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The hot working behavior of a as-homogenized Mg–Zn–Y–Zr alloy has been investigated in the
temperature range 200–400◦C and strain rate range 0.0015–7.5 s−1 using processing map. The
power dissipation map reveals that a domain of dynamic recrystallisation (DRX) in the
temperature range 300–400◦C and strain rate range 0.0015–0.15 s−1, with its peak efficiency of
38% at 350◦C and 0.0015 s−1, which are the optimum hot working parameters. The apparent
activation energy in the hot deformation process is 148 ± 3 KJ/mol that is larger than that of
ZK60 alloy because of the obstruction of Y atoms for diffusion. DRX model indicates that DRX
of Mg–Zn–Y–Zr alloy is controlled by the rate of nucleation, which is lower one order of
magnitude than growth. And the rate of nucleation depends on the process of mechanical
recovery by cross-slip of screw dislocations. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Magnesium and its alloys have been perceived to have
poor ductility and poor cold workability at ambient tem-
perature because of its highly anisotropic dislocation slip
behavior. The critical resolved shear stresses (CRSS) of
a basal slip system at room temperature is approximately
1/100 those of non-basal slip systems on prismatic and
pyramidal planes. Whereas, the basal slip system can
only provides two independent slip systems, far fewer
than the necessary five independent systems for homoge-
neous deformation [1]. However, the CRSS of non-basal
slip systems drops rapidly with increasing temperature
which is in favor of improving deformability of magne-
sium and its alloys at elevated temperature [2]. Wrought
Mg–Zn–Y–Zr alloys attracted significant interest because
they have both high strength at both room and elevated
temperatures [3]. But the attention is paid to the phase
transformations in these wrought alloys [4–7], and few
attentions to its deformability [8]. The aim of the present
investigation is to develop a processing map with a view
to understanding its characterization of dynamic recrys-
tallisation (DRX) and optimizing its hot workability. The
processing map is developed on the basis of dynamic ma-
terials model (DMM) [9]. In this model, the workpiece
under hot working conditions is considered to be a dissi-
pater of power. At any moment the total power dissipation
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consists of two complementary parts, the G content repre-
sents the temperature increase and J co-content represents
the dissipation through metallurgical process, that is, the
total power dissipation P:

P = σ · ε̇ = G + J =
.
ε∫

0

σd ε̇ +
σ∫

0

ε̇dσ (1)

And it is found that strain rate sensitivity of flow stress m
is given by:

m = d J/dG = ε̇dσ/σd ε̇ = ε̇σd ln σ/σ ε̇d ln ε̇

≈ � log σ/� log ε̇ (2)

After integrated, the J co-content can be given by:

J = σ ε̇m/(m + 1) (3)

where σ is the flow stress and ε̇ is the strain rate. In the “ki-
netic” constitutive Equation, m varies with strain rate and
is nonlinear which leads to the J co-content nonlinear. For
an ideal linear dissipation, m = 1 and J = Jmax = σ ε̇/2.
Therefore, efficiency of power dissipation of a nonlinear
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dissipater can be expressed as a dimensional parameter,

η = J/Jmax = 2m/(m + 1) (4)

η represents the power dissipation characteristics occur-
ring through metallurgical changes in the workpiece ma-
terial and constitutes a processing map with temperature
and strain rate. This methodology has been used to op-
timize hot workability of various materials, such as Zr
[10], ETP copper [11], as-cast magnesium [12] and as-
cast [13] and hot-rolled [14] Mg-11.5Li-1.5Al alloy etc.
successfully.

2. Experimental
Mg–Zn–Y–Zr (Zn, 5.55 wt%; Y, 1.72 wt%; Zr, 0.37 wt%;
Mg, Bal.) alloy was melted in a mild steel crucible with the
protection of a mixed gas atmosphere of SF6 (1 vol.%) and
CO2 (99 vol.%). When the temperature reached 750◦C,
molten metal was stirred for about 5 min, and then poured
into a steel mold with diameter of 45 mm and height of
100 mm preheated to 200◦C. The initial grain size is about
45 µm.

