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Grain refinement improves the mechanical properties and
formability of metals and alloys. So far, several different grain
refinement methods have been proposed and studied. Severe plastic
deformation is one of the most promising and efficient methods.
Therefore, in the present study the possibility of imposing a two-step
severe plastic deformation (Extrusion and Equal channel angular
pressing) on AA7075 alloy using a special designed die is
investigated. Using this method, a very coarse grained
microstructure with grain size of 94um is refined to grain size of
7.5um. Also, microstructural developments during severe
deformation with and without preheating are investigated. Plastic
strain distribution and temperature variation inside deformed
samples are predicted by the use of thermal coupled displacement
3D finite element method. Results of FEM simulations clearly
showes that the plastic strain distribution and temperature is non-
uniform in sample and this introduces inhomogeneity in the resultant

microstructure of sample at different regions.

1. Introduction

Processing of materials with high strength is one
of the main demands of metals industry. In this
respect, grain refinement is of great importance
due to increase of strength and formability of
material. Strength and fracture toughness
increases with decreasing grain size in the final
microstructure of materials [1]. One of the most
promising approaches in this area is severe
plastic deformation of initial course grained
material [2-4]. As a consequence, primary
coarse grained microstructure is refined by
microstructure evolutions which depend on
deformation conditions and material type. To
date, very wide research has been conducted for
developing the severe plastic deformation
techniques as well as investigation on the effect
of  various  parameters on  resultant
microstructural characteristics of material. Till
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now, more than dozen different techniques have
been introduced [5, 6]. Equal channel angular
pressing is one of the most popular techniques.
Fig.1 shows the schematic of this technique. As
can be seen, ECAP die has two channels with
square or circular cross-section. The channel is
curved with sharp angle. In this figure, @
indicates the channel angle and v is the outer
curvature angle of intersected channels. In this
method, applied strain is calculated by the
following equation [7]:

wetle (5 (Y o

One of the restrictions of ECAP is the need for
removing ECAP sample after each step and
reinserting inside channel again in order to
achieve high strains. This is time-consuming
and has its own problem. Therefore, a lot of
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effort has been done to eliminate this step and
different processes are being developed in this
area. Using a combination of SPD methods is an
important approach in this field [8]. Therefore,
in this study a new die was designed and
fabricated. With this die, it is possible to impose
two step severe plastic deformations on samples,
comprising extrusion and equal channel angular
pressing. The combination of ECAP with
extrusion in a single die not only increases the
amount of imposed plastic strain in a single pass
deformation and decreases the cost of facilities,
it also eliminates the need for preheating
between passes required in the separate two step
extrusion and ECAP at high temperature
deformation. To date, most research conducted
in ECAP field is on relatively soft FCC
materials. For example, numerous studies
concerning the application of ECAP on pure
aluminum and Al-Mg solid solution alloys has
been performed. In contrast, few reports on the
ECAP of more complex alloys such as Al-Zn-
Mg-Cu and 7000 series are available [9]. In
practice, forming these alloys at room
temperature is very difficult due to their limited
formability [10]. Given the above expressions,
the aim of the present study is to investigate the
feasibility of the two-stage plastic deformation
(Extrusion-ECAP) and the effect of preheating
on microstructure evolutions of Al7075 alloy
and mechanisms of fine grain formation during
deformation.
plunger
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Fig 1. Schematic of ECAP process [11]
2. Experimental procedure
Chemical composition of Al17075 alloy is shown
in Table 1. At first, cylindrical samples with

40mm height and 14mm diameter are machined
from as received plate. Samples solution treated
at 480 °C for half an hour and quenched at water
to form super saturated solid solution at room
temperature. One of the samples were pressed
into the die right after quenching and the other
one after 15 minutes heating at 300 °C. Die used
in this study was made of H12 tool steel. Fig. 2
shows the schematic representation of steel
made die. A mixture of graphite and oil was used
as lubricant. After deformation, samples were
bisected by the symmetry and then microscopic
studies were performed on it. ABAQUS 6.7
software was used to investigate deformation
process and strain and temperature distributions
inside sample. Johnson — Cook model was used
to predict the flow behavior of material. In this
model the metal flow stress is obtained from the

following equation [12]:
T —T,\"
)| @

In this equation ¢ is strain, £ is strain rate, T is
sample temperature, Tr, is melting temperature
of alloy, T: is reference temperature, &, is
reference strain rate and A ¢« B <« C¢< n and m are
coefficients of material. The coefficients of the
Al7075 alloy are shown in Table. 2 and thermo-
physical properties of the alloy are shown in
Table. 3.

