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Flow stress behavior of as-cast dilute Mg-1.2Zn-0.2Y alloy was studied via
uniaxial compression test at temperature (300-450°C) and strain rate (0.001-
1s ') using a Gleeble-3500 thermal simulation tester. The constitutive
equation with the deformation activation energy of 275.9 kJ/mol was estab-
lished to describe the thermal deformation behavior of the tested material.
The processing maps for the Mg alloy were also constructed based on dynamic
material modeling. Optical microscopy, x-ray diffraction, transmission elec-
tron microscopy and electron backscatter diffraction were utilized to charac-
terize the microstructures formed at elevated temperature. The results
indicated that dynamic recovery was the dominant work-softening mechanism
of the Mg-1.2Zn-0.2Y alloy at lower temperature and dynamic recrystalliza-
tion mainly contributed to the deformation softening at higher temperature.
The optimal processing parameters of the safe deformation window were
identified as temperature of 420—-450°C and strain rate of 0.001-0.01 s 1.

INTRODUCTION

Magnesium (Mg) alloys,as the lightest commer-
cialized metallic structural material, are receiving
great attention and have great potential applica-
tions in the automobile, space and aeronautics, and
electronics industries owing to their unique physical
performances, such as excellent damping ability
and high recycle capacity.!

In industry, Mg alloys are usually divided into
wrought and casting alloys. Although casting alloys
account for a large proportion of all Mg alloy
products because of the cost advantage of casting
alloys over wrought alloys, developing a wrought
alloy is attracting much attention and is an impor-
tant way to expand its applications.? For example,
the development of ZK60, as a typical high-strength
wrought alloy, can be traced back to the 1960s.

It has been reported that the addition of rare
earth (RE) elements can remarkably refine the
microstructures of Mg alloys and improve their
mechanical properties.” For example, the addition of
gadolinium (Gd) can remarkably improve the heat
resistance and high strength of Mg alloys;*” the
addition of yttrium (Y) can also refine the
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microstructure of Mg alloys and improve the
strength.® ' For Mg-Zn-Y alloys, the icosahedral
quasicrystalline phase (I-phase, MgsZngY) can be
observed. I-phase is a ternary equilibrium phase
and can enhance Mg alloys’ properties because of its
unique intrinsic properties such as higher hardness
and strength, directional relationship and low
interface energy with the o-Mg matrix.'! After
subsequent forging processing, Mg alloys can
achieve good strengths with moderate ductility by
dispersion of MgsZngY-phase.'®'® Therefore, the
existence of I phase is conducive to enhancing Mg
alloys’ performance at ambient and elevated tem-
peratures.>%1%1% Ag reported in relevant papers, I
phase is more likely to be formed when the ratio of
zinc to yttrium is about 6.51%12

In recent years, many engineers and scientists
have devoted much attention to the development of
dilute Mg alloys and successfully developed several
kinds of dilute Mg alloys, which achieve a perfect
balance of ductility and strength by subsequent
plastic processing. One of the advantages of the
dilute Mg alloy is that it can reduce the addition of
alloy elements, thereby greatly reducing the cost of
alloys. %17
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It is commonly accepted that Mg alloys’
microstructure adjustment and mechanical perfor-
mance improvement can be achieved by hot plastic
processing techniques such as heat extrusion, forg-
ing and rolling. However, the workability of Mg and
its alloys is poor at low temperatures owing to the
limited slip systems of the Mg alloy resulting from
its hexagonal close-packed (HCP) crystal structure.
Therefore, activating additional slip systems by hot
processing at elevated temperatures is necessary
and can 9greatly enhance the workability of Mg
alloys.'®! In addition, the casting microstructure
can be effectively adjusted by recrystallization or
recovery after hot deformation, which finally
improves Mg alloys’ mechanical properties.?’23
Hence, it is important to investigate Mg alloys’ hot
deformation characteristic and construct their pro-
cessing maps to optimize the thermal processing
parameters. However, previous studies mainly
focus on the microstructure and mechanical prop-
erties of ZK series Mg alloys®*?® or AZ series Mg
alloys.26-2?

