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Abstract: Hot deformation behavior of extrusion preform of the spray-formed Al-9.0Mg—0.5Mn—0.1Ti alloy was studied using hot
compression tests over deformation temperature range of 300—450 °C and strain rate range of 0.01-10 s™'. On the basis of
experiments and dynamic material model, 2D processing maps and 3D power dissipation maps were developed for identification of
exact instability regions and optimization of hot processing parameters. The experimental results indicated that the efficiency factor
of energy dissipate (1) lowered to the minimum value when the deformation conditions located at the strain of 0.4, temperature of
300 °C and strain rate of 1 s~'. The softening mechanism was dynamic recovery, the grain shape was mainly flat, and the portion of
high angle grain boundary (>15°) was 34%. While increasing the deformation temperature to 400 °C and decreasing the strain rate to
0.1 s™', a maximum value of 5 was obtained. It can be found that the main softening mechanism was dynamic recrystallization, the
structures were completely recrystallized, and the portion of high angle grain boundary accounted for 86.5%. According to 2D
processing maps and 3D power dissipation maps, the optimum processing conditions for the extrusion preform of the spray-formed
Al-9.0Mg—0.5Mn—0.1Ti alloy were in the deformation temperature range of 340—450 °C and the strain rate range of 0.01—-0.1 s '
with the power dissipation efficiency range of 38%—43%.
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defects such as porosity in the alloy [6]. It is significant to

1 Introduction

Of excellent properties such as well corrosion
resistance, good welding performance and high
integrated mechanical properties, AlI-Mg alloy has long
been considered as an attractive material in automotive,
shipping and aerospace industries [1-3]. However, it is
difficult to obtain high strength and high toughness
properties by using conventional casting method [4] due
to the coarse grain and dendrite segregation caused by
low cooling rate. Spray forming technology is
recognized as an ideal method to prepare high Mg
content Al-Mg alloy with high cooling rate, large
content of solute Mg, fine grains without macro
segregation [5]. Compared with as-cast alloy, the spray-
formed Al-Mg alloy is more difficult to hot-compression
deform due to the high solute Mg content and some

establish reasonable processing and basic parameters
before plastic processing (e.g., the flow stress) [7,8]. In
recent years, many researchers [9—12] have investigated
the microstructure evolution and flow stress behavior of
Al-Mg alloys during the hot compression process. The
processing map technique has been widely used to
understand the hot deformation behavior of various
metals, including Al-alloy [13], Mg-alloy [14] and
Ti-alloy [15], and so on. WANG et al [12] studied the
flow stress behavior of spray-formed SA06 aluminum
alloy during hot compression process. LIU et al [16]
investigated the metal workability of AZ31B magnesium
alloy using 3D processing map. SUN et al [17] studied
the hot deformation behavior of TiAl-based alloy
prepared through powder using 3D
processing map.
In this study, the isothermal hot compression test in

metallurgy
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the Gleeble—3500 machine was used to investigate the
flow stress behavior of spray-formed Al-9.0Mg—0.5Mn—
0.1Ti alloy in a wide range of deformation temperature,
strain and strain rate. The main objectives of the present
work are 1) to propose the 2D processing maps and 3D
power dissipation maps for the hot deformation of
spray-formed Al-9.0Mg—0.5Mn—0.1Ti alloy based on
the experimental results of isothermal hot compression
tests, and 2) to analyze the instability region and
optimize the hot deformation parameters. In the present
work, 2D processing maps and 3D power dissipation
maps were employed to explore the deformation
mechanisms  along  with  the  microstructure
manifestations during the hot deformation process so as
to realize the microstructure control.

