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Abstract: The flow stress behavior of spray-formed Al-9Mg—1.1Li—0.5Mn alloy was studied using thermal simulation tests on a
Gleeble—3500 machine over deformation temperature range of 300450 °C and strain rate of 0.01-10 s™'. The microstructural
evolution of the alloy during the hot compression process was characterized by transmission electron microscopy (TEM) and electron
back scatter diffractometry (EBSD). The results show that the flow stress behavior and microstructural evolution are sensitive to
deformation parameters. The peak stress level, steady flow stress, dislocation density and amount of substructures of the alloy
increase with decreasing deformation temperature and increasing strain rate. Conversely, the high angle grain boundary area
increases, the grain boundary is in serrated shape and the dynamic recrystallization in the alloy occurs. The microstructure of the
alloy is fibrous-like and the main softening mechanism is dynamic recovery during steady deformation state. The flow stress
behavior can be represented by the Zener—Hollomon parameter Z in the hyperbolic sine equation with the hot deformation activation
energy of 184.2538 kJ/mol. The constitutive equation and the hot processing map were established. The hot processing map exhibits
that the optimum processing conditions for AI-9Mg—1.1Li—0.5Mn alloy are in deformation temperature range from 380 to 450 °C

and strain rate range from 0.01 to 0.1 s .
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1 Introduction

The Al-Mg-Li alloy has excellent properties such
as corrosion resistance, weldability, moderate strength
and low cost, which makes it an attractive material in
automotive, shipping and aerospace industry [1-3].

However, it is difficult to obtain high-strength and
high-toughness by conventional casting method [4] due
to the coarse grain and dendrite segregation caused by
the low cooling rate. Spray forming technology is
recognized as an ideal method to prepare high Mg
content Al-Mg—Li alloy with high cooling rate, high
level of solute Mg, fine grains as well as no macro
segregation of alloy composition, which can compensate
the deficiencies of the casting method [5]. Compared
with the as-cast alloy ingot, however, the
hot-compression deformation of the spray forming alloy
is more difficult due to the high solute Mg content in the

Al-Mg alloy [6]. It is very significant to establish the
reasonable processing and basic parameters before
plastic processing (e.g. the flow stress) [7,8]. In recent
years, many researchers [9—11] have reported the flow
stress behavior of AI-Mg alloys during hot compression
process. JOBBA et al [9] investigated the flow stress and
word-hardening behavior of Al-Mg alloys and reported
that the flow stress was a significant influencing factor
for plastic deformation capacity of cast-state Al-Mg
alloy. SHEIKH and SERAJZADEH [10] investigated the
effect of flow stress on the plastic deformation behavior
of cast-state AAS5083 alloy by establishing model.
WANG et al [11] researched the flow stress behavior of
spray-formed 5A06 aluminum alloy during hot
compression process. However, all these reports are
focused on flow stress behavior of low Mg content
Al-Mg alloy, and little reports are on high Mg content,
especially high Mg content spray-formed Al-Mg-Li
alloy.
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In this work, we carry out an isothermal hot
compression test on Gleeble-3500 machine to
investigate the flow stress behavior of spray-formed
Al-9Mg—1.1Li—0.5Mn alloy in a wide range of strain,
deformation temperature and strain rate. The quantitative
relationship between flow stress and the deformation
parameters is explored to establish the constitutive
equation and hot processing map of the alloy. The
interactive influence between microstructural evolution
and processing conditions at elevated temperature is also
studied.

2 Experimental method and processing map
principles

2.1 Experimental method

The spray forming preform of Al-9Mg—1.1Li—
0.5Mn alloy was produced by a self-developed spray
forming machine (SD380). The chemical composition of
the deposit preform is as follows: 9.0% Mg, 1.1% Li,
0.5% Mn and 91.5% Al (mass fraction). The aluminum
alloy was firstly melted in a graphite crucible at 1053 K.
To avoid oxidization, the melting and refining processes
were protected with N,. As the refining process was
finished, the temperature was increased to 1103 K, and
the aluminum alloy melt was drained into the preheated
graphite crucible. The alloy melt in the crucible flowed
through the delivery tube with the inner diameter of
3—5 mm and atomized in an atomizer. the pressure of N,
is 0.5-1.5 MPa. The distance between the deposited
layer and the atomizer is 100—250 mm. The plate with
cross section of 12 mm x 100 mm used in this work was
extruded (using 1250 t extruder) from the preform at
extrusion temperature of 450 °C and extrusion ratio of
15:1. The microstructure of the as-extruded plate is
shown in Fig. 1. It can be seen that the microstructure of
the plate exhibits a strip-like structure with coarse grains.
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.