To the authors’ knowledge, the thermal deforma-
tion behavior and workability of as-cast dilute Mg-
1.2Zn-0.2Y alloy has never been studied so far, and
the aim of this article is to investigate its thermal
flow behavior using hot compression tests. Further-
more, microstructure observation and processing
maps are also adopted to optimize the hot process-
ing parameters.

MATERIALS AND EXPERIMENTAL PROCE-
DURES

Dilute Mg-Zn-Y alloy was used in the present
work, and its chemical compositions (mass fraction)
are as follows: 1.2% Zn, 0.2% Y and the balance Mg.

The tested alloy was made by melting high-purity
magnesium, zinc and master alloy Mg—30%Y in an
electric resistance furnace under the protection of
SFg and CO, mixed gas. Mg billets were completely
melted at 800°C, and then zinc and Mg-30%Y were
subsequently added into the melt, followed by
homogeneous stirring and keeping for 30 min.
Then, the melt was cooled to 680°C and poured into
a steel mold preheated to 200°C. The Mg-Zn-Y alloy
ingots of ) 40 mm x 75 mm were successfully fab-
ricated and homogenized at 400°C for 10 h.

All specimens of ( 10 mm x 15 mm were
machined from the middle part of the ingots along
the axial line. The uniaxial thermal compression
test was conducted at various temperatures (300°C,
350°C, 400°C, 450°C) and strain rates (0.001 s 1,
0.01s7%, 0.1s % 1s1) using a Gleeble-3500 test
system. Prior to compression testing, all the spec-
imens were heated up to target temperature with a
heating rate of 10°C/s and were then kept for 180 s
to obtain temperature stabilization. Graphite lubri-
cation was applied on the sample surface to elimi-
nate the effect of friction formed during compression
as far as possible. Once the true strain reached 0.6
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during the test, the compression process stopped
and the specimen was water-quenched immediately
to freeze the deformed microstructure.

Optical microscopy (OM), x-ray diffraction (XRD),
transmission electron microscopy (TEM) and elec-
tron backscatter diffraction (EBSD) were used to
characterize the microstructures of the deformed
specimens.

RESULTS AND DISCUSSION
As-Homogenized Microstructure

Figure 1 shows the microstructure of the Mg-
1.27Zn-0.2Y alloy homogenized at 400°C for 10 h. In
Fig. 1a, the equiaxed grains with an average size of
about 300 yum were formed in the Mg alloy after
homogenization. The XRD spectrum of the tested
Mg alloy is presented in Fig. 1b, which indicates
that the Mg alloy mainly consists of a-Mg as well as
a very small amount of I phase (MgsZngY) and Z
phase (Mg2ZnY). As reported in the Ref. 25, the as-
cast Mg-Zn-Y series alloy usually forms ternary
Mg—Zn-Y phases such as W-phase (MgsZn3Y5), I-
phase (MgsZngY) and Z-phase (Mg;2ZnY), depend-
ing on the equilibrium condition and the Y/Zn mole
ratio. The low content of Y is the main reason why I
phase is difficult to detect by XRD. In addition,
Fig. 1c shows that a small number of twins were
formed. Such twins may be induced due to grinding
and polishing during the preparation before EBSD
measurement. The inverse pole figures (IPF) show
the formation of a weak texture with only a
maximum intensity of 3.29 above random (Fig. 1d).

Flow Stress Behavior

The true stress—true strain curves under various
deformation conditions are presented in Fig. 2. It
can be observed that at the initial stage of defor-
mation, the stress value increased sharply with
increasing strain and then gradually increased to a
maximum value. As the true strain increased
further, the flow stress remained stable or slightly
decreased. Additionally, it was obvious that the flow
stress behavior was significantly affected by the hot
deformation parameters. For example, the flow
stress value of the tested Mg alloy deformed at the
higher strain rates and lower temperatures was
higher and vice versa. Supplementary Table S-I
(refer to online supplementary material) lists the
peak stress values at various deformation
conditions.

