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Constrained groove pressing (CGP), as a promising severe plastic deformation method suitable for pro-
cessing sheet metals, was applied to AZ31 magnesium alloy sheets, and ultra-fine grained structure was
achieved after two passes of CGP at 473 K. A bimodal structure was also developed due to partial dynamic
recrystallization (DRX) and deformation homogeneity. Tensile tests at temperatures from room tempera-
ture to 523 K and strain rates from 1 X 107 to 1 x 10! s~ were conducted to the processed alloy sheets,
and their tensile deformation and fracture behavior were investigated in this work. The maximum elon-
gation to failure of 38.7% is achieved at 1 x 10™* s~ " and 473 K, and the yield strength and tensile strength
are 37.0 and 43.0 MPa, respectively. The strain hardening ability increases gradually with increasing
strain rate at elevated temperatures, and its dependence on strain rate is more significant at lower tem-
peratures. The strain rate sensitivity coefficient gradually increases with increasing temperature, and the
relatively high values of ~ 0.17 and ~ 0.14 are obtained at 473 and 523 K, respectively, indicating the
absence of superplastic behavior. The fracture morphology shows that with increasing temperature, the
fracture mode changes from brittle fracture to ductile fracture, which is closely related to the
microstructural evolution during tensile deformation. The grain coarsening at 523 K may result in the
slight decreases of elongation to failure and strain rate sensitivity coefficient as well as the recovery of strain
hardening exponent. The apparent activation energy at 423-523 K is estimated to be 68.8-105.5 kJ/mol.
Conclusively, DRX and grain growth should be the dominant mechanism accounting for the warm tensile
deformation of AZ31 magnesium alloy sheets processed by CGP, while grain boundary sliding mechanism
may contribute little, due to the developed bimodal structure during CGP and the relatively low temper-

atures for the tensile tests.
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1. Introduction

Reduction of mass is one of the most effective and least
costly ways to reduce fuel consumption and exhaust emission
of vehicles (Ref 1). Magnesium alloys are the lightest
commercialized metallic structural materials widely used in
aerospace, automobile and construction industries (Ref 2).
However, the hexagonal close packed (HCP) crystal structure
and insufficient slip systems result in low ductility and poor
formability of magnesium alloys at room temperature (RT). As
a result, the forming of magnesium alloys is usually performed
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at elevated temperatures, which greatly increases the manufac-
turing cost. Therefore, lowering the processing temperature is
highly desirable to achieve complex shape forming and expand
the application scope of magnesium alloys. Moreover, poor
corrosion resistance is also revealed in magnesium alloys,
owing to their high chemical activity and the lack of protective
passive oxide film (Ref 3-5). On one hand, the intrinsic
dissolution tendency of magnesium only weakly inhibited by
corrosion product film leads to the poor corrosion resistance of
magnesium alloys in aqueous solutions (Ref 3). On the other
hand, the presence of impurities and second phases usually
causes local galvanic acceleration of corrosion by acting as
local cathodes. Thus, difficulties in fabricating components
with good performance have greatly limited the application and
development of magnesium alloys in a wider range, and many
attempts have been performed to resolve these restrictions.
Severe plastic deformation (SPD) is a powerful technique to
improve the engineering properties of magnesium alloys by
fabricating ultra-fine grained (UFG) structure in materials (Ref
6). It is widely recognized that polycrystalline materials with
average grain sizes smaller than about 1 um can be defined as
UFG materials (Ref 7). Thus, microstructure with grain sizes
lying within submicrometer (100-1000 nm) and nanometer
(< 100 nm) ranges can be defined as an UFG structure. As an
alternative to the nanopowder compacting methods, SPD
overcomes some difficulties associated with residual porosity
in compacted samples, impurities from ball milling and
processing of large scale billets, and various SPD methods
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have been developed up to now (Ref 8). Of these, equal-
channel angular pressing (ECAP) (Ref 9), high-pressure torsion
(HPT) (Ref 10) and accumulative roll-bonding (ARB) (Ref 11,
12) are the most common and well-investigated SPD methods
(Ref 13). Among them, only ARB is available for processing
plate shaped materials or sheet metals since the typical shape
and size of samples for ECAP and HPT are very limited (Ref
12). However, during ARB, the problems of fracture and edge
cracks of the sheets as well as the strict requirements for surface
conditions and atmosphere hinder its further development. As a
novel and promising SPD method, constrained groove pressing
(CGP) is simple and effective, and it is more suitable for
producing UFG sheet metals, compared with ARB and other
SPD methods (Ref 14, 15). During CGP, a set of asymmetrical
groove dies and a set of flat dies are utilized to perform
alternate groove pressings and flattenings to the sheet sample.
By virtue of the constraint from the die walls and the
asymmetry of the groove dies, theoretically pure shear defor-
mation is uniformly accumulated into the sample without any
distinct changes in its initial dimensions. Then, by repeating
this process, a large amount of plastic strain can be introduced
into the materials and an UFG structure is expected to be
achieved. Until now, CGP has been successfully applied to
grain refinement and property enhancement of various pure
metals and alloys (Ref 15).

