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of the preform (p,) were measured. Archimedes principle
was used to find the actual densities of the preforms after
each step of deformation. The measured values were used
to calculate the true axial stresses (), true hoop stress
(o,), true hydrostatic stress (o, ), true effective stress (G ),
formability stress index () and true axial strain (g,). These
workability parameters under tri-axial stress state conditions
are calculated by using following expressions® %,

The true hoop strain (g;) can be determined by the
following expression,

2D5+De
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D, initial dia ; D, bulge dia ; Dc, average surface contact dia
The true hydrostatic stress (o, ) is given by,
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The true hoop stress (c,) can be expressed by,
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Where a is Poisson’s ratio
The true effective stress (o) is calculated by,
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Where R is Relative Density of the preforms
The formability index (B) is given by,

B=[3ﬂ 5)
Geff

Hardness tests have been conducted for sintered and
cold forged pure Al, Al+2.5%TiO,, Al+2.5%TiO,+2%Gr
and Al+2.5%TiO,+4%Gr powder metallurgy preforms in
Rockwell hardness testing machine, with a load of 100 kg
using 1/16 inch ball indenter. The mean values of at least

five measurements conducted on different areas of each
preforms was considered.

3. Results and Discussions

3.1. SEM analysis of sintered powder metallurgy
preforms

Figure 5(a-d) illustrates the SEM image of pure
Al, Al+2.5%TiO,, Al+2.5%TiO,+2%Gr and
Al+2.5%Ti0,+4%Gr powder metallurgy sintered preforms.
As can be seen, fine grain boundaries are formed in all
composite preforms during sintering and pores also
observed. From Figure 5(b-d), it can be observed that, the
TiO, particles are embedded within the Al matrix. The
graphite particles also distributed evenly in the Al matrix
as well as around the TiO, particles as shown in Figure 5(c
& d). Both the TiO, and Graphite reinforcements are acted

Figure 5. SEM images of sintered (a) Pure Al (b) Al+2.5%TiO, (c) Al+2.5%TiO,+2%Gr (d) Al+2.5%TiO,+2%Gr P/M preforms.
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as a pore closing agent and contributed to the decrease in
porosity. It is very important that all particles should be
homogeneously distributed in the mixture in order to obtain
a good microstructure®. Here the selection of ball milling
parameters such as milling speed, milling time and ball to
powder ratio are contributed to produce the compacts with
uniform distribution of reinforcements.

3.2. XRD analysis

The XRD pattern of Al+2.5%TiO,+2%Gr milled
composite powders is presented in Figure 6. The XRD
results confirmed the presence of TiO, and graphite
particles in Aluminium matrix (JCPDS No. 80-1501).
Figure 7 shows the XRD patterns of Pure Al, Al+2.5%TiO,,
Al+2.5%Ti0,+2%Gr and Al+2.5%TiO,+4%Gr powder
metallurgy preforms sintered at 590 °C. The peaks of Al,
TiO, (87-0920) and Gr (75-2078) were observed for the pure
Al, Al+2.5%TiO, composite and hybrid composite preforms.
The Al peaks in (111), (200), (220) & (311) plane, TiO,
peaks in (101) & (200) plane and graphite peaks in (111) &
(222) plane were observed. From the XRD pattern it is also
observed that the peak broadening of Al increases with the
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Figure 6. XRD pattern of milled Al+2.5%TiO,+2%Gr composite
powders.
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Figure 7. XRD patterns of sintered P/M preforms.
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addition of TiO, and Gr reinforcements. Also the increased
peak broadening was observed for sintered preforms. The
reason could be, during sintering the Al matrix becomes
solid solution structure. Also it has been observed from the
XRD patterns, no intermetallic compounds were formed in
as-milled and as-sintered conditions.