Cylindrical specimens of 10 mm diameter and 15 mm
height were machined from the ingot homogenized at
400◦C for 18 h and used for compression testing. Hot
compression test was performed on Gleebe-3000 simula-
tor in a temperature range of 200–400◦C at intervals of

50◦C and in the strain rate range of 1.5 × 10−3–7.5 s−1.
In each test, the specimens were compressed to about
half their original height and the load-displacement data
were obtained and corrected. The procedure for obtaining
the power dissipation maps was conducted following that
mentioned in [9].

3. Results
True stress-true strain curves are shown in Fig. 1a–c at
200, 300 and 400◦C respectively, for various strain rates.
The curves at other temperatures are similar to those in
Fig. 1. At strain rates above 0.015 s−1, the curves ex-
hibit flow softening, whereas other curves show steady
state behavior for the temperature below 250◦C. How-
ever, for the temperature above 250◦C, the curves exhibit
flow softening at strain rates above 0.15 s−1, and other
curves show steady state behavior. Fig. 2 shows rela-
tionship between peak strain and temperature at different
strain rates. It can be found that the peak strain decrease
with the increasing of temperature and decreasing of strain
rates.

Power dissipation maps at strains of 0.1, 0.3 and 0.5
are shown in Fig. 3. The strain of 0.1 is considered to
represent strains below the critical strain for all strain
rates, the strain of 0.3 indicates those close to the critical
strain and the strain of 0.5 corresponds to those at the
steady state for most of the strain rates. The maps at other

Figure 1 True stress-true strain cures obtained at (a) 200◦C, (b) 300◦C and (c) 400◦C at various strain rates.
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Figure 2 Variation of peak strain with temperature at various strain rates.

strains are similar to those in Fig. 3 which shows that there
is no effect of strain on the power dissipation maps. These
maps show a single domain in the temperature range 300–
400◦C and strain rate range 0.0015–0.15 s−1, with a peak
efficiency of about 38% occurring at about 350◦C and

0.0015 s−1. The domain changes narrow with increasing
strains toward lower strain rate.

4. Discussion
4.1. Dynamic recrystallisation
According to the interpretation of DRX domain in pro-
cessing map, the efficiency of power dissipation is 30–
40% in the low stacking fault energy (SFE) materials.
The SFE of magnesium is reported [12] to be about 60–
78 mJm−2 belonging to low SFE materials. The efficiency
is about 34% for as-cast magnesium [12] whose DRX do-
main occurring at 425◦C and 0.3 s−1. That for Mg-2Zn-1
Mn [15] alloy is about 33%, its DRX domain occurring
at 450◦C and 0.1 s−1. Therefore, the domain occurring at
350◦C and 0.0015 s−1 may be interpreted as a DRX do-
main. Microstructure of a sample deformed in this domain
is shown in Fig. 4. DRX occurs completely. The efficiency
of power dissipation and average grain size vs. tempera-
ture are shown in Fig. 5 corresponding to the strain rate of
0.0015 s−1. The grain size increases with temperature and
shows a sigmoid. The temperature at which a 50% change
in grain size has occurred is termed as DRX temperature

Figure 3 Power dissipation maps obtained at strains of (a) 0.1, (b) 0.3 and (c) 0.5. (Numbers on contours represent isoefficiency (%) of power dissipation).
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Figure 4 Microstructure in DRX domain at 350◦C and 0.0015 s−1.

Figure 5 Variation of (a) efficiency of power dissipation and (b) average
grain size with temperature at the strain rate of 0.0015 s−1.