Nevertheless, most of the experimental materials investi-
gated in previous works on CGP have good ductility such as
aluminum and its alloys (Ref 16-20), copper and its alloys (Ref
21-23) and low carbon steel (Ref 24-26), and are generally
processed at RT. Only several investigations on CGP of
materials with poor formability like magnesium alloys have
been reported recently. Ratna Sunil et al. firstly investigated the
influence of microstructural evolution and surface features
introduced by CGP on wettability, corrosion resistance, bioac-
tivity and cell adhesion of AZ31 magnesium alloy (Ref 27).
CGP was proved to be a potential method to improve
bioactivity and control degradation of magnesium alloys for
their implant application. Fong et al. numerically and exper-
imentally investigated the effects of strain path and deformation
temperature on CGP of AZ31 magnesium alloy sheets and
found that CGP using an orthogonal pressing at every cycle and
at a progressively decreasing temperature was effective for
fabrication of UFG structure (Ref 28). Then, isothermal
annealing from 473 K to 623 K was performed by Fong
et al. to examine the thermal stability of the magnesium alloy
sheets processed by CGP (Ref 29). The phenomenon of
abnormal grain growth occurred at 623 K resulted from an
increase in non-basal grains by consuming basal grains. UFG
metallic materials usually exhibit high strength at RT and
superplastic behavior at higher temperatures. In order to expand
the application scope of magnesium alloys, their warm tensile
deformation behavior at different temperatures and strain rates
have drawn much attention of researchers. Fong et al. further
investigated the tensile flow behavior at high temperatures of
AZ31 magnesium alloy sheets after CGP and short time post-
annealing (Ref 30). It was revealed that the dominant
deformation process was climb-controlled dislocation creep
associated with lattice diffusion. Hoseini-Athar et al. studied
the microstructural evolution and superplastic behavior of Mg-
Gd alloy sheets processed by CGP and found that the
deformation mechanism in the superplastic regime was related
to grain boundary sliding (GBS) controlled by grain boundary
diffusion (Ref 31). It can be found that CGP shows great
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potential for improving the formability of magnesium alloy
sheets. Nevertheless, limited works on tensile flow behavior
under different conditions of magnesium alloy sheets processed
by CGP have been reported until now, and the dominant
deformation mechanism is still not very clear.

Recently, the authors developed a high-efficiency experi-
mental setup with heating systems to perform high-temperature
CGP on hard-to-deform materials, and the effects of pass
number and deformation temperature on microstructure and
mechanical properties of AZ31 magnesium alloy sheets during
CGP were investigated systematically (Ref 32). Further in the
present work, the warm tensile deformation and fracture
behavior of AZ31 magnesium alloy sheets processed by CGP
were investigated by uniaxial tensile tests under different
deformation conditions. The influences of deformation temper-
ature and strain rate on the flow behavior, strain hardening
ability, strain rate sensitivity, microstructural evolution and
fracture morphology of the materials were discussed in details,
and the relevant mechanism was also analyzed. In other words,
the objective of this work is to evaluate the influence of two
passes of CGP at 473 K, as a pretreatment process, on the
tensile deformation and fracture behavior of AZ31 magnesium
alloy sheets at moderately high temperatures from RT to 523 K
and strain rates from 1 x 107* s7' to 1 x 107" s7" and
examine their formability improvement under these conditions
introduced by CGP.

2. Experimental Materials and Procedure

The experimental materials were the hot-rolled AZ31
magnesium alloy sheets with dimensions of
100 x 100 x 2 mm>, and their chemical compositions are
listed in Table 1. After annealed at 573 K for 1 h, the alloy
sheets were processed by the experimental setup utilized in our
previous work, and more details can be found elsewhere (Ref
32). As already reported, although relatively superior tensile
properties were achieved at 473 K, micro-cracks and crack
growth began to appear during the second pass, and more
passes would induce not further enhanced properties but failure
to the materials. Thus, in this work, only two passes of CGP
were conducted to the alloy sheets at 473 K with a groove
angle of 45° and a groove width of 2 mm. The effective strain
accumulation during one pass of CGP is illustrated in Fig. 1,
and using the above design of groove dies, theoretically an
effective strain of about 1.16 will be uniformly accumulated
into the sheet sample after one pass including four pressings
(Ref 33). A constant pressing speed of 5 mm/min was used in
this experiment, and molybdenum disulfide was adopted as the
lubricant to reduce the friction between the contacting surfaces
of the dies and sheet sample.

Optical microscope, transmission electron microscope
(TEM) and x-ray diffraction (XRD) were employed to reveal

Table 1 Chemical compositions of AZ31 magnesium
alloy used in this experiment (wt.%)

Al Zn Mn Fe Cu Si Mg

3.083 0.842 0312 0.002 0.001 0.024 Balance
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Fig. 1 Schematic illustration of effective strain accumulation during one pass of CGP: (a) Sample preparation, (b) Groove 1, (c) Flat 1, (d)
Sample rotation, (¢) Groove 2 and (f) Flat 2. Note: RD, TD and ND represent rolling direction, transverse direction and normal direction of the

sheet sample, respectively

the microstructure of the magnesium alloy sheets before and
after CGP. Specimens for optical microstructure observation
were prepared by mechanical grinding and polishing, followed
by etching with a picronitric acid solution. TEM specimens
were cut from the central region of the sheet samples and
traditionally prepared by mechanical polishing and ion thin-
ning. TEM observation and selected-area electron diffraction
(SAED) were carried out with an FEI Tecnai G2 F20 S-TWIN
field emission TEM operated at 200 kV. As a supplementary of
microstructural characterization, XRD was also performed to
the sheet samples before and after CGP by a DMAX-2500PC
diffractionmeter using Cu K, radiation with the sample tilt
angle ranging from 30° to 85°.

