tom of the compacts were 
controlled to be within _+ 2.5 ~ 

Two semi-solid deformation temperatures were 
chosen to study the effects of the deformation temper- 
atures, which were 620 and 630~ both were in the 
liquid-plus-solid two-phase regime of 6061 A1. The 
compacts were heated to the set temperature for semi- 
solid deformation, then held for l0 min to equalize the 
temperatures within the compacts before the onset of 
semi-solid deformation. Three deformation speeds, 
0.6, 6 and 60 mm min -  1, corresponding to initial de- 
formation strain rates of 8.3 x 10 -4, 8.3 x 10 .3 and 
8.3 • 10 .2  s -1, respectively, were used to study the 
effects of the deformation rates. Table I lists the ex- 
perimental parameters used for the composite sam- 
ples. The compacts were deformed from 12 to 6 mm 
high, corresponding to a true deformation strain of 
-0 .69 .  The compacts were quenched immedi- 

ately after the deformation was finished to preserve 
the as-deformed macrostructures of the compacts. 
The force versus displacement relationships were 
recorded. 

3. R e s u l t s  a n d  d i s c u s s i o n  
Figs 1 and 2 show the effects of deformation strain 
rates on the deformation stress versus strain relation- 
ships of the semi-solid deformation for various Gr  
wt % and deformation temperatures. The behaviours 
orAl 10 wt % Gr  composites at different deformation 
temperatures are consistent, as shown in Fig. 1. At the 
highest deformation strain rate, 8.3 x 10 .2 s -~, the 
deformation stress first increases to a local maximum, 
then decreases before it starts to increase again as 
deformation strain increases for both 620 and 630 ~ 
deformation temperatures. This can be explained by 
observing the morphologies of the composites, as 
shown in Figs 3 and 4 for AI-10 wt % Gr  composites 
deformed at 620 and 630~ respectively. The mor-  
phologies of the composites can be distinguished by 
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(b) True strain 

Figure 1 Variations of deformation stress with deformation strain 
forAl 10 wt % Gr composites at various deformation strain rates at 
deformation temperature of (a) 620 ~ (b) 630 ~ - -  0.00083 s -  1. 
- -  0.0083 s - l ;  - -  0.083 s -1. 

two portions, a central round disc, and an outer ring 
where ductility was exhausted and fracturing 
appeared, which is a common appearance to all com- 
pressed materials. The small holes shown at the centre 
of each compact  are the indentation marks from the 
thermocouples, from which some liquid phase was 
shown to be squeezed out. It is shown that as the 
deformation strain rate increases, the fracture in the 
outer ring becomes more severe. It is because that the 
time for the composites to flow plastically was less at 
higher deformation strain rate, so the composites did 
not have enough time to flow plastically, resulting in 
limited ductility. At the highest deformation strain 
rate, the outer ring started to fracture into pieces, 
which resulted in a decrease of the deformation stress 
in the initial deformation stage. However, the central 
round disc shows no fracture at all, which kept the 
deformation stress at a constant level in the later 
deformation stage. At lower deformation strain rates, 
8 . 3 •  -1 and 8 .3x10 4s-1,  the deformation 
stress increases as deformation strain increases all the 
time, since the fracture was not severe enough that at 
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Figure 2 Variations of deformation stress with deformation strain 
for Al-30 wt % Gr composites at various deformation strain rates at 
deformation temperature of (a) 620 ~ (b) 530~ See Fig. 1 for 

key. 

the highest deformation strain rate to cause the defor- 
mation stress to decrease. It is shown that the greater 
the deformation strain rate, the larger the deformation 
stress is required, not counting the effects of the severe 
fracture occurring at the highest deformation strain 
rate. 

As for the A1-30 wt % Gr composites, the deforma- 
tion stress versus strain behaviours, as shown in Fig. 2, 
are completely different from those of AI-10 wt % Gr 
composites. The deformation stress decreases as defor- 
mation strain increases continuously, which can also 
be explained by observing the morphologies of the 
composites shown in Fig. 5 for Al-30 wt % Gr com- 
posites deformed at 620~ All the AI-30 wt % Gr 
composites fracture severely, which show not only 
a fractured outer ring, but fractured central discs, 
except the composite deformed at the lowest deforma- 
tion strain rate, in which the central disc shows no 
severe fracturing. As a result, the deformation stress 
decreases all the time as deformation strain increases, 
for all the A1-30 wt % Gr composites. The double 
maximum deformation stresses shown for both the 

Figure 3 Morphologies of A l - I0  wt % Gr composites after semi- 
solid deformation at 620~ at a strain rate of (a) 8.3 x 10-* s-~; 
(b) 8.3 x 10 -a s 1, and (c) 8.3 x 10 -2 s -  5, (top view). 
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Figure 5 Morphologies of A1 30 wt % Gr composites after semi- 
solid deformation at 620~ at a strain rate of (a) 8.3 x 10 ~s- l ;  
(b) 8.3 • ]0 .3 S- 1, and (c) 8.3 x 10 -2 s- i, (top view). 