[16] which is 350◦C in Fig. 5. A comparison of the vari-
ations of grain size and efficiency at the strain rate of
0.0015 s−1 reveal that the DRX temperature correspond-
ing to a 50% change in the grain size coincides with tem-
perature for peak efficiency. Therefore, the peak efficiency
in processing map represents the DRX temperature. The
optimum parameters for hot working of this material are
350◦C and 0.0015 s−1. The DRX formation mechanism
is discontinuous dynamic recrystallisation (DDRX) that
is controlled by high-temperature dislocations climb in
pure magnesium [12], Mg-2Zn-1 Mn [15] and AZ31 [17]
alloy. Hence, the DRX temperature of these magnesium
alloys is higher. However, the DRX formation mechanism
of Mg–Zn–Y–Zr alloy is continuous dynamic recrystalli-
sation (CDRX) which is controlled by cross-slip in the
intermediate temperature. High temperature will lead to
the increasing DRX grain size and lower dissipation effi-
ciency (discussed in Section 4.3). Therefore, the optimum
DRX temperature of Mg–Zn–Y–Zr alloy is lower than that
of other magnesium alloys.

4.2. Kinetic analysis
In the kinetic analysis, the effects of temperature and
strain rate on flow stress are expressed by the following

Equation:

A(sinhασp)n = ε̇ exp(Q/RT) = Z (5)

where A is a constant, n is stress exponent (= 1/m), α

= 0.0052 MPa−1 [17], ε̇ is strain rate, R is gas constant,
T is absolute temperature, Q is activation energy and Z
is the Zener-Hollomon parameter incorporating the two
control variables T and ε̇ through an Arrhenius function
with activation energy Q. Then the activation energy Q
can be expressed as:

Q = R

[
∂ ln(sinh ασ )

∂1/
T

]

ε̇

[
∂ ln ε̇

∂ ln(sinh ασ )

]
T

(6)

In order to calculate Q, stress exponent n is obtained
from the ln ε̇ vs ln(sinhασ ) plots (Fig. 6)a and slope s is
obtained from the ln(sinhασ ) vs 1/T plots (Fig. 6b). The
mean activation energy Q (nsR) is calculated to be 148
± 3 KJ/mol and larger than 140 KJ/mol for ZK60 alloy
[18] which results from the Y solute atoms hampering the
lattice diffusion of Mg. The plot including Z brings all
test data into a single line which confirms the fit with a
correlation coefficient r = 0.982 (Fig. 6c).

4.3. Mechanism of dynamic recrystallisation
DRX is the phenomenon by which the stored energy
present in a deforming microstructure is used to generate
new, dislocation free, grains during the deformation pro-
cess [19]. It consists of two occurring simultaneously and
competing processes-nucleation (formation of interfaces)
and growth (migration of interfaces) which correspond-
ing to two parallel processes-strengthening and soften-
ing. Strengthening results from the increasing of dislo-
cation density due to dislocation generation. Meanwhile,
dislocation rearrangement produce high angle boundary
that forms a subgrain (nucleation). Softening results from
the dislocation annihilation and incorporation (growth).
A steady state is obtained when the dynamic balance of
quantities of dislocation formation and dislocation anni-
hilation. Therefore, the steady state reflects a dynamic
balance between nucleation and growth, and between
strengthening and softening. A. Galiyev et al. [20] inves-
tigate the deformation mechanism of ZK60 alloy, which
demonstrates that at temperature range of 473 to 723 K,
cross-slip and high-temperature dislocations climb are
identified as controlling mechanisms for large-strain plas-
tic flow in ZK60 magnesium alloy, that is, the controlling
mechanism of plastic deformation is cross-slip of a dis-
locations (screw dislocations) on non-basal planes that
results in the CDRX and the activation energy of plastic
flow approaches the activation energy for volume self-
diffusion, i.e., the controlling process is dislocation climb
that brings on the DDRX. Mg–Zn–Y–Zr alloy investi-
gated in this paper is a ZK60 alloy adding Y element, and
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Figure 6 The dependence of peak strength on (a) strain rate, (b) temperature
and (c) Z according to Equation 5.

therefore, the controlling mechanism for plastic deforma-
tion is same to that of ZK60 alloy.

DRX model proposed by Y.V.R.K. Prasad [16] is based
on the nucleation and the rate of grain boundary migration,
which are the two competing processes under a given
constant true strain rate and the slower of the two rate
controls DRX.