In order to systematically explore the flow behavior of the
magnesium alloy sheets processed after a two-pass CGP,
uniaxial tensile tests were carried out on a CMT-30 electronic
universal testing machine within the temperature range of RT
(298 K)-523 K and strain rate range of 1 x 10°*1 x 107!
s ', Tensile specimens with gage dimensions of
15 x 3 x 2 mm® were machined, and the gage length was
aligned along the rolling direction (RD) of the sheets which was
perpendicular to the groove direction of the dies when pressing,
as shown in Fig. 1. To further examine the fracture behavior
and deformation mechanism of tensile specimens, the fracture
surfaces were observed by an FEI Apreo field emission
scanning electron microscope (SEM).

3. Results and Discussion

3.1 UFG Structure of the AZ31 Magnesium Alloy Sheets
Fabricated by CGP

In this experiment, two passes of CGP were conducted to
the as-annealed AZ31 magnesium alloy sheets at 473 K. The
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microstructural evolution of the materials during CGP is shown
in Fig. 2. Coarse and equiaxed grains are observed in the
optical microstructure of the as-annealed materials, and the
average grain size is about 11.3 pm, as shown in Fig. 2(a).
Then, partial dynamic recrystallization (DRX) happens after
one pass of CGP, and numerous small DRX grains form along
the initial grain boundaries, as indicated by white arrows in
Fig. 2(b). After two passes, the extent of DRX is enhanced, and
more coarse grains are consumed by fine DRX grains. Further
grain refinement is achieved by DRX with a final average grain
size of around 3.2 um although some coarse grains still exist in
the deformed microstructure, suggesting that the bimodal
structure is preserved eventually, as seen in Fig. 2(c). Accord-
ing to the grain refinement model of magnesium alloys during
ECAP proposed by Figueiredo and Langdon, a bimodal
structure will appear when the initial grain size of the materials
is larger than a critical value due to the occurrence of DRX (Ref
34-36). During DRX, the fine grains preferentially nucleate
along the initial boundaries of the coarse grains and the twin
boundaries in a necklace-like pattern, resulting from the high
stress concentration at the boundaries and subsequent activation
of both basal and non-basal slip systems, while the inner cores
of the coarse grains may not be refined (Ref 36). This induced
bimodal grain size distribution in the deformed microstructure
is defined as a bimodal structure. Besides the initial grain size,
the size of fine DRX grains also greatly affects the microstruc-
tural evolution of magnesium alloys during SPD (Ref 36).
Thus, when processed at a relatively low temperature of 473 K,
both the size and volume fraction of new DRX grains are very
small, leading to the occurrence and preservation of the
bimodal structure even after two passes of CGP (Ref 32).
Meanwhile, lots of twins can also be found in the deformed
microstructure to accommodate plastic deformation at this
temperature, as indicated by yellow arrows in Fig. 2(b) and (c).
It is believed that the induced deformation inhomogeneity
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Fig. 2 Microstructural evolution of AZ31 magnesium alloy sheets during CGP at 473 K: Optical micrographs of (a) as-annealed, (b) one pass
and (c) two passes, TEM micrograph with SAED patterns of (d) two passes. Note: Twins, fine DRX grains and subgrains are indicated by

yellow, white and black arrows, respectively

during CGP can be improved by increasing plastic strain, but it
still exists after the process (Ref 37, 38). This may also account
for the microstructural evolution of the materials in this
situation. As shown in Fig. 2(d), subgrains of about 0.5 um
could be observed with relatively low misorientation angles
demonstrated by the slightly diffused SAED patterns, suggest-
ing the achievement of an UFG structure. A mixed microstruc-
ture of DRX grains and deformed (sub)grains may also be
developed due to partial DRX and deformation homogeneity
(Ref 39). Thus, an UFG structure could be found from both the
fine DRX grains and the substructured/deformed (sub)grains in
the bimodal structure, and the subgrains indicated in Fig. 2(d)
are more likely related to the latter. A detailed analysis about
this phenomenon has been carried out by the authors in another
submitted work about the effect of strain path on CGP of AZ31
magnesium alloy sheets.

As well known, TEM can provide a direct image for the
microstructural features. However, grain overlapping leads to
uncertainty and the reliability also depends on whether the
limited thin area is a representative of the original microstruc-
ture of the entire sample. Thus, as a complement for TEM
observation, XRD patterns of the AZ31 magnesium alloy
sheets before and after processed by two passes of CGP are
presented in Fig. 3, because XRD analysis has the advantages
of averaging over a much larger area of the sample and ease of
sample preparation (Ref 24). Firstly, as seen in Fig. 3, the as-
annealed sheets exhibit a strong (0001) basal texture and, after
CGP, its intensity is slightly decreased, while the intensity of
(10-10) and (10-11) peaks goes up obviously. Secondly, peak
broadening is observed after CGP, suggesting a decreased
crystallite size. As well known, the broadening of diffraction
peaks induced by increased crystal imperfectness is associated
with relevant microstructural changes (Ref 40). The crystallite
size and lattice microstrain of polycrystalline materials after
SPD can be estimated by assuming the peak broadening are
mainly caused by the changes in crystallite size and lattice
distortion during straining (Ref 41). Various methods have been
employed to compare the deviation of XRD patterns of the
materials after SPD with the perfect crystal diffraction patterns.
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Fig. 3 XRD patterns of AZ31 magnesium alloy sheets before and
after CGP

Of these, Williamson-Hall method is the simplest one and
expressed by the following equation (Ref 42):
kA .