2 Experimental

The deposit preform of Al—9.0Mg—0.5Mn—0.1Ti
alloy was produced by self-developed spray forming
machine (SD380). The chemical composition (mass
fraction, %) of the deposit preform was as follows:
9.0% Mg, 0.5% Mn, 0.1% Ti and 90.4% Al. The plates
with the section size of 12 mmx100 mm were extruded
from the deposit preform at the extrusion temperature of
450 °C and extrusion ratio of 15:1. The microstructure of
the plate materials is shown in Fig. 1. It can be seen that
the microstructure of the alloy after extruding is
non-uniform, exhibiting a strip-like structure with coarse
grains. The strip-like grains mainly exist in the outer
region, which is caused by high extrusion temperature
and non-uniform deformation. All the compression-
testing specimens of 8 mm in diameter and 12 mm in
height were machined with their cylinder axes
perpendicular to the surface of the plate materials. The
metallographic specimens were corroded by the mixture
of 2 mL HF, 3 mL HCI, 5 mL HNO; and 250 mL H,O
after grinding and polishing and then drying. The
microstructure of the specimen was characterized by
optical microscopy (OM).

In order to study the hot compressive behavior,
isothermal and constant-strain rate compression tests
were carried out on a Gleeble—3500 testing system at
temperatures of 300, 350, 400 and 450 °C and strain
rates of 0.01, 0.1, 1, 5 and 10 s '. Before the compression
tests, the specimens were heated to the deformation
temperature with the heating rate of 5 °C/s and held for
3 min to obtain uniform deformation temperature, and
then deformed to a true strain of 0.8. During the testing
process, the actual temperature of the specimen was
controlled within +2 °C using thyristor controlled three
zone furnace. The true strain rate was controlled by
exponential decay of the ram speed with time. Both ends
of the cylinder sample were daubed with lubricant with

=10 pum; step=0.2 pm

Fig. 1 Optical image (a) and EBSD map (b) of spray-formed
Al-9.0Mg—0.5Mn—0.1Ti alloy extruded at 450 °C (ED—
Extrusion direction; TD—Traverse direction)

the chemical component of 75% graphite, 20% engine oil
and 5% nitric acid from mesitylene fat. The variations of
stress and strain were monitored continuously using a
personal computer equipped with an automatic data
acquisition system. The true stress and true strain were
derived from the measurement of the nominal
stress—strain relationship. After the compression test, in
order to reserve the hot-deformed microstructure for
optical observation, the specimens were water quenched
with the delay time less than 5 s. Electron backscattered
diffraction (EBSD, Helios Nanolab 600i-SEM) was
employed to investigate the microstructure evolution of
the deformed specimen. The samples for EBSD
observation were prepared on sections parallel to the
compression axis. The EBSD samples were prepared by
electro polishing method using a solution of 80%
C,HsOH and 20% HCIO,4 at 20 V for 30 s. The EBSD
samples were analyzed by TSL OIM software,
performing at 20 kV and 70° tilt with 0.2 um scan steps.

3 Results and discussion

3.1 Flow behavior
The true stress—true strain curves of the extrusion
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preform of the spray-formed Al-9.0Mg—0.5Mn—0.1Ti
alloy compressed at 300—450 °C and various strain rates
are shown in Fig. 2. It can be seen that the flow stress
curves exhibit similar characteristics at the early stages
of deformation process. The flow stress presents a
tendency of a sharp increase up to a peak stress at a quite
small strain. When the strain rate is lower than 1 s ', the
flow stress firstly reaches a maximum value with the
increase of strain, and then gradually decreases to a
slightly lower value and maintains at this value no matter
how much the strain would be, as can be seen in
Figs. 2(a) and (b). When the strain rate is equal to 1 s/,
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different relationships between the flow stress and strain
can be observed at various temperatures, as shown in
Fig. 2(c). However, the flow stress fluctuates instead of
keeping constant when the strain rate is higher than 1 s,
as shown in Figs. 2(d) and (e). This phenomenon is
mainly attributed to the rapid increase of the dislocation
density during the early stage of deformation process. On
the one hand, the flow stress increases sharply with the
increase of strain, which leads to the work hardening of
the alloy. On the other hand, with the continuous increase
of deformation, the dynamic recovery and crystallization
take place, which will soften the alloy. As a result, serrate
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Fig. 2 True stress—true strain curves of spray-formed Al—9.0Mg—0.5Mn—0.1Ti alloy at different deformation temperatures and strain
rates: (@) £=0.01s";(b) £=0.1s";(c) é=1s';(d) £=5s";(c) £=10s"
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fluctuations appear due to the above integrated effects.
As the dynamic equilibrium between the softening and
hardening mechanism is reached in the process of alloy
deformation, the flow stress will maintain to be a stable
value. It can be concluded that the flow behaviors of
Al-9.0Mg—0.5Mn—0.1Ti alloy are greatly influenced by
deformation temperature, strain rate and strain.