3.3. Stress analysis on powder metallurgy
preforms

The true axial stress (G,) versus true axial strain (g )
curve of pure Al, Al+2.5%TiO,, Al+2.5%TiO,+2%Gr and
Al+2.5%Ti0,+4%Gr powder metallurgy compacts are
presented in Figure 8. The true axial stress (c,) increases
for any given true axial strain (g,) while increasing the
reinforcement contents (TiO, & Gr) in the compacts. The
addition of 2.5 weight percentage of TiO, in the pure Al
matrix shows the increase in true axial stress (o), also the
addition of 2% and 4% of Graphite to the Al+2.5%TiO,
composite further increases the axial applied load for the
same level of true axial strain (g,). The increase in true
axial stress (o) is because of addition of both TiO, and
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graphite reinforcements in Al matrix and it also contributes
to the decrease in porosity. Narayanasamy et al. studied the
workability behavior of Al-SiC composites and reported
that, the SiC particulates obstruct the motion of dislocations
and hence the stress required for further plastic deformation
increases and the same author reported that fine graphite
particles are contributed for the pore closing in powder
metallurgy steel preforms®-*. In the present study both
TiO, and graphite reinforcement contributed for the pore
closing and it increases the true axial stress (c,). The same
behavior also observed for the graph drawn between the
other stresses like true hoop stress (c,) and true hydrostatic
stress (o, ) with true axial strain (g,) as shown in Figure 9
& 10. Addition of 2.5 weight percentage of TiO, to the Al
matrix and addition of 2 & 4 weight percentage of graphite to
the Al+2.5%TiO, composite increases true hoop stress (o)
and true hydrostatic stress (o) under tri-axial stress state
conditions. Also higher true axial strain (better deformation)
was observed for the pure Aluminium preforms with the
lower applied stress, however for Al+2.5%TiO, composite
and Al+2.5%TiO,+2%Gr & Al+2.5%TiO,+4%Gr hybrid
composite preforms shows lower true axial strain (g,) with
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the higher applied stress because of obstacles created by the
reinforcements for dislocation during plastic deformation.

3.4. Workability behavior of P/M Al-TiO2
composite preform

Figure 11 illustrates the graph between the
formability stress index () and true axial strain (g)) for
the pure Al, Al+2.5%TiO,, Al+2.5%TiO,+2%Gr and
Al+2.5%TiO,+4%Gr powder metallurgy preforms. It has
been observed from the graph that, the formability stress
index (B) increases with increase in true axial strain (¢ ) for
all the preforms tested. Further the addition of 2.5 weight
percentage of TiO, to the Al matrix and 2 & 4 weight
percentage of graphite to the Al+2.5%TiO, composite
increases the formability stress index (f3). The reason for the
increase in formability stress index (P) is due to the increase
in relative density and true hydrostatic stress (o, ) during
cold upsetting of sintered composite preforms. These results
are well agreed with findings of 4%TiC-Steel composites
tested under tri-axial stress state condition®.

Figure 12-14 shows the graph between the stress ratio
parameters [(c /), (o, /0 ) & (5, /G ;)] and the true axial

2.5

] | Cold Upset
AR:0.5

z  eff

O Pure Al
] O Al+2.5% TiO,

A Al+2.5% TiO,+2% Gr
& Al+2.5% TiO,+4% Gr

Stress ratio parameter (c /s )

0.0 — — 7
0.0 0.1 02 0.3 0.4 05 0.6 07 0.8
True axial strain (z,)

Figure 12. Stress ratio parameter ( /G,) versus True axial strain (¢ ).
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Figure 15. Hardness of as-sintered and as-cold forged Aluminium
P/M preforms.

strain (g ) for all the preforms and it has been observed that
the stress ratio parameter also increases with increase in
true axial strain (¢ ). The increase in weight percentage of
reinforcements also increases the stress ratio parameters.
The reason for the increase in all the stress ratio parameters
could be the amount of porosity. The presence of pores in
pure Aluminium preform was bigger and more than the
composite preforms. The decrease in porosity of composite
preforms increases the stress ratio parameters [(c /o),
(0,/0,,) & (0 /0,;)]. The similar kind of trend was observed
for all the three stress ratio parameters drawn against true
axial strain (g,).
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