The true stress—true strain curves also delivered
some information about hot deformation mecha-
nisms. As the true strain was < 0.05, work harden-
ing resulting from dislocation generation and
multiplication played a key role during deformation
and led to a sharp increase in flow stress, as shown
in Fig. 2. Then, the increased rate of flow stress
decreased, and the flow stress value gradually
increased with a further increase of the strain,
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Fig. 1. Initial microstructure of the Mg-1.2Zn-0.2Y alloy: (a) optical microstructure; (b) XRD diagram; (c) EBSD map; (d) inverse pole figure.

finally reaching the maximum because of work
hardening and working softening through dynamic
recovery (DRV) and dynamic recrystallization
(DRX). The detailed analysis through microstruc-
ture observation will be discussed in the following
sections.

Constitutive Analysis

It is widely accepted that besides the material
itself and heat treatment, the correlation among
deformation temperature, strain rate and stress
also varies with the degree of stress. For example,
the relationship at lower and higher stress situa-
tions is described by Eqgs. 1 and 2, respectivelg.
Equation 3, proposed by Sellars and Tegart,3°2
illustrates the relationship at all the stress levels.

i = Ayo™ exp(—Q/RT) (1)
& =Agexp(fo) exp(—Q/RT) (2)
¢ = A[sinh(a0)]"exp(—Q/RT) (3)

where & is the strain rate (s™1); @ is the deformation
activation energy; T is the absolute temperature
(K); R is the gas constant (8.314 J mol ' K™'); ¢ is
the peak stress (MPa); A;, A, A, ny, n, o and f§ are
the structure factors; o = f/n;.

The relationship containing the Zener—Hollomon
(Z) parameter can be shown as Eq. 4:>3

Z = ¢exp(Q/RT) = A[sinh(a0)]" (4)
By taking the natural log of both sides of Eqs. 1-4,
we can get the following equations in turn:

Iné=InA;+ni1lno - Q/RT (5)
Iné = InAg + fo — Q/RT (6)

Iné =1nA + nln[sinhas] — Q/RT (7)
InZ =InA + nln[sinh ag] (8)

Figure 3a and b shows the linear relationships of
Inc—Iné and o —1Iné at different temperatures.
According to Egs. 5 and 6, the values of 1/n1 and 1/
were the slope of the line in Fig. 3a and b,
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Fig. 2. True stress-true strain curves of the Mg-1.2Zn-0.2Y alloy during hot compression: (a) z = 0.001 s (b)=0.01s""(c)=0.1s5"";(d)

é=10s"".

respectively. Therefore, the value of n; and f§ was
calculated as n; = 10.58235 and f = 0.15669. Then,
the mean value of o was obtained as 0.01487
according to o = fi/ny.

By differentiating Eq. 7 with respect to 1/7,

Q = R{(9In )/d1In[sinh(sc)]} ;{8 In[sinh(ss)]/(1/T)},
9)

The linear relationships of In[sinhos] —Iné and
1/T — In[sinh(xo)] are fitted in Fig. 3c and d.
According to Eq. 9, the slope values in Fig. 3c and
d were the first and second part of Eq. 9, respec-
tively. Therefore, the value of @ can be calculated to
be 275.9 kd/mol.

The linear relationship of In[sinhos] —InZ is
presented in Fig. 3e with a correlation coefficient
of 0.973. The slope of the line in Fig. 3e can be
viewed as the value of n, which is about 4.2597. The
intercept of the fitted curve in Fig. 3e can be

observed as the value of InA = 39.44391, and then
the value of A was calculated as 1.35 x 1017,

By substituting the above parameters into Eq. 3,
we can get:

& = 1.350 x 10"[sinh(0.014874)]*® exp(—275.9/8.314T)

