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Abstract: High temperature tensile properties and microstructure evolutions of twin-roll-cast AZ31B magnesium alloy were
investigated over a strain rate range from 107 to 1 s ', It is suggested that the dominant deformation mechanism in the lower strain
rate regimes is dislocation creep controlled by grain boundary diffusion at lower temperature and by lattice diffusion at higher
temperatures, respectively. Furthermore, dislocation glide and twinning are dominant deformation mechanisms at higher strain-rate.
The processing map, the effective diffusion coefficient and activation energy map of the alloy were established. The relations of
microstructure evolutions to the transition temperature of dominant diffusion process, the activation energy platform and the
occurrence of the full dynamic recrystallization with the maximum peak efficiency were analyzed. It is revealed that the optimum
conditions for thermo-mechanical processing of the alloy are at a temperature range from 553 to 593 K, and a strain rate range from

TX103 02X 1073 s ",
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1 Introduction

Magnesium alloys have high potential as structural
materials, since they are the lightest structural
alloys[1-3]. However, high market price and poor
formability at room temperature prevent their wide
applications, so the reduction of manufacturing costs and
the improvement of formability are  highly
demanded[4—6]. Recently, twin-roll cast (TRC) gained
much attention as the integrated producing process,
magnesium alloy sheets produced by TRC have not only
the cost-effective advantage of flat rolled products
processed by one-step but also beneficial effects of
microstructure such as reducing segregation and grain
size. In addition, they also utilize alloying elements that
have limited solid solubility in Mg[7—8], which are
usually avoided in ingot casting since these elements
form coarse intermetallic particles at low solidification
rate[9]. It is expected that TRC can disperse these
particles on a fine scale, which might result in
improvement in tensile properties. Although in the

present study, high temperature deformation behavior of
TRC ZK60 alloy was examined[9], the hot deformation
behavior and microstructure evolution of TRC-Mg alloy
was rarely systematically investigated.

Therefore, the aim of the present investigation is to
explore the mechanisms of hot deformation over a wide
range of temperature and strain rate, and to obtain the
optimum conditions for thermo-mechanical processing
and the controlling microstructure in industrial
components of the alloy. For these purposes, three
approaches were adopted: 1) analysis of the stress-strain
behaviors; 2) evaluation of the effective diffusion
coefficient; and 3) development of processing maps.
Finally, the correlation of microstructure with
thermo-mechanical processing parameters was also
studied.

2 Experimental
The TRC-Mg alloy sheet used in this study was a

commercial Mg-Al-Zn alloy AZ31B fabricated by the
twin-roll cast technique. The chemical composition of
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the alloy was as follows: Al 3.010%; Zn 0.950%; Mn
0.510%; Si 0.100%; Cu 0.050%; Ni 0.005%; and balance
Mg (mass fraction). Tensile specimens with a size of 7.5
mm X 3.3 mm X 20 mm were machined directly from the
TRC sheet. These specimens were tested with a
Gleeble-1500D thermal simulator testing machine.
Tensile tests were conducted with the sample gauge axes
parallel to the rolling direction at different temperatures
(473, 523, 573 and 623 K) and different strain rates
ranging from 1 to 1X 107 s, The deformed specimens
were water cooled and then sectioned parallelly to the
deformation direction, ground, polished and etched for
the metallographic examination.

A typical longitudinal microstructure of the as-
received TRC-Mg alloy is shown in Fig.1(a). It exhibits a
dendritic structure with coarse-grain sizes from 60 to 120
um close to the surface layer of the sheet, and has an
equiaxial grain with an average size of about 25 pum in
the center respectively. In addition, some semi-solid
grains with an average size of 8—10 pum are found in the
center, as shown in Fig.1(b).

