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Abstract
A two-step superplastic deformation (SPD) approach was employed for the SPD of

Mg-9Li-1Al (LA91) alloy. In the first SPD step, the constant velocity (Constv) and constant
strain rate (CSR) SPD were adopted with the outcome elongation ranging from 50 to 250 %.
The maximum strain rate sensitivity (Maxm) SPD, in which the maximum m value is always
maintained, was then employed in the second SPD step. The results show that the two-step
SPD can greatly enhance the superplasticity of LA91 alloy. The largest elongation of 621.1 %
was obtained by CSR-Maxm SPD with the pre-elongation of 250 %, which is even better than
the results of single-step Maxm SPD by using grain-refined materials. In addition, the
mechanisms of the two-step SPD are discussed and an in-depth understanding of the SPD of
LA91 alloy is obtained. This research thus provides a feasible method for efficiently
enhancing the plasticity of Mg-Li based alloys for making complex parts and structures with

complicated local and multi-scaled features.

Keywords: Two-step superplastic deformation, Constant velocity SPD, Constant strain rate

SPD, Maximum strain rate sensitivity (m) SPD, Mg-Li alloy
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1. Introduction

There is great potential for Mg-Li alloys in various applications due to their low density, high
stiffness-to-weight ratio and biodegradability, favored by plenty of fields like biomedical and
military clusters [1-4]. However, the parts used in these areas generally have complicated
structures, which requires a large deformation for making the parts. For Mg-Li alloys, with
the increase of Li content, the original hexagonal-close-packed (HCP) structure of Mg is
transformed into the body-centered-cubic (BCC) structure and the axial ratio of the hexagonal
Mg lattice is reduced [5]. The existence of HCP structure, however, may still compromise the
formability of the alloy due to few slip systems available in Mg [6]. Therefore, innovative
manufacturing methods should be explored for fabrication of complex parts made of Mg
alloys. The material used in this research is Mg-9Li-1Al (in wt%, LA91) alloy. It has a duplex
structure with the co-existence of a (HCP) and B (BCC) phases.

Superplasticity can facilitate polycrystalline materials to have a large deformation with the
elongation usually more than 400 % [7]. Therefore, complex parts and components with
complicated geometries and local features can be made by using superplastic deformation
(SPD). In tandem with this, the SPD of Mg-Li alloy is thoroughly studied and fully exploited.
There are some attempts to explore the SPD of Mg-Li alloys. However, the prior research
focus is more on investigating the refinement of material microstructure to achieve
superplasticity. The approaches to change the microstructure of material mainly include equal
channel angular extrusion (ECAE) [8, 9], high ratio extrusion [10], and friction-stir
processing (FSP) [11]. Meanwhile, some researchers explored other approaches to realize the
SPD of Mg-Li alloys, including high strain rate SPD [12], coarse grain SPD [13], and low
temperature SPD [14]. However, few of them have tried on exploring different deformation
modes of SPD. In our previous research [15], the maximum strain rate sensitivity (m) SPD
(Maxm SPD) was employed to investigate the SPD of LA91 alloy, and the maximum
elongation of 563.7 % was achieved by using the material refined by ECAE. In this research,
a more efficient two-step SPD method was explored to realize the SPD of LA91 alloy to

avoid the time-consuming grain-refinement tailed for SPD.

The approach of Maxm SPD was developed to extend the deformation limit of Ti-alloys [16,
17]. The rationale of Maxm SPD, illustrated in Fig. 1, is to maintain the maximum m value
throughout the whole SPD process by simultaneous and in-situ measurement of m value and
dynamic control of strain rate. Since the higher m value, the better superplasticity, the
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maximum m value during the SPD process is thus controlled and realized in such a way the
best superplasticity is implemented. It is founded that the Maxm SPD is more favored by the
grain-refined materials than the coarse-grained materials with the as-extruded state, due to
more equiaxed grains in the former material [15]. However, the grain refinement of ECAE is
too costly and time-consuming. To avoid the prerequisite of grain refinement of materials for
SPD, the stepped SPD method was explored by directly using the as-extruded LA91 alloy in
this research, which has been well validated to be efficient in the SPD of Ti alloys [18-20].
The idea of stepped SPD is to divide the deformation into two SPD steps, such that a refined
grain structure can be induced during the first step, which is favored by Maxm SPD in the
second step, as illustrated in Fig. 2. In the prior research of two-step SPD [18-20], the
constant velocity (Constv) and the Maxm SPD were selected for the first and second steps,
respectively. In this study, both Consty and constant strain rate (CSR) SPD were adopted for
the first step, followed by Maxm SPD applied for the second step. It was proven that the CSR
SPD is more efficient for the first SPD step. In this research, the maximum elongation of
621.1 % was obtained by using CSR-Maxm SPD with the pre-elongation of 250 %, which is
even larger than the result by using grain-refined material in single-step Maxm SPD [15]. A
pilot study has proven the feasibility of two-step SPD by using Mg-Li alloys [21]. In this
research, an in-depth exploration of deformation and fracture mechanisms of Mg-Li alloys
during the two-step SPD process was conducted in such a way to better exploit the maximum

m superplasticity of the Mg-Li alloy.
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Fig. 1 Rationale for the Maxm SPD [17].
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Fig. 2 The two-step SPD method

