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Hot deformation behavior of spray formed Al-22Si—5Fe—3Cu—1Mg alloy

JIA Yan-dong, CAO Fu-yang, NING Zhi-liang, SUN Xiao-bing, SUN Jian-fei

School of Materials Science and Engineering, Harbin Institute of Technology, Harbin 150001, China
Received 10 May 2011; accepted 25 July 2011

Abstract: The hot deformation behavior of a spray formed Al-22Si—5Fe—3Cu—1Mg alloy was investigated by isothermal

compression tests at temperature ranging from 350 °C to 500 °C and strain rate from 0.001 s ' to 0.1 s~

'. At the beginning of

deformation, work hardening is the major factor. The flow stress quickly reaches a peak, followed by a continuous reduction, then a
balance is established between the tendency to work harden and the tendency to flow soften. The stress curves appear almost in flat
shape. A constitutive equation in the hyperbolic sine function for describing the deformation behavior was established and the hot
deformation activation energy was determined to be 312.65 kJ/mol. It can be concluded that the temperature of extrusion should not

be more than 500 °C in order to avoid primary silicon coarsen.
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1 Introduction

Hypereutectic Al-Si alloys with low density, high
specific strength, low coefficient of thermal expansion,
excellent wear resistance and corrosion resistance, have
been widely applied in automobile industry, electronics
and aerospace [1—4]. Unfortunately, conventional cast
techniques in hypereutectic Al-Si alloys lead to a
coarse-grain microstructure with extensive macro-
segregation caused by the low cooling rate. The second
phase often consists of plates of intermetallics, which is
the main reason responsible for the poor properties of
hypereutectic Al—Si alloys, and greatly limits the
applications of these materials [5—6].

Spray forming (SF) offers a relatively new approach
to resolve such problems mentioned above. This
technique has the advantages of reducing grain size and
eliminating macrosegregation, due to a high cooling rate
[7-8]. Spray-formed hypereutectic Al-Si alloys are
already widely investigated during the past decades.
These researches mainly focused on processing
technology, addition of alloy elements and relationship
between microstructure and mechanical properties
[9-11]. However, little attention has been devoted to
study the deformation behavior of spray formed
hypereutectic Al-Si alloy. The hot deformation behavior
of spray-formed Al-22Si—5Fe—3Cu—1Mg alloy was

investigated in this work in order to examine its
deformability by means of hot compression test.
Furthermore, the constitutive equation of strain rate as a
function of flow stress and temperature was established
based on the flow curves obtained from the compression
tests. The influence of compression temperature on
microstructure was also investigated in order to establish
the optimized condition for extrusion process.

2 Experimental

The experiments were carried out on a hypereutectic
Al-Si alloy with nominal chemical compositions of 22
Si, 5 Fe, 3 Cu, 1 Mg and Al balance (mass fraction, %).
The alloy was prepared by spray forming technique.
Cylindrical compression specimens with 8 mm in
diameter and 12 mm in height were manufactured from
the deposited billet with the compression axis parallel to
the deposition direction.

Hot compression tests were performed on a
Gleeble—1500 thermo-simulation machine at strain rates
of 0.001, 0.005, 0.01 and 0.1 s " as well as deformation
temperatures were 350, 400, 450 and 500 °C, respectively.
The specimens were heated to the corresponding
temperature at a heating rate of 10 °C/s, followed by a
holding period of 300 s to maintain temperature
uniformity. A thermocouple was used to monitor the
temperature at the middle of the specimen. In order to
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minimize the friction between specimen and punch,
graphite powder mixed with machine oil was used as a
lubricant. Specimens were deformed to 55% of the
original height then water quenched immediately for
microstructure observation. The microstructure of the
compressed specimens was characterized by scanning
electron microscopy (SEM).

3 Results and discussion

3.1 True stress—true strain curves

Figure 1 shows a series of typical true stress—strain
curves of spray formed Al-22Si—SFe—3Cu—1Mg alloy
during hot compression tests. It can be seen that the flow
stress abruptly increases with increasing true strain
during the early stage of the deformation. After reaching
the peak flow stress, the stress slightly decreases with
increasing true strain. It should be pointed out that there
is a slight increase at 500 °C as strain rates are 0.1 s '
and 0.01s .

As shown in Fig. 1, the deformation behavior of
Al-22Si—-5Fe—3Cu—1Mg alloy at a given strain rate is
very sensitive to temperature. The steady flow stress
decreases with increasing temperature at a given strain
rate. Work hardening and flow softening are two
competing mechanisms that are concurrent in the
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Al-22Si-5Fe—3Cu—1Mg alloy. The stress—strain curves
can be divided into two apparent parts. At the beginning,
the motion of the dislocations is blocked due to the
existence of many defects in the alloy. Hardening rate is
greater than the rate of softening [12], therefore, work
hardening is the major factor. The stress increases rapidly
to the maximum flow stress. In the following part, a
balance is established between the tendency to work
harden and the tendency to flow soften, as can be seen
that the curves are almost in flat shape. The flow
softening is possibly caused by dynamic recovery,
recrystallization and particle damage [7].