3 Results and discussion

3.1 Flow stress characteristics
The true stress—true strain curves at different
deformation temperatures are shown in Fig.2. It can be
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Fig.1 Optical micrographs of AZ31B TRC-Mg alloy in
longitudinal orientation: (a) Equiaxial grains with coarse grains;
(b) Semi-solid grains
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Fig.2 Flow stress of TRC AZ31B alloy sheet at various temperatures: (a) =15 ";(b) ¢=0.1s5";(c) £=0.01s";(d) £=0.001s"
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seen that all stress curves exhibit a sharp increase in the
initial stage of the strain and then increase to a transient
equilibrium when the stress arrives at the maximum
value. Subsequently, the stress decreases and drives to a
steady value with increasing the strain, especially when
the material is deformed at high temperature above
573 K and at the low strain rate range below 1X10 %5,
the stress value in the flow curves is extremely low at
623 K, less than 25 MPa. Meanwhile, the flow curve
exhibits a severe strain hardening at low temperature and
high strain rate, especially when the materials is
deformed at a high strain rate of 1 s' and a low
temperature of 473 K.

In previous studies, the constitutive equations were
formulated for conventionally hot magnesium
alloys[10—12]. They include three forms, namely, a
power law (Eq.(1)) at low stresses, an exponential law
(Eq.(2)) at high stresses and hyperbolic sine function
(Eq.(3)) for all stress ranges, respectively[4, 9—-10]:

Z = éexp[Q/(RT)] = Ac”" (1)
Z = £exp[Q/(RT)] = 4 exp(fo) )
Z = éexp[Q/(RT)] = A,[sinh(ac)]" 3)

where 4, A}, A,, a, 5, n and n; are all constants; ¢ is the
strain rate; T is temperature; R is universal gas constant
with the value of 831 J/(mol'K); and Q is the
deformation activity energy.

By taking natural logarithms for Eq.(3), the
deformation activity energy can be expressed as[4]:

Q:R[Glnsinh(aa)} { Olng } )
& T

a(1/T) dInsinh(ao)

The variation in flow stress as a function of
deformation temperature is shown in Fig.3(a) for all
strain rates examined. The flow stress for each strain rate
was determined by the peak stress. It is evident that the
flow stress monotonically decreases with elevated
deformation temperatures. The variations of flow stress
as a function of strain rate over the temperature ranges
tested are plotted in Figs.3(b)—(c). The slope of the curve
in Fig.3(b) indicates that the stress exponent n is a
function of strain-rate and it increases from about 5.3 to
8.1 as temperature decreases.

The activation energy for deformation is calculated
through the hyperbolic sine model (Eq.(4)), and the
activation energy at various temperatures and strain rates
are illustrated in Fig.4. The results reveal that the
activation energy increases with elevated temperature.
The average activation energy from 473 to 523 K is
about 100 kJ/mol, which is close to that of
grain-boundary diffusion of magnesium (92 kJ/mol)[13].
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Fig.3 Peak stress of TRC AZ31B Mg as function of

deformation temperatures and strain rates: (a) Flow stress—

deformation temperatures; (b) Strain rates—peak stress; (c)
In ¢ —In[sinh(ao)]

In contrast, the average activation energy from 523 to
623 K is about 135 kJ/mol, which is equal to that for
lattice diffusion of magnesium (135 kJ/mol)[13]. In
addition, a small activation energy platform region was
found in a temperature range from 553 to 608 K and a
strain rate range of 7X 107 to 2X 107 s™". It means that
if the material deformed in the small platform region, the
microstructure is in a relatively steady state. The reason
that activation energy varies with different strain rates
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Activation energy/kJ

Fig.4 Activation energies at various temperatures and strain
rates

may be the existence of some semi-solid grains in the
TRC produced sheet. For the semi-solid grains
construction, the solid-state and liquid-state grains
separate and the construction is broken out during the
tension test. The variation of dislocations and twins in
the deformation may be another reason.
3.2 Microstructure evolution and deformation
mechanism

The stress exponent, n, observed in the present
material was 5.3-8.1 (shown in Fig.3(b)), which
suggests that climb controlled dislocation creep can be a
dominant deformation process[11]. The deformation
temperature and stress relationships at different strain
rate (shown in Fig.3(a)) indicate that the stress level
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decreases with temperature increasing, and the analyses
reveal that the flow behavior at the high strain rate of 1
s ' is represented by a conventional creep[11]. In order to
confirm the optical
microstructures of testing specimens were examined, as
shown in Fig.5. As seen in Figs.5(a), highly dense
deformation twins are formed in the material, some
dislocation ripple glide-bands are observed in the
material deformed at 7=473 K, &=1s"', but fewer twins
are shown in Figs.5(b) and (c). This indicates that the
TRC-Mg alloy may deform by dislocation glide and
twinning at high strain rates even at high temperatures.
In addition, when the material deformed at 7=623 K,
£=0.001 s', as shown in Fig.5(d), the grains present a
nearly equiaxed structure, and the grains become coarse.