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 hot
compression tests, the specimens were heated to the
deformation temperature at the heating rate of 5 °C/s and
held for 3 min under isothermal conditions so as to
obtain the uniform deformation temperature, and then
hot compressed to a true strain of 0.8. At both ends of the
cylinder sample, the lubricant was daubed with the
chemical component of 75% graphite, 20% engine oil
and 5% nitric acid from mesitylene fat. After the
compression test, the specimens were water quenched

with delay time less than 5 s to maintain the
hot-deformed microstructures for optical observation.
Transmission electron microscopy (Titan G2 60-300
TEM) and electron backscatter diffraction (EBSD,
Helios Nanolab 600i-SEM) were employed to
characterize the microstructural evolution of the
deformed specimen. The samples for TEM and EBSD
observation were prepared on sections parallel to the
compression axis. The specimens were prepared by the
standard twin-jet electro-polishing method using 67%
CH;0H and 33% HNO; acid at =30 °C. Similarly, the
EBSD samples were prepared by electro-polishing
method at —30 °C, using a solution of 80% C,HsOH and
20% HCIO, at 20 V for 30 s. The EBSD samples were
analyzed by TSL OIM software, performed at 20 kV and
70 © tilt with 0.2 pm scan step.

Fig. 1 EBSD map of Al-9Mg—1.1Li—0.5Mn alloy extruded at
450 °C

2.2 Processing map principles

Processing maps developed on the basis of the
dynamic materials model (DMM) by PRASAD et al [12]
and GEGEL and DORAIVELU [13] were used to study
the deformation behavior of the alloy plate at elevated
temperature. This model can not only associate
deformable media mechanics and the microstructural
evolution of dissipative structure, but also successfully
describe the dynamic response area of the materials in
the hot compression process. In this model, the materials
under hot compression conditions are considered to a
power dissipater (P), divided into two parts of G
consumption constant and J consumption co-content,
which is given as follows:

P=0i=G+J=[ odé+[ édo (1)
0 0

G and J are given by
G:j(‘:adg’ )
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o,
J= j | édo 3)
where G is the energy consumed by plastic deformation
and J is the energy consumed by microstructural
evolution. The distribution between G and J is
determined by the strain rate sensitivity exponent m.
While for the nonlinear dissipation, the power dissipation
characteristics of the material can be reflected by power
dissipation efficiency # [13], which is given by

J 2m

J,

max

“)

m+1

3 Results and discussion

3.1 Flow behavior

Figure 2 shows a series of true stress—true strain
curves of the as-extruded plate of the AI-9Mg—1.1Li—
0.5Mn alloy compressed at 300—450 °C and various
strain rates. It can be seen that the flow stress curves
exhibit the similar characteristics in general at the early
stage of the deformation process. The flow stress
presents a sharp increase until a peak stress at a quite
small strain only with some subtle differences. As shown
in Fig. 2, at the lowest stress rate (£=0.01 s '), all the
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true stress—true strain curves at deformation temperature
from 350 to 450 °C have an obvious stress peak, which
exhibit initial flow softening on reaching a single peak
stress. With the stress rate increasing, the obvious stress
peak can be only observed at higher deformation
temperature, and the peak can be observed until the
temperature is up to 450 °C at the stress rate of 5 s '
(Fig. 2(d)). It is interesting to note that serrations are
observed on the true stress—true strain curves in
Figs. 2(c) and 2(d). This is mainly attributed to the rapid
increase of the dislocation density during the early stages
of the deformation process. On one hand, the flow stress
increases sharply with the increase of the strain, which
leads to the work hardening of the alloy. On the other
hand, with continuous increasing of deformation, the
dynamic recovery and crystallization take place, which
will soften the alloy. Such serrated yielding behavior is
attributed to the dynamic strain ageing effect [8,14]. In a
word, it can be seen from Fig. 2 that the flow behaviors
of the experimental alloy are greatly influenced by
deformation temperature, strain rate as well as true strain.
This phenomenon is similar with that reported by WANG
etal [11] and CAO et al [15].

