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Effect of deformation temperature and
strain rate on semi solid deformation behavior of
spray formed A} 70% Si alloys®
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Abstract: Spray-formed AF70% Si( mass fraction) alloys were deformed by compression in the semisolid state.

The effects of the deformation temperature, strain rate and the microstructure were studied. Two strain rates(1s™ '
and 0. 1 s™ ') and six deformation temperatures (600 C, 720 C, 780 C, 900 ‘C, 1000 C and 1100 ‘C) were cho-

sen. The stress —strain curve exhibits a peak at low strain and then decreases to a plateau before it starts to increase

again as the strain increases. The stress required for deformation at lower strain rate and at higher deformation tem-

peratures is less than those at higher strain rate and at lower deformation temperatures. Four mechanisms of semr

solid deformation can be used to explain the different behaviors of the stress —strain curves under different condi

tions.
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1 INTRODUCTION

The study on the semtrsolid deformation be-
havior of metals and alloys was first carried out by
Spencer and his co-workers at MIT in 1970s'".
Since then, semrtsolid processing (SSP) has been
studied and used as near-net-shape processing tech-
nology compared with conventional methods'™ .
The material in the semtsolid state was easy to de-
form; while it kept its shape and exhibited certain
strength. SSP can reduce the thermal shock im-
posed on the mould, increase mould life and reduce
the force applied during forming'* . During the
past three decades, most of the studies were con-
centrated on the stress —strain relationship during
the semrsolid deformation in order to describe a
deformation behavior of Al and Pb-Sn alloys in the
semtsolid state''',

With low thermal expansion coefficient, low
density and high thermal conductivity, AlSi alloys
were widely used in electronic packaging indus-
try!""" . Spray deposition (S/D) is an emerging
advanced material processing method and has ma-
tured to become a viable technology for the produc
tion of nearnet shape preforms. The process in-
volves the stage of gas atomization and droplet
deposition on a substrate. In the process the alloy

charge is melted in a crucible located on the top of

the spray chamber and atomized by pulsed high-
velocity gas such as nitrogen and argon. The drop-
lets are cooled by the gas and accelerated to a sub-
strate where a bulk-net or nearnet shape preform
is built up. It has been demonstrated that alloys
fabricated by spray-forming frequently exhibit an
equiaxed, non-dendritic grains, fine microstructure
and improved mechanical properties compared with
those of the conventional cast. For the equiaxed
microstructure that was observed in some spray-
formed materials, these materials will show some
thixotropic behaviors. For this reason the semr
solid process was chosen as the sequential forming
process.

In this work compression tests on spray-
formed AF70% Si( mass fraction) alloys were car
ried out to study the deformation behavior in the
semrsolid state. The typical stress —strain curve
and the effect of deformation temperature and
strain rate on the AF70% Si alloys were also
studied.

2 EXPERIMENTAL

AF70% Si preform was prepared by spray dep-
osition and the cylindrical specimens were cut from
the preform with a size of 10 mm in diameter and
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15 mm in height.

The compression test was carried out on a
Gleeble-1500 dynamic material testing machine.
The samples were placed between two graphite
plates, through the center of which two thermo-
couples were inserted to contact the samples to
control and monitor the temperature.

The heating rate was 10 C/s. After an iso-
thermal holding at a predetermined temperature for
3 min, the samples were compressed with a height
reduction of 50% (true strain 0. 69) at different
strain rates and temperatures (see Table 1) corre
sponding to the preselected volume fraction of
solid in the range of 0.3 ~0. 65 as shown in Fig. 1,
determined by Scherrer equation ( nonrequilibrium
lever rule) in SrAl binary phase diagram. The
samples were quenched immediately after the de
formation to preserve the deformed microstruc
tures.

Table 1 Experimental parameters used

Sample No. Deformation temperature/ C Strain rate/s '
1 600 1
2 720 1
3 780 1
4 900 1
) 1 000 1
6 1100 1
7 900 0.1
8 1 000 0.1
9 1100 0.1
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Fig. 1 Solid fraction as function of
temperature in AF70% Si alloy

To avoid the liquid phase segregation and con-
trol the growth of the primary silicon size, the de-
formation temperature was chosen between 600 C

and 1 100 C in the liquid-solid two-phase region.
Under a high strain rate the specimens tend to
damage seriously after the deformation, while un-
der a low strain rate the deformation time may be
long enough to cause a serious liquid segregation.
Thus two strain rates(1s™ ', 0.1s ') were chosen
to study the effects of the strain rates.

SEM and imaging analysis were used to study
and analyze the microstructure, the size of the pri-
mary phase, the morphology and the distribution
of primary phase.

3 RESULTS AND DISCUSSION

The true stress G(along ram movement direc
tion) is defined as the load F divided by an approx-
imation of the instantaneous area which is calculat-
ed on the basis of overall volume conservation:

_ AF |, Ah
%= D3 L ho (1)
where Do and ho are the initial diameter and initial

height of the specimen; Ah is the displacement of
the specimen.
T he true strain is calculated by

ﬁf‘l (2)

Figs.2(a) and (b) show the microstructures

= 1n| 1-

of the spray deposited material. A non-dendritic
structure with a very fine primary Si phase and a
(Al) with the AFSi eutectic phase in the intersti-
tial spaces is seen. The average size of the primary
silicon phase is 20 Hm. Fig. 2 also shows that the
microstructures of the cross section of the speci-
mens before (Fig. 2(¢) and (d)) and after ((e) and
(f)) semrsolid deformation at 720 'C have the sim-
ilar particle morphology to that of the spray depos-
ited state consisting of fine nondendritic struc
ture. It is observed that the silicon is embedded in-
to the aluminum matrix during isothermal holding
to form a mesh structure. An increase in the pri-
mary silicon size is observed due to isothermal
holding at 720 C for 3 min. The average size of the
silicon is approximately 33 Hm before the deforma-
tion and 30 Pm after the deformation.