o=(4 +Bs”).[1 +C (;)]

0

Table 1. Chemical composition of alloy used in
this research (%Wt.)
Zn Mg Cu Mn Si
5.4 2.6 1.3 0.2 0.32

Table 2. Coefficients related to flow properties of
Al7075 alloy [13].
B (MPa) A
(MPa)
0.772 0.39 0.968 303.58 53.68

m n C

Table 3. Physical and thermal properties of
material [14]

Thermal (W/mK)  Density (kg/m?) J/kg)
conductivity Heat (K
capacity

155 2810 960
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Ex-ECAP Die

Fig 2. Schematic representation of Ex-ECAP
process.

3. Results and discussions

3.1. Strain distribution in deformed sample
Distributions of the applied strain in the samples
with different preheating temperature are shown
in Fig. 3. As can be seen, in both temperatures,
strain distribution in the sample is non-uniform.
Imposed strain in the regions close to the surface
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of sample is higher than central regions. This is
caused by friction between the inner surface of
the die and the surface of samples. As a result,
some additional shear strain is applied to the
area near the surface. It is observed that the
strain distribution is similar in both samples.
Therefore, strain distribution in deformed
samples does not depend on the preheating
temperature. In Fig. 4 the variation of the
applied strain on the central axis of the sample
(from top to bottom) is shown. Variations of
applied strain and the strain measured in the
central region of the sample is similar in both
preheat temperature. Sample can be divided into
four different regions based on strain variations
at centerline. Before extrusion zone (zone I in
Figure 4), which does not experience any
deformation, Extrusion zone (zone II in Figure
4), where imposed strain on sample increases
from top to bottom, after extrusion zone (zone
Il in Figure 4), which experiences extrusion
only and finally after ECAP area that is
experiencing both extrusion and ECAP and
maximum strain applied on these area
reaches to 2.
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Fig 3. Strain distribution inside sample at different preheat temperatures. a) 13°C, b) 300 °C.
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Fig 4. Equivalent strain distribution on centerline of sample at different preheat temperatures.

3.2. Temperature distribution in deformed
samples

Fig. 5 shows the temperature distribution in the
sample after deformation with different preheat
temperatures (13°C and 300°C). Temperature
distribution in the sample is Non-uniform
similar to the distribution of the applied strain.
Highest temperature in cold deformed sample is
at after-extrusion-part of sample. While, in
sample preheated at 300 °C, maximum
temperature is at upper side of after-extrusion-
part of sample (region III) and central region of
after-ECAP-part of sample (region IV). In both
cases the temperature rise is seen in the region I
of the sample which is in contact with the ram.
The increase in temperature is due to the heat
generation from the friction between the
samples and die walls. Fig. 6 shows temperature
variation in centerline of sample preheated at
300 °C and sample deformed at room
temperature. At preheat temperature of 300 °C,
maximum and minimum temperatures inside
sample are 117 and 107.5 °C, respectively. In
this condition, temperature difference between
sample and die is high (sample at temperature of
300 °C is inserted inside the die with
temperature of 13 °C). So Heat transfer rate from

the sample is very high, especially at high
pressure  that deformation heat cannot
compensate the heat flow from sample to die. In
this condition, the temperature in all parts of the
sample is lower than preheat temperature. Low
temperature difference between various parts of
the central axis and in other words the high
uniformity of the temperature on the central axis
of sample shows that the amount of heat
generated during deformation is lower than heat
transformation from sample to die. At cold
deformed sample, maximum and minimum
temperature inside sample is 82 and 75 degrees
centigrade respectively. At cold deformation,
initial temperature of sample and die is the same
(13°C) and no heat transfer occurs at first.
Temperature of sample increases due to heat
generation during deformation. Heat transfer
between sample and die increases with
increasing sample temperature. However, due to
the low temperature difference between the
sample and the die during deformation process,
the amount of transformed heat is lower than
preheat temperature of 300 °C. Therefore,
temperature of sample at cold work condition
increases in contrast to that of sample deformed
at high temperature.
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Fig 5. Temperature distribution at different regions of sample right after completion of deformation process
a) cold worked and b) deformed at preheat of 300 °C.
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Fig 6. Temperature distribution at different regions of sample on centerline after deformation
with different preheat temperature.