The effect of deformation temperatures and strain
rates on peak flow stress of AI-9Mg—1.1Li—0.5Mn alloy
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Fig. 2 True stress—true strain curves of AI-9Mg—1.1Li—0.5Mn alloy at various strain rates and different decomposition temperatures:

(a) 300 °C; (b) 350 °C; (c) 400 °C; (d) 450 °C
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is shown in Fig. 3. It can be obviously found that the
peak flow stress is sensitive to deformation temperature
and strain rate. The peak flow stress decreases as

deformation temperature increases or stain rate decreases.

At low deformation temperature and high strain rate, the
dynamic recovery or recrystallization is restrained. This
is because the mobility of dislocation is put off, and there
is no sufficient time for energy accumulation and
dislocation annihilation. However, at high deformation
temperature and low strain rate, the average kinetic
energy of metal atoms accumulates, which can improve
the dislocation mobility. Therefore, the dynamic recovery
or dynamic recrystallization may occur and the peak
flow stress will decrease.
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Fig. 3 Peak flow stress in hot compression of experimental

alloy under different deformation conditions

3.2 Constitutive equation

The Arrhenius equation is widely used to describe
the relationship among flow stress, strain rate and
temperature under hot deformation conditions [16,17].
There are three forms of the flow stress function as
follows:

&= A" exp (;—gj (06<0.8) (5)
& = A,exp(fo)exp (ﬁj (ao>1.2) (6)
RT
& = A[sinh(ao)]” exp (ﬁj (7)
RT

where a, n, B, A, A, and A4, are constants: a (MPa ")
(a=p/n) is the parameter of the stress level; # is the stress
exponent; A, 4; and 4, (s ') are structure factors. o (MPa)
is the flow stress; & (s') is the strain rate; 7 (K) is the
deformation temperature; O (J/m) is an activation energy
for deformation. The power law (Eq. (5)) and the
exponential law (Eq. (6)) are suitable for a low stress
and a high stress, respectively. The hyperbolic-sine
equation (Eq. (7)) has been widely applied to describing

the deformation parameters in a wide range of
stresses [18—20].

In the present work, the relationships between peak
flow stress and strain rate are obtained. n; and S are
calculated from the slopes of the plots of In & —In ¢ and
In € —o, as shown in Figs. 4(a) and (b).

It was also proposed that the flow stress behavior
can be represented by the Zener-Hollomon parameter Z
in the hyperbolic sine equation [6,16,18]. The equation is
given as follows:

_exn| £
Z—gexp(RTJ (8)
Then, putting Eq. (7) into Eq. (8) yields
. O\ _ e n
Z = gexp(RTj Alsinh(ao)] 9)

Taking the nature logarithm of both sides of Eq. (5)
and Eq. (7) and derivation, we can obtain

Ing=InA4-Q/(RT)+nn[sinh(ao)] (10)

And then, the deformation activation energy Q can
be expressed by

0= nR OlIn[sinh(ao)] _
o(1/T)
olné | oln[sinh(ao)]| an
dInfsinh(ao)]l,” o(1/T) |,
K Oln[sinh(axo)] _ o (12)

a(1/T) nR

where 7 is the mean slope of the In £ —In[sinh(ao)] plots
at different temperatures and K is the mean slope of
In[sinh(ao)]—1/T plots at various strain rates, as shown in
Figs. 4(c) and (d).

Taking the natural logarithm of both sides of Eq. (9)
and derivation, we can obtain

InZ= lné+%:lnA+nln[sinh(a0')] (13)

Figure 5 shows the relationship between In Z and
In[sinh(ao)] of the experimental alloy. The material
constants of the alloy obtained from the experimental
data are listed in Table 1. By substitution of the above
values into Eq. (7), the constitutive equation of
Al-9Mg—1.1Li—0.5Mn alloy is obtained and shown as
follows:

£ =1.2029x10"[sinh(0.013405)]****® exp (Mj

RT
(14)
3.3 Processing maps and microstructural evolution

The processing maps of the as-extruded Al-9Mg—
1.1Li—0.5Mn alloy at strain of 0.1 and 0.3 are shown in
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Table 1 Material constants of experimental alloy
Calculation -1 o/ o/
Als n - -
No. MPa (kJ-mol )
1 1306710 4.8900 0.0121  210.6522
2 1.2543x10'"° 43516 0.0137 186.7743
3 1.0479x10"°  3.9367 0.0145 155.3349
Average 1.2029x10"° 43928 0.0134 184.2538