(10)
then:
7= 1n{(Z/(1.35 x 1017)) /%8
+[(Z/(1.35 x 1017>)(2/4A26+1)]1/2} (11)
and in Eq. 11:
Z = iexp(2.759 x 10°/RT) (12)

The @ value is an important indicator to measure
the difficulty of material deformation, which is
related to the material itself and hot deformation
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parameters. Table I lists the @ values of pure Mg
and Mg alloys. It is clear that the @ value of Mg
alloys is higher than that of pure Mg, but the degree
varies. And it is found that the @ value of the RE
element-containing (i.e., Gd, Y) Mg alloys is much

larger than that of pure Mg and other Mg alloys.
The reason may be the addition of RE elements
greatly increases Mg alloys’ strength by solid solu-
tion strengthening and precipitation strengthening.
Hence, the deformation of such Mg alloys is more
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Table I. Comparison of @ values for Mg-1.2Zn-0.2Y alloy and other Mg alloys

Materials Q/KJmol ! References
Pure Mg 135 34
Mg-5.5Zn 177 34
Mg-5.5Zn-1.1Y 236 34
Mg-9.5Zn-2Y 176.3 35
Mg-5.75Zn-0.73Y-0.36Zr 251.2 25
Mg-2.0Zn-0.3Zr-0.9Y 236.2 23
Mg-6Zn-0.6Zr 140.3 36
Mg-9A1-1Zn 136.3 37
Mg-9Gd—2.4Y-0.4Zr 199.8 87
Mg-3Gd-1Zn 173.2 5
Mg-1.2Zn-0.2Y 275.9 The present work
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Fig. 4. TEM images of the Mg-1.2Zn-0.2Y alloy deformed under various conditions: (a) InZ = 57.91 (300°C, 1 s™'); (b) InZ = 50.96 (350°C,
0.1 s7"); (c) InZ = 44.70 (400°C, 0.01 s™'); (d) InZ = 38.99 (450 C, 0.001 s ).

difficult.®*+3%37 In the present Mg alloy, I-phase resulting in difficult slip during hot deformation.
may be contained®® and then increase the value of The overall deformation becomes more difficult, and
Q. In addition, the grain size of the present Mg- then the larger @ value of the Mg-1.2Zn-0.2Y alloy
1.2Zn-0.2Y alloy is much larger (~ 300 um), is observed.
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Fig. 5. DRX distribution images of the Mg-1.2Zn-0.2Y alloy after hot conditions: (a) InZ = 57.91 (300°C, 1 s™"); (b) InZ = 50.96 (350°C, 0.1 s ');

(c) InZ = 44.70 (400°C, 0.01 s "); (d) InZ = 38.99 (450°C, 0.001 s ).

Microstructure Characterization

In the process of hot deformation of metal mate-
rials, different deformation parameters often lead to
different deformation mechanisms and deformation
microstructures. The TEM images of the Mg-1.2Zn-
0.2Y alloy deformed under various conditions are
presented in Fig. 4. From Fig. 4a and b, it can be
found that many deformation bands were formed in
some larger grains. It is a fact that the crystal
structure of the Mg alloy is HCP with limited slip
systems, which always results in poor workability at
low temperature. Especially at high strain rates, it
is easy to generate uneven stress in some larger
grains and eventually form deformation bands. In
addition, many dislocations can be found in some
deformation bands, which can be ascribed to the soft
orientation of the grains. During compression defor-
mation, the density of dislocation increased contin-
uously, and a large amount of dislocation
accumulated in the grains, resulting in the forma-
tion of complex cell-like entangled structures. How-
ever, in some grains with hard orientation, there
was almost no dislocation, which can be attributed
to the moving difficulty of the slip system in these
grains. With the increase of deformation tempera-
ture, the mobility of dislocations increased, and the
slip activated in the grains with soft orientation. At
the same time, the rearrangement and annihilation
of dislocations were easier, generally leading to the

decrease of dislocation density, as shown in Fig. 4c.
With the further movement and interaction of
dislocations, clear grain boundaries gradually
formed (Fig. 4d). This phenomenon has been con-
firmed in many references.