the deformation mechanism,

3.3 Transition of dominant diffusion process

Generally, the strain rate at which a material
deforms at elevated temperature can be described
as[14—-15]

kT %)

NN
( d) ( G)
where & is the strain rate, 4 is a constant, Dy is the
effective diffusion coefficient (D.g=Dyexp[—Q/(RT)], o is
the flow stress, G is the shear modulus, &k is the
Boltzmann’s constant, d is the grain size, b is the Burgers
vector, p is the grain size exponent, Q is the activation
energy, R is the gas constant, 7 is the absolute
temperature, and # is the true stress exponent. In this
work, since the dislocation climb and glide are the

P > |
Fig.5 Optical microstructures deformed at: (a) 7=473 K, ¢=1s"; (b) T=473 K, £=0.001s"; (c) 7=623 K, #=1s"; (d) T=623 K,
£=0.001s"
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dominant diffusion mechanism, and the true stress
exponent value 7 is closed to 4.5, the grain size exponent
p value is equal to 0[14].

The effective diffusion coefficient, D.g, is given
as[11]

Dy =Dy +B(c/G)’ Dy, (©)

where D is the lattice diffusion coefficient and Dy, is the
grain boundary diffusion coefficient, £ is a constant and
is estimated to be 0.12 for AZ31 and AZ61 magnesium
alloys, o is the stress, and G is the shear modulus.
Furthermore, D, and Dy, for AZ31 alloy are taken as that
for pure magnesium[11].

The effective diffusion coefficients (D.y) vary at
different deformation temperature and strain-rates, as
illustrated in Fig.6. It can be clearly seen that the
effective diffusion coefficients increase when the
temperature increase, and the temperature within 593 to
613 K corresponds to the transition temperature between
grain-boundary and lattice diffusions. This means that
the contribution of grain-boundary diffusion remains
dominant until it transits to lattice diffusion when the
deformation temperature is higher than the transition
temperature. Once this transition occurs, the
microstructures of the material may be changed
significantly. The reason that Dy varies with the strain
rates may be the variation of semi-solid grains
construction, dislocations and twins in the deformation.
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Fig.6 Variation of effective diffusion coefficients at different

deformation temperature and strain rates

3.4 Processing map

The processing maps were developed on the basis
of Dynamic Materials Model[16]. In this model, the
work-piece undergoing hot deformation is considered to
be a dissipation of power, and the strain rate sensitivity
(m) of flow stress is the factor that partitions power
between deformation heat and microstructure changes.
The efficiency of power dissipation through
microstructure changes during deformation as a function
of temperature and strain rate is given as[17]

I ()
m+1

where m is the strain rate sensitivity of flow stress. The
contour plot of the iso-efficiency # values on
temperatures and strain rates field constitutes the
processing map[18]. As the dissipation characteristics
vary for different microstructural mechanisms, each
domain on the map can be correlated to a single
dominant mechanism operating those conditions and
therefore, the processing-maps are known as power
dissipation maps. In addition to the # contours, the
instability criterion is given as[19]

_olnfm/(m+ D]

s Olné

m<0 (®)

The variation of the instability parameter ¢ with
temperature and strain rate constitutes an instability map,
which may be superimposed on the power dissipation
map to obtain an instability map.