BcosH:T—l—f(a)smH (Eq 1)
where B is the integral breadth of XRD patterns, K is the
Scherer constant, ¢ is the crystallite size, / is the wavelength of
x-ray, ¢ is the lattice strain, 0 is the Bragg angle, and fis a
defined function (Ref 24). Then, B cos 0 is plotted against sin 0,
and using a linear extrapolation, the intercept and slope give the
crystallite size and the lattice microstrain, respectively. Here,
the three intense diffraction peaks corresponding to (10-10),
(0001) and (10-11) planes are considered for the evaluation.
Based on this method, the crystallite size of the materials after
two passes of CGP is estimated to be 0.618 pm, which is
basically identical with the TEM observation in Fig. 2(d) and
again confirms the achieved UFG structure in the AZ31
magnesium alloy sheets.
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3.2 Warm Tensile Behavior of the AZ31 Magnesium Alloy
Sheets Processed by CGP

Figure 4 shows the typical engineering stress—strain curves
of AZ31 magnesium alloy sheets processed by two passes of
CGP tested under different deformation conditions. The
variations of tensile properties with deformation temperature
and strain rate are correspondingly presented in Fig. 5. In this
experiment, the yield strength, tensile strength and elongation
to failure of the as-annecaled materials are 135.3 MPa,
234.8 MPa and 20.1%, respectively, that are tested at RT and
1 x 107% s~ ! and also given in Fig. 4(c) and 5(c) for a better
visualization and comparison. After two passes of CGP at
473 K, the yield strength and tensile strength of the alloy sheets
are increased to 163.6 MPa and 244.9 MPa, respectively, while
the elongation to failure is reduced to 11.5%, as shown in
Fig. 5(c). Actually, these variations of tensile properties are
very common for magnesium alloys after SPD and usually
result from the synthetic action of work hardening, grain
refinement and texture modification (Ref 32, 43). It should be
noted that compared with the results in our previous investi-
gation, the lower strength of the alloy sheets both before and
after CGP tested in this work may be caused by the different
gage orientation of tensile specimens with RD of the sheet
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sample, owing to its anisotropy of tensile properties and the
appearance of micro-cracks at its surface (Ref 32, 33).
Obviously, the tensile deformation behavior of the materials
after SPD induced by CGP is significantly influenced by
deformation temperature and strain rate. When deformed at RT,
the tensile properties of AZ31 magnesium alloy sheets
processed by CGP show no obvious change with strain rate.
With the increase in deformation temperature or the decrease in
strain rate, the yield strength and tensile strength gradually
decrease, while the elongation to failure exhibits an increasing
trend. It has been well known that magnesium and its alloys
have a poor RT formability and workability due to their HCP
crystal structure and limited number of slip systems. By
increasing temperature, the ductility can be improved based on
the activation of additional slip systems and occurrence of DRX
nearby grain or twin boundaries (Ref 44, 45). Usually, a
superplastic behavior can be induced by GBS in UFG materials
at elevated temperatures, which depends on the creep rate,
stress, temperature and grain size (Ref 46). Thus, the grain
refinement caused by SPD during CGP is expected to promote
the GBS mechanism and enhance the ductility of the materials
at elevated temperatures (Ref 47). However, as shown in Fig. 5,
the maximum elongation to failure of only 38.7% is achieved
for the specimens pulled at 1 x 10* s™! and 473 K, and this
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0.0 0.1 0.2 03 04
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Fig. 4 Engineering stress—strain curves of AZ31 magnesium alloy sheets after CGP tested at different temperatures and strain rates of (a)

1x107' s, )1 x102s7 ()1 x 102 s and (d) 1 x 107* s~

before CGP
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! Note: The dashed line represents the curve of the as-annealed sheets
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Fig. 5 Tensile properties of AZ31 magnesium alloy sheets after CGP tested at different temperatures and strain rates of (a) 1 x 107" s7', (b)

1x102s ()1 x 1073 7!
limited ductility may suggest the negligible impact of GBS. In
this situation, the yield strength and tensile strength are
37.0 MPa and 43.0 MPa, respectively. Thus, the softening
behavior with increasing temperature, as observed in Fig. 4 and
5, may result from the occurrence of DRX and subsequent grain
growth (Ref 48, 49). The plastic deformation of AZ31
magnesium alloys below 423 K is basically dominated by
twinning and limited dislocation slip (Ref 44). At higher
temperatures, the twinning becomes less, while the non-basal
slip and DRX are enhanced. This enhancement is commonly
seen at low strain rates. Meanwhile, the work hardening is
restricted and the coarsening of new DRX grains becomes
considerable with decreasing the strain rate or increasing the
temperature (Ref 50). Thus, it can also be found in Fig. 5 that
the decrease in yield strength and tensile strength of the
materials with increasing temperature is more remarkable at a
lower strain rate. Similar results were reported by Eftekhari
et al. in their research on hot tensile deformation behavior of
AZ31 magnesium alloy tubes processed by SPD (Ref 51). In
addition, at lower strain rates of 1 x 10™* s ' and 1 x 1073
s, the decrease in elongation to failure at higher temperatures
of 473 K and 523 K is observed. This may also be interpreted
by the promoted grain coarsening at elevated temperatures and
lower strain rates (Ref 52).