It is known that dynamic recrystallization in
aluminum alloys does not occur easily during hot
compression due to their high stacking-fault energy, and
dynamic recovery is the mainly softening mechanism
[13]. However, ceramic reinforcements in aluminum
alloys can promote dynamic recrystallization due to its
high dislocation density around the edges of the hard
particles during hot deformation. In the spray formed
Al-22Si-5Fe-3Cu—1Mg alloy, the primary silicon
phases act as reinforcement in the a(Al) matrix [14].
Therefore, it is supposed that dynamic recrystallization
has occurred in the hot compression process. From Fig. 1,
it can be seen that the flow stress value decreases with
the increase of temperature at the same strain rate. This is
considered to be related to the enhancement of atomic
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Fig. 1 True stress—strain curves of AlI-22Si—5Fe—3Cu—1Mg alloy: (a) 0.1 s™'; (b) 0.01 s '; (c) 0.005 s'; (d) 0.001 s~
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thermal activation and dynamic recrystallization as well
as decrease in interatomic critical shear stress.

3.2 Constitutive modeling

In hot deformation of metallic materials,
constitutive equations are commonly used to determine
the material constants. The relationships between peak
stress or steady state stress, strain rate and temperature
are usually described by the following equations [12,
15-18]:

Z=é~eXp(%) (1)
é=40" eXp(—%) )
= dyexp(fo)exp(-=) 3)
i = Alsinh(@o)]" exp(——2) @

where n, m, a, 5, A1, A,, and A are constants independent
of the temperature, a=f/m, o is the flow stress; ¢ is the
strain rate; Q is the activation energy of deformation, R is
the universal gas constant, 7 is the thermodynamic
temperature and Z refers to the Zener—Hollomon
parameter. The power law, Eq. (2), and the exponential
law, Eq. (3), break at a high stress and at a low stress,
respectively. The hyperbolic sine law, Eq. (4), is a more
general form suitable for stresses over a wide range.

So, we can choose steady state stress value when
the true strain is 0.2. By taking the logarithms of both
sides, Egs. (2) and (3) are transformed into:

Iné=In4, +mlno ®)
Iné =In 4, + fo (6)

The linear relationships of In é—Ino and In é—o¢ are
shown in Fig. 2. The values of m and f are calculated as
8.766 4 and 0.134 775 MPa ™' from the slopes of Fig. 2,
and a=p/m=0.015 374 MPa .

Taken partial differential equation of Eq. (4), we
can obtain Eq. (7):

dlné dIn[sinh(ao)]|

Q=R in[sinh(@o)]|r d(u/7)

=R-n-s (7)

&

Figure 3 depicts the relationships of In & —
In[sinh(ao)] and In[sinh(ac)]—7"". The values of n and s
are determined by calculating the average slopes of the
two groups of lines. The activation energy Q is obtained
as about 312.65 kJ/mol.

By substituting the values of Q and different hot
deformation conditions into Eq. (1), Z values are
calculated. Combining Eq. (1) with Eq. (4), then, taking
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Fig. 2 Relationship between peak stress and strain rate:
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the logarithms, we can obtain:
InZ =1n A+ nlin[sinh(ao)] ®)
The value of 4 and more exact value of n can be
obtained as 1.344x10*'s™" and 5.67 as shown in Fig. 4.
The flow stress can be expressed as a function of
Zener—Hollomon parameter. The constitutive equations
for hot deformation behavior of Al-22Si—5Fe—3Cu—
1Mg alloy are determined as:

1 7 1/5.67
o= In +
0.015374 {(1.344><1021 j

1/2

2/5.67
VA
. — +1 9
[(1.344><1021 j ] ®

Z =1.344x10%"[sinh(0.0153745)]>*’ (10)

3.3 Microstructure

Figure 5 shows the microstructures of the spray-
formed Al-22Si—5Fe—3Cu—1Mg alloy got under
different conditions. At low compression temperature,
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’g ‘0 shown in Figs. 5(a) and (b). However, the amount of
= porosity decreases significantly with the increase of
= 04 compressed temperature (Fig. 5(c)) at the same strain
-0.8 rate. Figure 5(d) indicates that the sample is fully
-1.2f densified at 500 °C after deformation.
-1.6f The increase in density is considered to be related to
1.25 1.30 1.35 140 1.45 1.50 1.55 1.60 1.65 flow ability. The alloy has better flow ability at high
T7/107K! temperature compared with low temperature, because the
Fig. 3 Relationship among In[sinh(ac)], strain rate and ability of dislocations to cross-slip and climb is
temperature: (a) In & vs In[sinh(ao)]; (b) In[sinh(ao)] vs T " strengthened [16].

Fig. 5 SEM images of Alf2ZSi75Fef3CﬁflMg alloy under different conditions: (a) 350 °C, 0.01 s '; (b) 400 °C, 0.01 s '; (c) 450 °C,
0.01s7";(d) 500 °C, 0.01 s
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The average particle size of primary silicon
remained when the compression temperature is elevated
from 350 °C to 450 °C. However, a size increase in
primary silicon was observed when compressed at 500
°C. This observation indicates that the extrusion
temperature should not be more than 500 °C.

4 Conclusions

1) The true stress—strain curves of the spray
formed Al-22Si—5Fe—3Cu—1Mg alloy during hot
compression tests exhibit a peak stress at a critical strain.
The steady state stress increases with decreasing
deformation temperature and increasing strain rate,
which can be described by constitutive equation in the
hyperbolic sine function with hot deformation activation
energy of 312.65 kJ/mol and a Zener-Hollomon
parameter.

2) In the hot compression process, it has two
competing mechanisms: work hardening and flow
softening.

3) The temperature of extrusion should not be more
than 500 °C to avoid primary silicon coarsen.
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