The EBSD images of the Mg-1.2Zn-0.2Y alloy
after hot deformation are presented in Fig. 5. The
blue, yellow and red colors represent DRX grains,
sub-microstructures and deformed grains, respec-
tively. Many sub-microstructures are formed under
various deformation conditions, and Fig. 5a—c
shows that dislocation entanglement is formed,
which is a typical DRV structure. However, at the
condition of 450°C and 0.001 s™! DRX grains
accounted for a larger proportion. This can be
attributed to the high thermal deformation activa-
tion energy of the tested alloy. In addition, high
deformation temperature and low strain rate pro-
vided conditions for DRX. Therefore, the main
softening mechanism could be summarized as
DRV and DRX, and DRX mainly occurred under
low strain rate and high temperature deformation
conditions.

Compared with the homogenized alloy (Fig. 1c), it
can be found that the equiaxed crystals almost
disappeared and the grains were elongated (Fig. 5a-
¢). In addition, a small number of fine recrystallized
grains were formed at the grain boundaries. When
deformed at 450°C and 0.001 s~!, the deformed
grains re-formed equiaxed grains through DRX, and
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Fig. 6. Processing maps of the Mg-1.2Zn-0.2Y alloy at strains of (a) 0.1; (b) 0.2; (c) 0.3; (d) 0.4; (e) 0.5; (f) 0.6.

the grain size was reduced from 300 ym before
deformation to about 100 um (Fig. 5d).

The misorientation distribution of the Mg-1.2Zn-
0.2Y alloy at various conditions is presented in
supplementary Fig. S-1. In the case of 350°C and
1s !, the ratio of high-angle grain boundaries

(HAGBs) and the average misorientation angle
were 78.4% and 34.85°, respectively. However, the
corresponding values at the condition of 450°C and
0.001 s~ ! were 82.6% and 45.69°, respectively. This
means that the formation of DRX grains greatly
improves the proportion of HAGBs.
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Processing Maps

The obtained data of hot compression tests can be
also utilized to construct processing maps based on
dynamic materials modeling (DMM). The process-
ing map can be used to investigate the hot worka-
bility and optimize the hot processing parameters of
the materials. According to this model, the work
piece can be described as a dissipater of power in the
total processing system. The dissipated power con-
sists of two parts, as shown in the following
equation:

P=oi=G+d = [odi+ [ido (13)
0 0

where the G content refers to the power dissipated
via plastic working, most of which is converted into
heat. The J co-content refers to the power dissipated
by metallurgical processes, such as DRV, DRX,
phase transformation and cracking.?%~*!

From Eq. 13, the strain rate sensitivity parame-
ter (m) of the flow stress can be used to describe the
relationship between G and J:

dJ/dG = (0P/9G)(8J JoP) = (ida)/(adi)
= 9(Inc)/d(Iné) = m (14)

At an ideal dissipation condition (m = 1), J can
reach to its maximum:

J = Imax = 08/2 (15)

In general, the dissipative power factor 5 is
defined as J/Jmax:

0= [ max = [moi/(m + 1)]/(c8/2) = 2m/(m + 1)
(16)

The dimensionless parameter (1) characterizes
the efficiency of dissipating energy by microstruc-
ture changes. Meanwhile, the instability map can be
developed on the basis of the extreme principles of
irreversible thermodynamics.*” The instability cri-
terion is defined as:

£(8) = dln(m/(m + 1))/dIné + m<0 (17)

According to Eq. 17, the flow instability region at
various conditions can be drawn, which is called the
instability graph.