3.2 Computation of parameters m and

The approach of processing map based on the
principles of dynamic materials model (DMM), which
was proposed by GEGEL et al [18], was employed to
study the deformation behavior of the experimental
alloys at elevated temperatures. This model can not only
associate the microstructure evolution with the
deformation mechanisms, but also successfully describe
the dynamic recovery area of the materials during the hot
compression process. In this model, the materials under
hot compression conditions are considered to be a power
dissipater (P), which can be divided into two parts of G
and J, as follows:

P:()—é:Gu:jjadmjo"éda (1)

where G is the energy consumed by plastic deformation
and J is the energy consumed by microstructure
evolution. The distribution between G and J is
determined by the strain rate sensitivity exponent m. It is
calculated as a function of strain rate (£). The In o
versus In ¢ data are fitted by a cubic spline. According
to the experimental data, the curves of Ino—Ing can
be obtained, as shown in Fig. 3.
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Generally, the strength of any metallic material

increases with the increase of plastic strain rate [18]. The
rate sensitive flow behavior is given as follows:

o=Ké" 3)

where o is the flow stress and & is the strain rate. K is a
parameter which depends upon the structure of the
material and deformation temperature. At any given
deformation temperature, J can be evaluated by
integrating the following equation:

moe

J=j(;’éda (4)

m+1

where m is the sensitivity factor of strain rate, the value
of m varies from 0 to 1. When the alloy stays at an ideal
dissipation state, m equals 1 and the value of J reaches a
maximum value (J,,, =0é/2). As for the nonlinear
dissipation, the power dissipation characteristics of the
material can be reflected by power dissipation efficiency

n [18], which is given by
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Fig. 3 Relationship between flow stress and strain rate under
strains of 0.2 (a) and 0.4 (b)

The variation of # is perhaps correlated with the
specific microstructure evolution mechanisms. The
parameter # represents the proportion of the power
dissipated by microstructure evolution to total power.
Generally, # is used to indicate the dissipation of powder
induced by the microstructure evolution of the
material [16]. However, WANG et al [19] found in Al-Si
alloy that the highest # does not necessarily mean better
workability. Thus, according to the principle of
irreversible thermodynamics, it is necessary to define
another dimensionless parameter (£(&)) for the
rheological instability criterion in the large deformation
process of material [18]:

6ln( ml)
T <0

Olng

S(é)= (6)
where £(¢) is the instability parameter. The
relationship curve between In[m/(m+1)] and In& was
drawn according to the experimental data, as shown in
Fig. 4, which represents the direct relationship between
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the value of £(£) and the deformation parameters
including temperature, strain rate and the strain as the
value of £(¢) is negative. Therefore, a processing map
can be built by superimposing the instability map over
the power dissipation map.
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Fig. 4 Relationship between In[m/(m+1)] and Iné& under

strains of 0.2 (a) and 0.4 (b)

3.3 Processing maps

The 2D processing maps of the Al-9.0Mg—0.5Mn—
0.1Ti alloy obtained at the strains of 0.2, 0.4 and 0.6 are
shown in Fig. 5. The contour numbers on the processing
maps represent the efficiency of power dissipation (7)
and the shade areas represent the flow instability region
where the value of £(¢) is negative. The other areas
represent the safe processing domain. As shown in
Fig. 5, it can be obviously found that the efficiency of
power dissipation (77) decreases with increasing the strain
rate, and the instability domains have small changes with
the development of deformation. It can be seen that the
peak values of the power dissipation decrease with the
increase of strain, which indicates that strain has a
significant effect on the processing maps. As can be seen
in Fig. 5(a), the safe processing domain for the
Al-9.0Mg—0.5Mn—0.1Ti alloy is in the deformation
temperature range of 340—450 °C and the strain rate
range of 0.01-0.1 s~ at strain of 0.2 with the power

efficiency range of 38%—43%. Similarly, as shown in
Fig. 5(c), the safe processing domain is in the
deformation temperature range of 320—450 °C and the
strain rate range of 0.01—0.1 s at strain of 0.6 with the
power efficiency range of 34%—38%. REDDY et al [20]
concluded that the larger the efficiency of power
dissipation in this domain, the better the processing of
the material at certain deformation condition.