Figure 4 Morphologies of A1 10 wt % Gr composites after semi- 
solid deformation at 630~ at strain rate of (a) 8.3 x 10 4 s- l ;  
(b) 8.3 x 10- 3 s- 1, and (c) 8.3 x 10- 2 s- 1, (top view). 

c o m p o s i t e s  d e f o r m e d  at the  h ighes t  s t ra in  rate,  

8.3 x 1 0 - 2 s  -1,  were  p r o b a b l y  the  resul t  of  c o m p l i c -  

a t ed  c r a c k i n g  even ts  o c c u r r i n g  d u r i n g  the  d e f o r m a -  

t ion.  I t  is a lso s h o w n  tha t  the  h ighe r  the  d e f o r m a t i o n  

s t ra in  rate,  the  l a rger  the  d e f o r m a t i o n  stress is re- 

qu i r ed  n o t  c o u n t i n g  the  effects of  f rac tur ing .  
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The effects of Gr wt % on the deformation stress 
versus strain relationships of the semi-solid deforma- 
tion are shown by comparing Fig. 1 with Fig. 2. In 
normal deformation in the fully solid state, the defor- 
mation stress required to deform AI -Gr  composites 
decreases as graphite content increases, since alumi- 
nium is stronger than graphite, the addition of which 
resulted in the decrease of overall composite strength. 
However, in the present study, the initial deformation 
stresses required to semi-solid-deform Al-30 wt % Gr 
composites are larger than those required for 
Al-10wt % Gr composites for all the deformation 
strain rates and temperatures studied. This is because 
since the graphite was in solid form at the semi-solid 
deformation temperatures applied in the present 
study, the larger the graphite content, the smaller was 
the liquid fraction presenting in the composites, at 
a specific semi-solid deformation temperature. Conse- 
quently, the overall strength of the A1-30 wt % Gr 
composites, due to their lower solid fraction, were 
higher than that of the AI-10 wt % Gr composites, 
which means that the deformation stress required to 
deform A1 30 wt % Gr composites was larger than 
that required to deform A1 10 wt % Gr composites. 
As for the deformation stress at larger deformation 
strain, the comparison would be meaningless since 
A1-30wt % Gr composites started to fracture at 
greater deformation strain. 

The effects of deformation temperatures on the de- 
formation stress versus strain relationships of the 
semi-solid deformation are shown in Figs 1 and 2, 
separately. There are no significant differences in de- 
formation stresses between the composites deformed 
at 620 and 630 ~ for all the deformation strain rates 
and Gr wt % studied. However, composites deformed 
at 620 ~ tend to require higher deformation stresses 
than those deformed at 630 ~ for the same deforma- 
tion strain, which was due to smaller liquid fraction 
and lower ductility at 620 than at 630 ~ The effects of 
deformation temperatures on the morphologies of the 
compacts are not significant at lower deformation 
strain rates (i.e. 8 .3x10 -4 and 8 . 3 x 1 0 - 3 s  -1) as 
shown by comparing Fig. 3 with Fig. 4 for 620 and 
630 ~ respectively. However, at the highest deforma- 
tion strain rate (i.e. 8.3 x 10 2 s-  1) the AI-10 wt % Gr 
composites show severe outer ring fracturing into 
pieces at 620 ~ while they show less fracturing at 
630~ this indicates that the ductility is better at 
higher deformation temperature. 

4. Conclusions 
1. For A1 10 wt % Gr composites, the semi-solid de- 
formation stress increases as strain increases at lower 
strain rate. At higher strain rate, the stress first in- 
creases to a local maximum, then decreases before it 
starts to increase again as strain increases. For  
Al-30 wt % Gr composites, the stress decreases as 
strain increases. 
2. For  both the A l - 1 0 w t %  Gr composites and 
A1-30 wt % Gr composites, the higher the defor- 
mation strain rale,~the more severe is the degree of 
cracking. 

3. The higher the deformation strain rate, the larger is 
the deformation stress, not counting the effects of 
fracturing. 
4. The deformation stresses required to semi-solid- 
deform A1-30 wt % Gr composites are larger than 
those for A1 10 wt % Gr composites, which is con- 
trary to the normal solid-state deformation behav- 
iours of A1-Gr composites. 
5. Composites deformed at 620~ tend to require 
a higher deformation stress than at 630~ for the 
same deformation strain, due to smaller liquid fraction 
and lower ductility at 620 ~ 
6. The effects of deformation temperatures on the 
ductility of the compacts are not significant at lower 
deformation strain rate. However, at the highest defor- 
mation strain rate, the ductility is better for higher 
deformation temperature. 
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