Typical stress —strain curves obtained from
the test at different temperatures corresponding to
different solid contents are shown in Fig. 3. The
typical stress —strain curve can be divided into
three stages. The stress increases in the initial
stage to a peak and then decreases to a plateau be
fore it starts to increase again with increasing
strain. Chen and Tsao' " proposed four main phys-
ical mechanisms of the semrsolid deformation,
i. e. rearrangement of the solid particles; flow of
the liquid phase; the sliding among solid particles;
and the plastic deformation of the solid particles.
The force required to operate the former two mech-
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Fig. 2 Microstructures of spray deposited AF70% Si ((a) and (b)),
before ((¢) and (d)) and after ((e) and (f)) semrsolid deformation at 720 C

anisms is less than that used for the other two
mechanisms. The former two mechanisms are
dominant when the solid particles are surrounded
by the liquid phase; while the other two mecha-
nisms are dominant when the solid particles are
interconnected. The flow of the liquid phase can
enhance the rearrangement of the solid particles.
At the initial stage of the deformation, the
solid particles are partially interconnected and the
liquid phase fills the interstitial spaces. Both the
mechanisms of flow of liquid and the rearrange-
ment of solid particles control the deformation for
the reason that the force to operate these two
mechanisms is less than that of the other two
mechanisms. Since the rearrangement of solid par-

ticles depends on time, the flow of liquid will be
the only mechanism that plays important roles in
this stage. During this stage a liquid segregation is
produced by the flow of liquid, and some of the liq-
uid phase is pushed to the edge of the specimen,
while the solid phase is concentrated on the center
of the specimen. As the deformation continues,
the rearrangement of solid particles starts to set in
since the required deformation force is reached.
After the stress reaches the peak value, the de
formation enters into the second stage. Because
most of the solid phase is concentrated on the cen-
ter while the liquid phase is pushed to the edge of
the specimen, the sliding among solid particles and
the plastic deformation of solid particles become
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the other specimens and the stress decreases with
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Fig. 3 Stress versus strain curves of
semrsolid deformation of spray-formed materials
at different temperatures with

" -1
strain rate of 1 s

the main deformation mechanisms. In this stage
the specimen exhibits an apparent damage due to
the local deformation. After the stress decreases to
a plateau value, the deformation enters into the
third stage, in which the stress becomes insensitive
to the increasing strain. In this stage the silicon
particles contact with each other again. The slide
of the particles and the flow of liquid phase may be
difficult. The silicon particles form a solid skele
ton, which results in the slight variation of the
stress.

The stress —strain behavior of all the materr
als at different temperatures shows similar trends.
The stress exhibits a maximum value ( peak) at a
relatively low strain, in the strain range of 0 ~
0.035. Then the peak stress decreases to a plat-
eau. The stress at the plateau does not vary obvi-
ously with the strain. Fig. 4 shows the variation of
the peak stress as a function of the deformation
temperature. The effects of the deformation tem-
perature are equivalent to those of the volume frac
tion of solid since the deformation temperature is a
function of the solid fraction. For all the experi-
ments the specimen at 600 C shows the highest
peak and plateau stresses. Then the stress decrea-
ses with increasing temperature due to the larger
volume fraction of liquid and a better plasticity of
the solid particles at higher deformation tempera-
ture.

Fig. 5 shows the stress —strain curves ob-
tained from the test at a lower strain rate (0. 1
s°'). The stress —strain behavior at the lower
strain rate under different temperatures shows sim-
ilar trends as discussed above. Fig. 6 shows the
variation of the peak stress as a function of the de-
formation temperature. For all the experiments the
specimen at 900 C has the highest peak stress than
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Fig. 4 Peak stress as function of
deformation temperature
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Fig. 5 Stress versus strain curves of
emrsolid deformation of spray-formed specimens
under different temperatures with
strain rate of 0.1s™ '
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Fig. 6 Peak stress as function of
deformation temperature at different strain rates
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The lateral flow rate of the liquid phase (v:)
can be expressed as a function of the volume frac
tion of solid ( %) and the strain rate (§''":

— R (3)
2H(1- %)
R and H are the radius and the height of
the cylindrical specimen. As the deformation tem-
perature increases corresponding to the increasing

Ur =

where

volume fraction of liquid, liquid phase is increased
and there is much space for the liquid phase to
flow, which leads to a lower deformation force. On
the other hand, as the deformation temperature de-
creases, the solid particles contact with each other
to form a skeleton, thus the required deformation
stress will be increased. As the strain rate increa-
ses, the required liquid flow rate to achieve the de-
formation increases, which may result in a higher
deformation force.

4 CONCLUSIONS

1) For the spray-formed AF70% Si alloys, the
deformation stress increases in the initial stage to a
local maximum, then decreases to a plateau before
it starts to increase again with increasing strain.

2) The typical stress —strain curve of the
spray-formed AlF70% Si is divided into three stages
and four mechanisms can be applied to explain the
different behaviors of the stress —strain curves of
spray-formed materials under various conditions in
the semrsolid state.

3) The required deformation stress increases
with increasing strain rate, while decreases with
increasing deformation temperature.
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