In order to investigate the variation of the efficiency
of power dissipation and the deformation conditions, 3D
power dissipation maps of Al-9.0Mg—0.5Mn—0.1Ti
alloy are shown in Fig. 6. The color of the grid in the 3D
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Fig. 5 Hot processing maps of Al-9.0Mg—0.5Mn—0.1Ti alloy
under strains of 0.2 (a), 0.4 (b) and 0.6 (c)
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Fig. 6 3D power dissipation maps of Al-9.0Mg—0.5Mn—0.1Ti

alloy from hot compression test at strains of 0.2 (a), 0.4 (b) and
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power dissipation maps represents the efficiency of
power dissipation (). As shown in Fig. 6, the
deformation temperature, strain rate and strain have
significant influence on the efficiency of power
dissipation (7), and the peak values of power dissipation
are 0.43, 0.41 and 0.38, respectively. It is observed that
the efficiency of power dissipation () decreases with the

Relative frequency

increase of strain rate and with the decrease of
deformation temperature at strains of 0.2, 0.4 and 0.6.
SUN et al [17] investigated the hot deformation behavior
of TiAl-based alloy using 3D processing map, where the
variation characteristics of the efficiency of power
dissipation was in accordance with that in the present
work.

In order to investigate the deformation mechanism,
the microstructures of Al-9.0Mg—0.5Mn—0.1Ti alloy
deformed at different temperatures and strain rates were
analyzed. Figure 7 presents the grain morphology, grain
boundary and orientation map of the alloy under the
compression deformation conditions of strain of 0.4,
deformation temperature of 300 °C and strain rate of
1 s7'. As shown in Fig. 7(a), the crystal particles are in
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Fig. 7 EBSD orientation maps of Al-9.0Mg—0.5Mn—0.1Ti
alloy deformed at temperature of 300 °C, strain rate of 1 s ' and

strain of 0.4: (a) Grain morphology map; (b) Grain boundary
map; (c) Grain orientation distribution diagram
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flat shape and the orientation is mainly in a same
direction when the alloy is deformed at low temperature
and high strain rate. Furthermore, as shown in Figs. 7(b)
and (c), a small amount of recrystallization cores appear
at the partially elongated grain boundary, and the portion
of high-angle (>15°) grain boundaries only accounts for
34%. Figure 8 presents the corresponding results for the
alloy under the compression deformation conditions of
strain of 0.4, deformation temperature of 400 °C and
strain rate of 0.1 s'. As can be seen in Fig. 8(a), the
crystal particles present equiaxed shape when the test
alloy is deformed at high temperature and low strain rate.
Compared with Fig. 7, the grains are significantly finer,
the structure of the crystal is more uniform and the
portion of high-angle grain boundary increases to
86.5%. It is indicated that complete recrystallization has
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Fig. 8 EBSD orientation maps of Al-9.0Mg—0.5Mn—0.1Ti
alloy deformed at temperature of 400 °C, strain rate of 0.1 s
and strain of 0.4: (a) Grain morphology map; (b) Grain
boundary map; (c¢) Grain orientation distribution diagram

occurred in the alloy, and a small amount of low-angle
grain boundaries are formed mainly due to the division
of grain particles by dislocation wall in the grains, as
shown with the arrow in Fig. 8(b).