Usually, static toughness reflects the comprehensive
mechanical properties of materials and demonstrates a combi-
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and (d) 1 x 107* s~'. Note: The hollow symbols represent the properties of the as-annealed sheets before CGP

nation of strength and plasticity (Ref 53, 54). The static
toughness (U) can be calculated by:

&
U= [ode
0

(Eq 2)

where ¢ is the flow stress and & is the total strain at fracture.
Since the static toughness is rarely discussed in previous
research on mechanical properties of the materials after CGP,
Fig. 6(a) gives the static toughness of the AZ31 magnesium
alloy sheets processed by CGP tested under different deforma-
tion conditions. As seen, the static toughness of about 20 MJ/
m? at RT is almost not affected by the strain rate. At elevated
temperatures, the change of static toughness against deforma-
tion temperature varies at different strain rates. For example, at
1 x 107*s " and 1 x 1073 s7", the static toughness reaches
its maximum values at 373 K and, afterward, decreases
noticeably with increasing temperature. This decrease is mainly
attributed to the significant reduction of strength with temper-
ature, as shown in Fig. 5(c) and (d). When the strain rate
increases, the variation trend of static toughness with defor-
mation temperature gradually changes, and its maximum value
is obtained at a higher temperature than 373 K. Thus, at
1 x1072 s7' and 1 x 107! s7!, the evolution of static
toughness may be dominated by the dramatic increase in
elongation to failure as well as the relatively slow decrease in
strength, as depicted in Fig. 5(a) and (b). As observed from
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Fig. 6 (a) Static toughness and (b) yield ratio of AZ31 magnesium alloy sheets after CGP tested under different deformation conditions

Fig. 6(a), the maximum static toughness of about 41.19 MJ/m’
is achieved at 1 x 107> s~ and 373 K. Coincidentally, this
value is almost equal to that of the as-annealed sheets before
CGP tested at 1 x 107 s~ and RT, which is about 41.22 MJ/
m’.

It is worth noting from Fig. 5 that the difference between the
yield strength and the tensile strength gradually decreases with
the increase in deformation temperature or the decrease in strain
rate. To further explore this phenomenon, the yield ratio
representing the ratio of yield strength to tensile strength of the
materials is calculated and presented in Fig. 6(b). As known,
during a tensile test, the tensile strength corresponds to the
plastic instability point of the materials. The yield ratio is an
evaluation of strain hardening potential, and generally a low
yield ratio indicates a large strain hardening potential (Ref 55,
56). As shown in Fig. 6(b), at elevated temperatures, the level
of yield ratio roughly decreases as the strain rate increases,
suggesting an enhanced strain hardening ability. However, at a
given strain rate, the strain hardening ability firstly decreases
and then increases with increasing temperature, just opposite to
the variation of yield ratio. Generally, the strain hardening
exponent (n) is utilized to evaluate the uniform deformation
capability of the materials, and it can be calculated as the slope
of Ino — In ¢ plot for the uniform plastic deformation region of
the stress—strain curve under given deformation conditions (Ref
52).

Olno

" e ir (Fq 3)
The variation of strain hardening exponent under different
deformation conditions is shown in Fig. 7(a). Similar to the
tensile properties, the value of n shows no significant change
with the strain rate at RT, while it increases gradually with
increasing strain rate at elevated temperatures, and its depen-
dence on strain rate is more remarkable at lower deformation
temperatures. Meanwhile, for a given strain rate, the strain
hardening exponent shows a decreasing trend with increasing
temperature.

Generally, there are four distinct stages during tensile
deformation of most alloys and metals consisted of uniform
deformation, diffuse necking, localized necking and final
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fracture (Ref 52, 57). As demonstrated by the engineering
stress—strain curves in Fig. 4, when tested at RT and 373 K, the
flow stress rises to the peak value due to strain hardening and
decreases rapidly until fracture with very limited necking stage
(Ref 30). At elevated temperatures, after reaching the peak
value, the flow stress decreases more gradually until failure and
distinct necking occurs. The above mentioned decrease in strain
hardening ability with decreasing strain rate is resulted from the
softening effect due to the operation of accelerated dynamic
recovery as the main restoration process at elevated tempera-
tures, which sufficiently balances the rate of strain hardening
(Ref 30, 58). And such recovery-controlled steady state flow is
usually observed at relatively low strain rates. It is known that
the appearance of peak stress is a typical characteristic of DRX,
usually causing the formation of fine grains (Ref 58). Thus, in
this investigation, the occurrence of DRX softening at elevated
temperatures also contributes to the decrease in the strain
amount to the peak stress (Ref 52). Moreover, the lowest level
of strain hardening exponent is obtained at 473 K, and then
experiences a recovery when the deformation temperature
increases to 523 K, which will be explained by the microstruc-
tural evolution discussed in the following section.

The strain hardening exponent is very low (0.10-0.15) at
high temperatures or low strain rates and, after reaching the
tensile strength, the engineering stress—strain curves exhibit a
distinct necking stage, as shown in Fig. 4. Usually, the strain
rate sensitivity coefficient (m) reflects the transfer and diffusion
ability of necking, and it can be evaluated by the slope of
Ino — Iné plot.