By superimposing the instability map on the
power dissipation map, the processing maps at
different strains can be constructed, which directly
reflects the suitable and non-suitable processing
zones. The processing maps of the Mg-1.2Zn-0.2Y
alloy at different strains are presented in Fig. 6.
The shadow areas represent the rheologic instabil-
ity domains, and the other areas are the safety
processing domains. Obviously, when the strain
increased from 0.2 to 0.6, there was no marked
change in the processing maps. The strain param-
eter did not significantly change the distribution
and interval size of the hot-working drawing range
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of Mg alloys, and the direction of power dissipation
efficiency and its contour lines were not signifi-
cantly affected. Figure 2 also indicated that when
the strain was 0.1, the tested alloy was still in the
processing hardening stage. The equilibrium state
between work hardening and dynamic restoration
was gradually reached when the strain exceeded
0.2. From the processing maps, we can see that the
rheologic instability zones were mainly located at
300-350°C, 0.001-1.0 s™' and 350-420°C, 0.01—
1.0 s~%. The value of the contour line represents
the energy dissipation factor 5. Generally, the field
with the energy dissipation coefficient > 0.3 is
suitable for hot processing. However, as the high
energy dissipation rate is also related to the wedge
crack failure mechanism, the analysis of the pro-
cessing map needs to be supported by microstruc-
ture analysis.

In addition to reflecting suitable and unsuit-
able processing zones, the processing maps poten-
tially express different deformation mechanisms
under different deformation conditions. Accord-
ingly, different deformation mechanisms will lead
to different deformation microstructures. Taking
Fig. 6f as an example, three typical areas were
selected for the microstructure observation. Fig-
ure 7 shows the optical microstructures of the Mg-
1.2Zn-0.2Y alloy processed under various condi-
tions, and Fig. 7a indicates that in the unstable de-
formation zone with 300°C and 0.001 s~! (Domain
I), the grains were elongated and localized plastic
flow appeared in local areas. This is the typical
instability mechanism for metal materials deformed
at high strain rates and low temperatures.**

In addition, Fig. 7b shows that under the appro-
priate condition of 450°C and 0.001 s ! (Domain IT),
the DRX process was more adequate and eventually
fine DRXed grains formed.

However, as shown in Fig. 7c, in Domain III,
corresponding to the stability domain with high
temperature and high strain rate, the microstruc-
ture obviously consisted of new necklace-like grains
along the original grain boundaries, which is a
typical inadequate recrystallization microstructure.
It is well known that the recrystallization process is
controlled by the rates of nucleation and growth.
For polycrystalline Mg alloys, recrystallization
nucleation tends to occur in the intersection of
deformation bands and/or twins, and then DRXed
grains grow by migration of the original grain
boundaries.** The whole process is controlled by
recrystallization activation energy and the driving
energy for grain boundary migration. At higher
strain rate conditions, the lack of sufficient recrys-
tallization growth time leads to the formation of a
necklace-like microstructure. This microstructure
tends to evolve into an instability structure because
of flow localization. In general, the optimum pro-
cessing parameters presented on the processing
map were 420-450°C and 0.001-0.01 s~ !, with a
peak efficiency of power dissipation of about 56.88%.
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CONCLUSION

Flow stress behavior of as-cast dilute Mg-1.2Zn-
0.2Y alloy was investigated by the uniaxial thermal
compression test using a Gleeble-3500 test system.
Constitutive equations and processing maps were
established for the tested Mg alloy. The main
conclusions can be drawn as:

1. The true stress—true strain curves showed typ-
ical dynamic recovery characteristics. The flow
stress decreased with the increase of deforming
temperature and increased with the increase of
strain rate.

2. The deformation activation energy @ of the Mg-
1.2Zn-0.2Y alloy was calculated to be
275.9 kd/mol, and the constitutive equation can
be established as:

o =In{(Z/(1.35 x 10'))"***

18
+{(Z/(1,35 X 1017))(2/4.26+1)}1/2}' (18)

3. Dynamic recovery (DRV) was the main soften-
ing mechanism of the Mg-1.2Zn-0.2Y alloy dur-
ing deformation at lower temperature, and
dynamic recrystallization (DRX) mainly oc-
curred at higher temperature.

4. The optimum processing zone was located at
420-450°C and 0.001-0.01 s~ !, with a peak 7 of
56.88%.
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