During the deformation process at low temperatures
and high strain rates, the softening mechanism of the test
alloy is mainly dynamic recovery due to the low
deformation temperature. And the deformation time is so
short that the cross slipping and climbing of the
dislocation are difficult to occur. Therefore, the dynamic
recovery is limited and it is impossible to form grain
sub-boundaries, which leads to an extreme increase of
the density of dislocation. As a result, the main
mechanism at low temperatures and high strain rates is
work hardening. When the test alloy is deformed at high
temperatures and low strain rates, the softening
mechanism of the alloy is a combination of dynamic
recovery and dynamic recrystallization. Due to the long
deformation time, the cross slipping and the dislocation
climbing can completely happen and the recrystallization
cores can fully grow up on the basis of a great number of
grain sub-boundaries. Thus, the alloy undergoes fully
dynamic recrystallization and the softening mechanism
can mainly be concluded as dynamic recrystallization. LI
et al [21] investigated the hot deformation behavior and
microstructure evolution of Al-Cu—Li alloy, and found
that the power dissipation of microstructure evolution
increases with the increase of #, and the maximum value
of n appears in the region of dynamic recrystallization.
Similar results are obtained in the present work. The
maximum value of # achieves at the deformation
temperature of 400 °C and the strain rate of 0.1 s ', while
the minimum value lies at 300 °C and 1 s, respectively,
as shown in Fig. 6(c). It can be explained that when the
test alloy deforms at low temperature and high strain rate,
the alloy does not have enough energy for the dynamic
recrystallization, which can be satisfied at high
deformation temperatures and low strain rates.

According to the above analysis, the deformation
temperature and strain rate show a remarkable effect on
the dynamic recrystallization, which takes place at high
deformation temperatures and low strain rates. The
dynamic recrystallization can effectively optimize the
microstructure of spray-formed Al-9.0Mg—0.5Mn—
0.1Ti alloy. Moreover, according to the processing maps
and microstructure evolution, it can be successfully
deduced that the optimum processing conditions are
located in the deformation temperature range of
340450 °C and the strain rate range of 0.01-0.1 s ' with
the power efficiency range of 38%—43%.

4 Conclusions

1) Hot deformation behavior of the extrusion
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preform of spray-formed Al-9.0Mg—0.5Mn—0.1Ti alloy
and its microstructure evolution during the isothermal
compression deformation were investigated in the
deformation temperature range of 300—450 °C and the
strain rate range of 0.01—10 s™'. The results showed that
the flow stress behaviors of Al-9.0Mg—0.5Mn—0.1Ti
alloy were greatly influenced by deformation
temperature, strain rate and strain.

2) Based on the experimental data, 2D processing
maps and 3D power dissipation maps were developed for
the extrusion preform of spray-formed Al-9.0Mg—
0.5Mn—0.1Ti alloy. The efficiency of power dissipation
(1) decreased with the increase of strain rate and with the
decrease of deformation temperature at strains of 0.2, 0.4
and 0.6.

3) Microstructure observations illustrated that
dynamic recrystallization takes place at high deformation
temperatures and low strain rates during the hot
deformation process. The hot processing map indicated
that the optimum processing conditions for the extrusion
preform of spray-formed Al-9.0Mg—0.5Mn—0.1Ti alloy
are in the deformation temperature range of 340—450 °C
and the strain rate range of 0.01-0.1 s~' with the power
efficiency range of 38%—43%.
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HET T EH Al-9.0Mg—0.5Mn—0.1Ti § &Y
RTRAT A

AR, B, Mgk, A AR, Pag

1. e T K% a5 Mk TR, BRI 412007;
2. MR WU B AR K S W A TS =, KD 410082;
3. MR R2E MRRLES TR, Kb 410082

B B RHSRAESE R TR F A& BRI 300~450 °C. MAFH IR 0.01~10 s ) IE
A1-9.0Mg—0.5Mn—0.1Ti &&H R FIRA RN 4T, FHHETEAMEWEEIE T 2D I TR 3D BhRFER KRS
P& E&RERBE AR EENRE L T 225 SRR, U N 04K, 547 300°C, 1s' &4 FE
GLTY, ReRFEHBCRET o /D, FERWHGONEIERE, SR ERPR, KAERAGLIS)N G 34%;
H4AE 400 °C 0.1 5™ AF PR, RERFEMBCRNT n R, &EMNEERUNHI AL R, A4
NEEEERHEN, KMERRACIS)ZAE 86.5%. 2D LM 3D B FFE B K & B w5l E
Al-9.0Mg—0.5Mn—0.1Ti & & F KRR AMF R AR FE 340~450 °C. MARHR 0.01~0.1 s, &4 MIRE
IR EL 38%~43%.
KEEIE: WY Al-9.0Mg—0.5Mn—0.1Ti &4; PUE4AER; MLE; shEmes s
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