_Olno
~ 9lné oT

(Eq 4)

Accordingly, the line fitting method is used, and the values of m
are achieved as the slope of each plot, as presented in Fig. 7(b).
Here, a fixed strain of 0.1 within the uniform plastic
deformation region is selected for the calculation. In general,
a higher m value promotes the necking resistance, leading to a
higher elongation to failure (Ref 59). Obviously, the value of m
gradually increases with increasing temperature, and the higher
values of ~ 0.17 and ~ 0.14 are obtained at 473 K and 523 K,
respectively. Unfortunately, the m values obtained in this study
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deformation conditions

are lower than that required for superplasticity (m > 0.30). It
is believed that grain size and deformation temperature are the
two important factors for achieving superplastic behavior (Ref
51). Thus, despite the refinement of average grain size to
around 3.2 pm for the materials after two passes of CGP, as
shown in Fig. 2(c), the preserved bimodal structure may
account for the limited ductility and the absence of superplas-
ticity. In addition, the temperature range for tensile tests is
relatively low in this experiment, which may also not favor the
achievement of superplasticity (Ref 60).

Evidently, the tensile behavior of AZ31 magnesium alloy
sheets processed by CGP is significantly influenced by
deformation conditions. In order to clearly analyze the effect
of deformation temperature/strain rate on the microstructural
evolution and the fracture morphology of tensile specimens and
further explore the deformation mechanism, a fixed value of
strain rate/deformation temperature should be selected. Grain
refinement induced by DRX may be less effective at higher
temperatures due to rapid grain growth. As anticipated, the
highest deformation temperature of 523 K adopted in this
experiment is relatively low, and it may not favor the grain
growth, but benefit from the positive effect of DRX. From this
point of view, DRX may be interrupted at higher strain rates
before its completion since the specimens may fracture at lower
elongation to failure. Thus, combined with the analysis based
on Fig. 4, 5, 6, 7, it is believed that the results at strain rate of
1 x 107* s ! or at temperature of 523 K should be the most
representative to reveal the effects of deformation conditions on
the microstructural evolution and fracture morphology of
tensile specimens, which will be discussed in the following
sections.

3.3 Effects of Deformation Gonditions on Microstructural
Evolution

Figure 8 shows the optical micrographs in gage region and
gripper region of tensile specimens tested at different defor-
mation temperatures and strain rate of 1 x 10°* s™'. To be
pointed out, the microstructural evolution in the gripper region
is only induced by static annealing without any straining.
Obviously, at RT and 373 K, the bimodal structure similar to
that of the materials processed after CGP still exists in the
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rate sensitivity coefficient (m) of the CGP sheets under different

gripper region, as shown in Fig. 8b and d. As the temperature
increases, grain growth happens and the fine DRX grains
initially formed at the grain/twin boundaries during CGP
gradually disappear, as manifested in Fig. 8f, h and j. The
average grain sizes are increased to 11.6 um and 16.5 pm at
473 K and 523 K, respectively. In contrast, the microstructural
evolution in the gage region is significantly influenced by the
deformation temperature. As shown in Fig. 8a and c, when
tested at RT and 373 K, numerous deformation twins are
observed in the microstructure to coordinate the plastic
deformation owing to the limited formability of the materials
at these low temperatures. This may interpret the sudden
decrease in flow stress after the peak value and the low strain
rate sensitivity coefficient under these conditions, as mentioned
above. When the temperature is increased to 423 K, more fine
grains are generated due to partial DRX, causing the remark-
able softening effect and gradual decrease of flow stress, as
shown in Fig. 4(d) (Ref 30). Meanwhile, no twins are found in
the microstructure shown in Fig. 8(e), and the fine grains form
at the boundaries of the initial large grains (Ref 61). At a higher
temperature of 473 K, the DRX process is promoted and the
microstructure is further refined despite that there are still some
coarse grains, as shown in Fig. 8(g). Then, as seen in Fig. 8(i),
the grain growth is more significant at 523 K, and the average
grain size is about 9.6 pm which is comparable to that without
tensile deformation (Fig. 8j). This grain coarsening may result
in the slight decrease in elongation to failure and strain rate
sensitivity coefficient, and the recovery of strain hardening
exponent at 523 K, as demonstrated in Fig. 5 and 7.

Figure 9 shows the optical micrographs in gage region and
gripper region of tensile specimens tested at 523 K and
different strain rates. Actually, the effect of strain rate on
microstructural evolution in the gripper region is basically
resulted from different static annealing time. As shown in
Fig. 9(b), despite the limited annealing time at the strain rate of
1 x 107" s7', the bimodal structure formed during CGP has
disappeared. Then, with decreasing strain rate or increasing
annealing time, the microstructure in the gripper region
experiences negligible grain coarsening, as shown in Fig. 9(d),
(f) and (h). However, the influence of strain rate on microstruc-
ture in the gage region is more significant. When deformed at
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Fig. 8 Optical micrographs in different regions of tensile specimens tested at different deformation temperatures and strain rate of 1 x 107*
s~ In (a) gage and (b) gripper regions at RT, in (c) gage and (d) gripper regions at 373 K, in (¢) gage and (f) gripper regions at 423 K, in (g)
gage and (h) gripper regions at 473 K and in (i) gage and (j) gripper regions at 523 K
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523 K, grain refinement due to DRX and subsequent grain
growth occur successively. The nucleation and growth of DRX
grains are sensitive to strain rate, so the coupled effect of strain
rate and deformation temperature may play a key role in
microstructural evolution in the gage region (Ref 52). As can be
seen in Fig. 9(a), partial DRX occurs at the strain rate of
1 x 107" s7', and relatively refined grains with the average
size of around 5.4 pm are achieved. However, no further grain
refinement is observed with decreasing strain rate, while the
grain coarsening is gradually promoted due to the longer
deformation time, as shown in Fig. 9c, e and g, and the
softening effect observed in Fig. 4 and 5 is enhanced.