3.3. Microstructural events during plastic
deformation

Initial microstructure of AA7075 alloy is
represented in Fig. 7. As can be seen, starting
material consisted of coarse o grain, and
dispersed Mg,Si and FeAls inclusions. Also, the
grain size distribution is represented in this
figure. The mean grain size of o phase is about
94um. Fig. 8 shows the microstructure of

—
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microstructure of extruded region (region III) is
composed of equiaxed o phase. In contrast,
grains are elongated in shear direction at
ECAPed region (region IV). These equiaxed and
elongated grains are formed as the result of
dynamic recrystallization in these regions.
Microstructure after extrusion (Fig. 8(a)) is
more uniform than developed microstructure
after extrusion and equal channel angular
pressing (Fig. 8 (b)).
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Fig7. Initial microstructure (a) and grain size distribution (b) of A17075 alloy.
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Fig 8. Microstructure of A17075 alloy a) after extrusion and b) after extrusion and ECAP with
preheating temperature of 300 °C.

The resultant microstructure after ECAP is in
the form of shear bands introduced in the
extruded microstructure so that imposed strain is
more severe in regions around these shear bands.
Consequently, as it is apparent from Fig. 8 (b),
deformed microstructure is consisted of fine and
coarse grains. Grain size distribution of o phase
after extrusion and two step integrated
extrusion-ECAP is shown in Fig. 9. Mean grain
size after extrusion is about 7.5um and after
integrated extrusion-ECAP is about 7um. In
addition, grain size distribution after extrusion is
more uniform than after integrated extrusion-
ECAP process. Resultant microstructure of
solution annealed AA7075 alloy after extrusion
at ambient temperature is represented in Fig. 10.
As can be seen, microstructure is mainly
consisted of elongated grains, although some
fine equiaxed grains are observed as well. These
fine grains can be produced by dynamic
recrystallization. In addition, high density of
dislocations is introduced in deformed
microstructure specially near initial grain
boundaries due to imposing severe plastic
deformation (e=1.4) and low stacking fault
energy of AA7075 alloy. High density of
dislocations with local temperature rise triggers
dynamic recrystallization in these regions. Fig.
11 shows the Ex-ECAPed region of sample
deformed at ambient temperature. As can be
seen, imposing two step deformations were not
successful due to low workability of this alloy.
Severe cracks, aligned in the shear stress

direction, were observed in the Ex-ECAPed part
of sample after deformation. Optical micrograph
of this region is also represented in Fig. 11(b).
Material flow at this region is clear in optical
micrograph.
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Fig 9. Grain size distributions of sample deformed
with preheat of 300 °C.

|
Fig 10. Microstructure of A17075 alloy after
extrusion at ambient temperature.
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Fig 11. Picture of cracks initiated from top surface of sample after extrusion and ECAP
(a), and optical micrograph of Ex-ECAPed region.

4. Conclusions

1) Results of finite element simulation showed
that strain and temperature distributions in
deformed sample is not uniform. Therefore, this
is one of important factors that influences the
microstructural uniformity inside deformed
sample.

2) At preheat temperature of 300 °C; both
deformation steps (extrusion and ECAP) are
feasible. By contrast, at cold work condition
deformation by ECAP is not feasible due to low
formability of material. Cracks are initiated
from top side of sample and propagated parallel
to shear plane.

3) As a consequence of plastic deformation with
preheat of 300 °C; initial microstructure with
grain size of 95 pm is refined to grain size of 7.5
pum.

4) Microstructure after extrusion with preheat
temperature of 300 °C is more uniform than
obtained microstructure after extrusion and
ECAP due to more uniform distribution of
plastic strain.
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