The rate of interface formation RF depends on the rate
of recovered dislocations generation

RF = ε̇PR/b1 (7)

where PR is the probability of recovery of dislocations, b
is the Burgers vector, and l is the dislocation link length
(about 3 × 10−6 m). For mechanical recovery involving
cross-slip of screw dislocations

PR = exp{−αGb2d[ln(d/b)]1/2/kT } (8)

where α is a constant (0.06), G is the shear modulus, d is
the stacking fault width, k is the Boltzmann constant, and
T is the DRX temperature.

The stacking fault width of magnesium is about 2b. Sub-
stituting G = 1.75 × 104 MN m−2, b = 3.21 × 10−10 m,
and d = 2b, the probability of recovery by cross-slip in
the tested alloy at the DRX temperature is about 1.2 ×
10−3.

For thermal recovery involving climb of edge
dislocations

PR = exp(−Q/RT ) (9)

where Q is the activation energy. Substituting QSD =
135 kJ mol−1 [21], the probability of recovery by climb
is about 4.8 × 10−12.

Figure 7 Variation of (a) efficiency of power dissipation and (b) average
grain size with ln ε̇ at 350◦C and a strain of 0.5.

Figure 8 Variation of lnd (average grain size) with lnZ at 350◦C and strain
of 0.5.
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Comparison of the probability of recovery by cross-slip
and by climb reveals that recovery by cross-slip is about
nine orders of magnitude faster than that by climb, hence,
will control the rate of interface formation, which is then
given by

RF = (ε̇/bl)exp{−αGb2d[ln(d/b)]1/2/kT} (10)

The DRX parameters in the investigated alloy are ε̇ =
1.5 × 10−3 s−1 and T = 350◦C and therefore RF = 1.9 ×
109 m−2 s−1.

During the deformation of the Mg–Zn–Y–Zr alloy, dis-
persive precipitates [8] pinning the grain boundaries that
leads to the suppression of formation for bulges of grain
boundaries which results in nucleation of DDRX grains,
and meanwhile, restricting the dislocation climb results
in the formation of low-angle boundaries. Continuous
absorption of dislocations in the low-angle boundaries
results in CDRX. Hence, it is not high-temperature dislo-
cations climb, but cross-slip of a dislocations that controls
the nucleation of CDRX which can be proved by the above
calculation.

The rate of interface migration of high angle grain
boundaries RM depends upon the grain boundary mobility
M:

RM = cM (11)

M = D�/kT b (12)

where D is the diffusion coefficient, � is the inter-
facial energy and c is a constant (about 10−3 m−1).
Substituting D = 4.8 × 10−16 m2 s−1 at 350◦C and
� = 340 mJ m−2, then RM ≈ 6 × 1010 m−2 s−1 is obtained.

Hence, the rate of interface formation RF is lower one
order of magnitude than the rate of interface migration
RM and then controls the DRX process.

Combination the true stress-true strain curves (Fig. 1)
with power dissipation maps (Fig. 3), it is found obvi-
ously that single peak stress-strain behavior appears in
the DRX domain, whereas drooping [16] stress-strain be-
havior occurs outside the DRX domain. At lower strain
rates (0.0015 s−1), the rate of interface migration increases
to be about 3.8 × 1011 at high temperature (400◦C) owing
to the rapid diffusion. The difference between RF and RM

increases and the interface migration will consume some
of the nuclei of DRX, making the process less efficient
and increasing the DRX grain size (Fig. 5b). At strain
rates higher than the DRX strain rate, time for interface
migration is less and DRX is incomplete which results in
the drooping stress-strain curves. At lower temperature,
the rate of interface migration is lower (at constant strain

rate), and at higher strain rate, the rate of interface forma-
tion is higher (at constant temperature), which also leads
to the process less efficient and decreasing the DRX grain
size (Fig. 5b and 7b). It is well known [22] that the grain
size variation under DRX conditions may be correlated
with the temperature compensated strain rate parameter
(Zener-Hollomon) Z. The average grain size is plotted
against Z on ln-ln scale in Fig. 8 when the specimens
were deformed at DRX temperature. The plot exhibits a
linear relationship, which can be expressed by the follow-
ing equation:

lnd = 4.25 − 0.092 ln Z (13)
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