3.4 Fracture Morphology Analysis

Figure 10 shows the fracture morphology of tensile spec-
imens tested at different temperatures and strain rate of
1 x 10°* s~'. Obviously at RT, the macroscopic fracture
surface shows no obvious shrinkage (Fig. 10a), which confirms
the absence of necking stage and the sudden rupture beyond
tensile strength of the engineering stress—strain curve, as shown
in Fig. 4d. Meanwhile, there are lots of typical cleavage facets,
while dimples can hardly be seen at the fracture surface,
suggesting a brittle fracture mode. At 373 K, limited shrinkage
of the macroscopic fracture surface is evident in Fig. 10b, and
dimples begin to appear at the fracture surface. This means that
the specimen experiences a certain degree of diffusion necking
before failure, and the fracture mode transforms to be a
combination of ductile fracture and brittle fracture. This is very
common to deformation by twinning in magnesium alloys with
moderate ductility at low temperatures, which is verified by the
microstructural observation in Fig. 8a and ¢ (Ref 62). Then, as
the deformation temperature increases, the fracture surfaces are
gradually occupied by dimples, indicating the nucleation,
growth and coalescence of the voids (Ref 63). As shown in
Fig. 10c, a cone-shape localized necking area with many
micro-voids is observed at the macroscopic fracture surface
(Ref 52). Lots of dimples with different sizes and depths appear
at the fracture surface, which may be related to the initial
bimodal structure despite the occurrence of DRX. Together
with numerous tearing edges, a typical ductile fracture charac-
teristic is revealed at 423 K accompanied by a considerable
diffusion necking stage of the specimen. When the temperature
increases to 473 K, a larger number of dimples are found to be
more shallow, owing to the further grain refinement introduced
by DRX (Fig. 10d). Thus, as demonstrated in Fig. 7b, the
highest m value is achieved under this condition, which is
related to an enhanced capacity of the diffuse necking as well as
the extended elongation to failure. At 523 K, as shown in
Fig. 10e, the dimples become larger and deeper, compared with
those at 473 K, due to grain coarsening at this higher
temperature (Ref 64). Meantime, the rapid growth of the
DRX grains results in the distinct localized necking at the
macroscopic fracture surface. It can be concluded that the
ductile fracture mode is dominant at elevated temperatures from
423 K to 523 K, and the fracture morphology agrees very well
with the microstructural evolution, as shown in Fig. 8.

Figure 11 shows the fracture morphology of tensile speci-
mens tested at 523 K and different strain rates. Evidently, all
the specimens have a cone-shape localized necking area at this
temperature, and the specimen pulled at the strain rate of
1 x 107" 57! has the most localized necking area at the
microscopic fracture surface, as shown in Fig. 11a. Meanwhile,
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a large number of dimples with various sizes and depths as well
as lots of sharp tearing edges are observed, demonstrating the
typical characteristic of ductile fracture mode at this strain rate.
Additionally, as can be seen in Fig. 11a and b, there are some
small dimples distributing at the bottom of big dimples at
higher strain rates of 1 x 10~' s " and 1 x 107%s™'. In these
situations, when the small dimples extend to a certain size, a
large stress concentration will be caused and the materials
between adjacent dimples will be torn off, forming the blade
type edges. Besides, some second-phase particles are also
observed at the bottom of the big dimples, which are thought to
be the nucleation center of voids under these deformation
conditions (Ref 65). It has been reported by Deng. et al. that the
void coalescence and the intergranular fracture are the two main
fracture mechanisms (Ref 52). Usually at a higher strain rate,
the void coalescence plays a more important role during the
fracture of the specimens because the grains have not enough
time to grow (Ref 66). In this investigation, with the decrease in
strain rate, only the number of dimples is gradually reduced,
and the dimples become larger and deeper, as shown in
Fig. 11c and d. With decreasing strain rate, the voids nucleating
at grain boundaries will have sufficient time to facilitate
subsequent coalescence and growth in size (Ref 30). This also
means that the predominately ductile fracture occurs at all strain
rates and 523 K, and the void coalescence is the dominant
fracture mechanism under these conditions. Additionally, the
absence of intergranular fracture may suggest negligible
contribution of GBS to the tensile deformation.

In order to further explore the deformation mechanism of the
AZ31 magnesium alloy sheets processed by CGP, the apparent
activation energy (Q) of the materials are adopted and evaluated
under the given strain of 0.1 by:

(Eq 5)

where ¢ is the flow stress, N is the stress exponent (N = 1/m), R
is the universal gas constant, and 7 is the deformation
temperature (Ref 30). Figure 12 presents the plot curves of
Ing — 1000/7 under different deformation conditions. Obvi-
ously, the apparent activation energy shows a great dependence
on deformation temperature and strain rate and, basically, with
increasing temperature or decreasing strain rate, the Q value
increases gradually. According to Eq. 5, the values of apparent
activation energy are estimated from the slopes of the plot
curves in Fig. 12. The Q values at 423-523 K and strain rates of
1 x10%1 x 107" s7' are calculated to be 68.8-
105.5 kJ/mol, which covers the grain boundary diffusion
activation energy (92 kJ/mol) and lower than the lattice self-
diffusion activation energy of magnesium (135 kJ/mol) (Ref
67). Accordingly, the tensile deformation of the materials may
be predominately controlled by grain boundary diffusion
associated with GBS, DRX and grain growth processes (Ref
68-70).