Fig. 6. The contours on processing maps represent
content efficiency () of power dissipation and gray area
represents the instability domains. The other area
represents secure processing zone. As shown in Figs. 6(a)
and (b), it can be obviously found that the efficiency of
power dissipation (1) decreases with increasing strain
rate, and the peak values of power dissipation () is 0.47
and 0.41, respectively. It be seen that the peak values of
power dissipation (1) decreases with increasing strain,
which indicates that the strain has a significant effect on
the processing maps. Generally, the lager the # is in this
zone, the better processing of the material in this
deformation condition will be. However, the highest
efficiency of power dissipation does not necessarily
mean better workability. LI et al [21] found in Al-Si
alloy that the optimum processing conditions should be
determined by the efficiency of power dissipation and the
instability parameter. Many researchers have widely
confirmed that the deformation zones with different
efficiencies of power dissipation have their homologous
deformation mechanism [22]. To investigate the
deformation mechanism and optimize process parameters,
the microstructures of the spray-forming Al-9Mg—
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1.1Li—0.5Mn alloy deformed at a few typical
deformation zones are characterized and analyzed.

The TEM images of the Al-9Mg—1.1Li—0.5Mn
alloy under different conditions are shown in Fig. 7. As
shown in Figs. 7(a) and (b), when £=0.1 s, the
dislocation density of the alloy is high, the dislocations
tangles zone is large, the size of precipitation phases is
big, and as shown from the arrows in Fig. 7, massive
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dislocation cell structure can be observed with the size of
10—40 nm. As shown in Figs. 7(c) and (d), when & is
increased from 0.1 to 0.3 s', the dislocation density is
decreased obviously; high-angle grain boundary (HAGB)
can be observed clearly; the number of dislocation cells
is also decreased obviously. However, the amount of
precipitation phases in the alloy is increased obviously
and the size of precipitation phases is smaller. So, the

310) 0.068_ 0.1
/ 0.15/
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/o e o

_5 fi 1 L L
300 320 340 360 380 400 420 440
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Fig. 6 Hot processing maps of AI-9Mg—1.1Li—0.5Mn alloy under strains of 0.1 (a) and 0.3 (b)

& N

Fig. 7 TEM images of AlI-9Mg—1.1Li—0.5Mn alloy under different conditions: (a, b) & =0.1, 7=400 °C; (c,d) &= 0.3, 7=400 °C
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sample shows recrystallization structure. The HAGB is
marked by the arrows in Fig. 7. These indicate that the
dynamic recovery is the main softening mechanism at
the initial stage during hot compression process.
However, because the disappearing number of
dislocation in dynamic recovery process is far lower than
its new growth number in the hot compression process,
work hardening plays the leading role in this alloy. As
mentioned in Refs. [23,24], due to small size of the
dislocation cell, the recrystallization is incomplete
dynamic recrystallization and the softening effect is
small. So, at the initial stage during hot deformation
process, the strain rate increases sharply with the
deformation degree increasing; but when the strain
reaches a certain value, the stress—strain curve becomes
straight, as shown in Fig. 2(f). In this stage, the
deformation of the alloy appears in apparent steady-state
flow characteristics and the recrystallization softening
and the work hardening of the alloy reach dynamic
equilibrium. As reported by ZHA et al [8], the softening
of the Al-7Mg alloy is the result of both dynamic
recovery and recrystallization during the hot deformation
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process.

The EBSD maps of AI-9Mg—1.1Li—0.5Mn alloy at
different deformation temperatures and strain rates are
shown in Fig. 8. It can be seen from Fig. 8(a) that the
origin grain becomes thinner and longer, and fine
equiaxed grains can be found when the alloy is
compressed at low deformation temperature (300 °C)
and high strain rate (10 s ). It is indicated that the main
deformation mechanism of AI-9Mg—1.1Li—0.5Mn alloy
is dynamic recovery and the full dynamic
recrystallization does not occur under this condition.
When the hot compression is carried out at high
deformation temperature (450 °C) and low strain rate
(0.01 s™"), as shown in Fig. 8(b), the original grain
boundaries appear in serrated shape and the high-angle
grain boundaries increase significantly. In addition,
numerous fine recrystallized grains can be observed near
the grain boundaries, which indicates that the fully
dynamic recrystallization occurs under this condition. As
mentioned in Ref. [21], at higher deformation
temperature and lower strain rate, the diffusion abilities
of atoms, cross-slip of dislocation and migration of grain