The processing map obtained at a strain of 0.4 is
illustrated in Fig.7. Normally, the processing maps can
be partitioned into four domains: instability region,
continuous dynamic recrystallization (CDRX) region,
discontinuous dynamic recrystallization (DDRX) region
and low Zener-Hollomon parameter Z (high temperature
and low strain rate) region. As seen in Fig.7, the
instability region appears at lower temperatures and
higher strain rates and occupies the upper left part of the
processing map. The microstructures of instability region
in the material are shown in Figs.5(a), where the grains
are visibly elongated and highly dense twins occur. In
addition, some cavities are found in the grain boundaries
or triple points. As seen in Fig.7, the CDRX region
appears in a temperature range of 473 K to 535 K and a
strain rate range of 0.001 to 0.002 s ' and the peak
efficiency at CDRX region is 38%. The DDRX region
appears in the region of higher temperature and higher
strain rate, and the peak efficiency at DDRX region is
42%. The optical microstructures of CDRX and DDRX
grains are shown in Figs.8(a) and (b), respectively. It is
obvious that the recrystallized grain feature has
extremely fine grains (Fig.8(a)) and equiaxed grains with
wavy grain boundaries (Fig.8(b)). Different mechanisms
of crystal plasticity control different microstructure of
DRX, and the mechanisms of DRX depend on the
operating deformation mechanisms which change with
temperatures. At low temperature, DRX is associated
with the operation of twinning, basal slip and (a+c)
dislocation glide; at intermediate temperature, CDRX is
associated with the extensive cross-slip due to the
Friedel-Escaing mechanism; at high temperatures, both
bulging of original grain boundaries and subgrain growth
are the operating DRX mechanisms and controlled by
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dislocation climb[13]; the obtained peak efficiency is
60% in the low Zener-Hollomon parameter Z region,
when the temperature is in the range of 568 to 623 K and
the strain rate in the range of 0.001 to 0.004 s™'. The
obtained optical microstructure is shown in Fig.5 (e),
which shows the recrystallized grain feature with the
nearly equiaxed grains and even structure.
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Fig.7 Processing map obtained at strain of 0.4 (¢=0.4)

Fig.8 Optical microstructures in DRX domains: (a) CDRX; (b)
DDRX

3.5 Optimization of thermo-mechanical processing

To obtain the optimum processing parameters of the
TRC-Mg alloy, the processing map, activation energy
map and the effective diffusion coefficient map should
be taken into account together. As seen in Fig.4, the
variation of activation energy has a small platform in the
temperature range of 553 K to 608 K and strain rate
range of 7X 107 to 2X 107 s™'. This means that the

microstructures of the material have little sensitivity for
processing parameters in the steady region. In addition,
as shown in Fig.6, the variation of the effective diffusion
coefficient indicates that the grain-boundary diffusion
transits to the lattice diffusion when the deformation
temperature is higher than the transition temperature. In
this case, the microstructures of the material changed
significantly. So the temperature of hot processing
should be lower than the transition temperature.
According to the processing map, two principles of the
optimization should be adopted: 1) be apart from
instability region (2) obtain the maximum peak
efficiency with the occurrence of full dynamic
recrystallization in the region. Based on the reasons
mentioned above, the optimum conditions for thermo-
mechanical processing of the TRC-Mg alloy are at the
temperature range of 553 to 593 K and the strain rate
range of 7X 102 t0 2X 105"

4 Conclusions

1) When the alloy deformed in the low strain rate
range below 1X10"' s, the dominant deformation
mechanism is dislocation creep controlled by
grain-boundary diffusion at low temperature and by the
lattice diffusion at high temperatures. The deformation
behaviors and microstructures at a high strain rate of 1
s ' indicate that the dislocation glide and twinning are
the dominant deformation mechanisms even at elevated
temperatures.

2) The average activation energy is 100 kJ/mol at
473-523 K, and the average activation energy at
523-623 K is 135 kJ/mol. The small activation energy
platform region is in the temperature range of 553 K to
608 K and the strain rate range of 7X 107 to 2X 107 s,
The effective diffusion coefficients map reveals that the
transition temperature between grain-boundary diffusion
at low temperature and lattice diffusion at high
temperatures varied in the range of 593 to 613 K.

3) The processing map suggests that the DDRX
region appears in the higher temperature and higher
strain rate, CDRX region appears in the temperature
range of 473 K to 535 K and strain rate range from 0.001
t0 0.002 s ', and the flow instability region appears at the
low temperature range under high deformation rates.
Furthermore, the obtained optimum conditions for
thermo-mechanical processing of the alloy is at the
temperature range of 553 K to 593 K and strain rate
range of 7X 10 t0 2X 107 s,
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