Fong et al. previously attributed the absence of superplas-
ticity to the low thermal stability of the fine grains at elevated
temperatures due to the large stored strain energy and driving
force for grain growth (Ref 30). In their work, a directly
orthogonal CGP procedure including four successive groove
pressings with a 90° rotation around ND of the sheet sample
after each pressing and a final flattening was adopted (Ref 28).
The AZ31 magnesium alloy sheets experienced complex plastic
deformation and very large straining, and the microstructure
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Fig. 10 Fracture morphology of tensile specimens tested at (a) RT, (b) 373 K, (c) 423 K, (d) 473 K and (e) 523 K and strain rate of 1 x 107*
—T

S

exhibited low thermal stability. In this investigation, two passes
of traditional CGP procedure as well as an effective strain of
about 2.32 was introduced to the alloy sheets, as illustrated in
Fig. 1. The UFG structure is finally achieved and also has a
relatively low thermal stability, similar to that obtained by Fong
et al. [28, 30). More importantly, only partial DRX happens in
the materials processed by two passes of CGP at a relatively
low temperature of 473 K and the bimodal structure consisted
of initial coarse grains and new fine DRX grains are developed
and preserved eventually as the initial microstructure of the
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alloy sheets subjected to the subsequent tensile tests under
different conditions. Although substructured/deformed (sub)-
grains may form in the initial coarse grains, the bimodal
structure and the relatively low temperatures for the tensile tests
still cannot promote the GBS mechanism. Thus, given the
absence of superplasticity suggested by the limited ductility and
the relatively low m values, DRX and grain growth should be
the dominant mechanism accounting for the warm tensile
deformation of AZ31 magnesium alloy sheets processed by
CGP, while GBS mechanism may contribute very little to their
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3.4

—1

deformation behavior under the conditions investigated in this
work (Ref 48, 71).

4. Conclusions

In the present work, the as-annealed AZ31 magnesium alloy
sheets were processed by two passes of CGP at 473 K, and then
the warm tensile deformation and fracture behavior of the
processed materials at different deformation temperatures and
strain rates were investigated. The most important conclusions
are summarized as follows:

(1) Coarse and equiaxed grains with the average size of
about 11.3 um are obtained in the as-annealed AZ31
magnesium alloy sheets, and UFG structure is achieved
in the materials after two passes of CGP at 473 K. Sub-
grains of about 0.5 um are observed in TEM micro-
graph, which is also confirmed by XRD analysis. A
bimodal structure is developed due to partial DRX and
deformation homogeneity.

(2) The tensile flow behavior of the alloy sheets processed
by CGP is significantly influenced by deformation tem-
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perature and strain rate. With increasing temperature or
decreasing strain rate, the yield strength and tensile
strength gradually decrease, while the elongation to fail-
ure shows an increasing trend. The maximum elongation
to failure of 38.7% is achieved at 1 x 107* s~' and
473 K, and the yield strength and tensile strength are
37.0 MPa and 43.0 MPa, respectively. The maximum
static toughness of about 41.19 MJ/m® is achieved at
1 x 10° s ' and 373 K, which is comparable to about
4122 MJ/m®> of the as-annealed sheets tested at
1 x 107 57" and RT.

(3) Both the yield ratio and strain hardening exponent
demonstrate that the strain hardening ability of the pro-
cessed alloy sheets shows no obvious change with strain
rate at RT while, at elevated temperatures, it increases
gradually with increasing strain rate, and its dependence
on strain rate is more significant at lower temperatures.
For a given strain rate, the lowest level of strain harden-
ing exponent is obtain at not 523 K, but 473 K, which
is related to the grain growth at 523 K.

(4) The microstructural evolution in the gage region is
greatly affected by deformation temperature and strain
rate. At RT and 373 K, lots of twins are found to coor-
dinate plastic deformation. With increasing temperature,
grain refinement caused by DRX is observed at 423 K
and 473 K, and obvious grain coarsening happens at
523 K. With decreasing strain rate, the grain coarsening
is gradually promoted owing to the longer deformation
time at 523 K.

(5) The fracture morphology shows that with increasing
temperature, the fracture mode changes from brittle frac-
ture to ductile fracture. At 523 K, as the strain rate de-
creases, the number of dimples is gradually reduced and
the dimples become larger and deeper, demonstrating
the ductile fracture mode dominated by void coales-
cence. The fracture morphology is closely related to the
microstructural evolution of the materials under different
deformation conditions.

(6) The strain rate sensitivity coefficient gradually increases
with increasing temperature, and the relatively high val-
ues of ~ 0.17 and ~ 0.14 are obtained at 473 K and
523 K, respectively. The apparent activation energy at
423-523 K is estimated to be 68.8-105.5 kJ/mol, which
covers the grain boundary diffusion activation energy
and lower than the lattice self-diffusion activation en-
ergy of magnesium. Considering the limited ductility
and the relatively low m values demonstrating the ab-
sence of superplasticity, DRX and grain growth should
be the dominant mechanism accounting for the warm
tensile deformation of AZ31 magnesium alloy sheets
processed by CGP, while GBS mechanism may con-
tribute little, due to the initial bimodal structure and the
relatively low temperatures for the tensile tests in this
experiment.
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