(b)

0 10 20 30 40 50 60
Misorientation/(°)

(d)

0 100 20 30 40 50 60
Misorientation/(°)

Fig. 8 EBSD maps (a, ¢) and grain orientation distribution diagrams (b, d) of AI-9Mg—1.1Li—0.5Mn alloy under different conditions:
(a, b) £=0.3, T=300 °C, £=105s"; (c, d) £=0.3, T=450 °C, £=0.01s"
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boundaries can be enhanced, and these are beneficial to
the nucleation and nucleus growth of dynamic
recrystallization. GHOLINIA et al [25] also found in
Al-3Mg alloy that the higher deformation temperature or
the higher strain lead to dynamic recrystallization more
easily. WANG et al [23] confirmed that dynamic
recovery is the primary mechanism when the Al-15%Si
alloy was deformed at low temperature and high strain
rate.

Based on the analysis above, deformation
temperature, strain and strain rate show a remarkable
effect on dynamic recrystallization. The present work
shows that dynamic recrystallization can be effectively
induced by optimized processing parameters which can
further improve the microstructures of AI-9Mg—1.1Li—
0.5Mn alloy. The as-obtained optimum processing
conditions are located in deformation temperature range
from 380 to 450 °C and strain rate range from 0.01 to
0.1 s~ at the strain of 0.3 with higher power efficiency of
32%—41%.

4 Conclusions

1) The hot compressive behaviors of Al-9Mg—
1.1Li—0.5Mn alloy were studied at the temperature from
300to 450 °C and the strain rate from 0.01 to 10 s™'. The
results show that the flow stress and microstructure
evolution of the alloy are sensitive to deformation
parameters, and the alloy has high work hardening ability.
The peak stress level and steady flow stress increase with
decreasing deformation temperature and increasing strain
rate, which can be represented by the Zener—Hollomon
parameter Z with the hyperbolic sine equation.

2) The constitutive relationship of experimental
alloy has been developed to describe deformation
temperature and strain rate dependence of the flow stress.
The deformation activation energy Q is calculated to be
184.2538 kJ/mol. The main deformation mechanism of
the Al-9Mg—1.1Li—0.5Mn alloy is dynamic recovery
and full dynamic recrystallization does not occur under
low temperature and high strain rate condition. While
under high deformation temperature and low strain rate
condition, the fully dynamic recrystallization of the
experiment alloy occurs in the hot compression process.
The optimum processing conditions for the spray-formed
Al-9Mg—1.1Li—0.5Mn alloy are in deformation
temperature range from 380 to 450 °C and strain rate
range from 0.01 to 0.1 s ' at the strain of 0.3 with higher
power efficiency of 32%—41%.
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MIEHEIIFIE B Al-9Mg-1.1Li—0.5Mn &5 & 8Y
I}IL'EF_jJ*DBj]:u ;:uElElﬁ'jJ

Mg 2, A, MET !, mEE!, g’

1. e T K% a5k TR, BRI 412007;
2. HETE FRMBEIIEERAT, #RIM 412004;
3. MR R2E MRRLES TR, K9P 410082

# Z: K Gleeble—3500 HAEHLIEHL AT W L Al-OMg—1.1Li—0.5Mn & & 57 R R 347 S0 IR FA R 46 5256,

AL STEA TR N 300~450 °C FRASHE LN 0.01~10 s 2547 FHIHAS R J34TJ9, FIFE S B85 (TEM) Fleg
T EUHAREBSD) RIEAEAEMS PR EMALEDE. SREW, THESHHT Al-9Mg-1.1Li-0.5Mn &
G B G571 FE AR B AN SR AR R R, B AR T R T PR B AR SRR ) iy, W AE R ) AR
AT, GRS HEEN S, k2, BERBRENT AN ERNEE, KAERA
AR, MAREER, GE&RAIEFELSN: GENALEF4R, &E&EREBRM B EZRUNLH A
A& A H Zener-Hollomon 1 (19X il 1F 5% bR 8 0% Rk R & &M ABRN /1470, HABTLEIE RS
184.2538 kl/mol; HINEIZ B, WiSAIE Al-9Mg—1.1Li—0.5Mn & G555 5 28 5% 403 i 0 L3R & Y5 LY 380~450 °C,
RN AR H RN 0.01~0.1 57
FEHEIA: Al-9Mg—1.1Li—-0.5Mn &4 WARNJ1; AW ITEL S
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