2. Experimental Procedures
2.1 Material Preparation

The as-received LA91 alloy with the as-extruded state was utilized in this study. The material
was cast from pure Mg, Li, and Al powders with argon gas protection at first, and then
extruded from the cast ingot at 563 K. The method of inductively coupled plasma optical
emission spectrometer (ICP) was used to detect the material composition, showing that the
alloy is composed of 8.829 % Li and 1.063 % Al (in wt %), which is very close to the

theoretical value.

The as-extruded rods were then machined into dog bone specimens for SPD tensile tests with
the gauge length of 15 mm and gauge diameter of 3 mm. The length direction of the

specimen is parallel to the extrusion direction of the rod.

2.2 Single and two-step SPD Tensile Tests
The optimal SPD temperature for LA91 alloy is 573 K based on the prior research [15]. The

apparatus for conducting the SPD tests is a tensile tester equipped with a resistance heating

furnace. The tensile tester is controlled by a tailor-coded program to realize different SPD

modes, including Constv, CSR and Maxm SPD.

Single-step Constv, CSR and Maxm SPD tests were first conducted to confirm the optimal
process parameters of the LA91 alloy during SPD at the temperature of 573 K. The velocities
0f 0.195, 0.39, and 0.78 mm/min for Consty SPD and the strain rates of 0.00025, 0.0005, and
0.001 /s for CSR SPD were selected, such that the initial strain rate in Constv SPD is the
same as the strain rate in CSR SPD. Meanwhile, the initial velocity vo = 0.07 mm/min,
velocity increment 4v = 0.03 mm/min and time increment ¢t = 6 s were used in Maxm SPD
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[15]. In each SPD experiment, the test started after the holding time of 10 min at 573 K in the
furnace, and the samples were quenched upon completion of the experiments in such a way to
preserve the microstructures at the SPD temperature. The optimal speed of 0.39 mm/min for
Constv SPD and the optimal strain rate of 0.0005 /s for CSR SPD were then chosen based on

the obtained elongation of the specimens.

The two-step SPD was then explored by using the optimal parameters. The elongations in the
first and second steps are denoted as e; and e2. The material was held for 10 min at 573 K at
the beginning. Consty or CSR SPD was adopted in the first SPD step. After reaching the
target e;, the specimen was unloaded and 10 min of clearance stage was implemented,
followed by the second step by using Maxm SPD until fracture. Maxm SPD was used in the
second step because it can maintain the best superplastic state of the material until fracture,
and the largest potential elongation can be attained. To explore the microstructural evolution
during the first step, the observation of microstructure was done after e; from 50 to 250 %

was obtained.

3. Results and Discussion
3.1 Single-step SPD experiments

Single-step SPD tests by using Constv, CSR and Maxm SPD were conducted at the beginning
of this research to determine the optimal process parameters of the alloy. The elongation
obtained by using different SPD methods with various process parameters are summarized in
Fig. 3. It can be observed that the elongation obtained by the lowest two velocities and strain
rates in Consty and CSR SPD is similar, which is also the largest among the results obtained
by using the same SPD method. The high velocity or strain rate does not provide enough time
for dynamic recrystallization (DRX), which is the typical accommodation mechanism for
grain boundary sliding (GBS) during SPD [22], such that fracture may occur at an early stage
and the elongation can be compromised. Meanwhile, it can be obtained that larger elongation
was generally achieved by Consty SPD, when the initial strain rate in Constv SPD is equal to
the strain rate in CSR SPD. The speed remains unchanged in Constv SPD, but it keeps
increasing in CSR SPD to maintain the constant strain rate, in this way the average speed in
CSR SPD is higher. As a result, shorter elongation was achieved by CSR SPD, because the

high deformation speed does not guarantee enough degree of DRX through SPD. Since the
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lowest two velocities and strain rates in Constv and CSR SPD can lead to similar and the
largest elongation among same SPD method, the velocity of 0.39 mm/min and the strain rate
of 0.0005 /s were chosen as the optimal parameters for Constv and CSR SPD considering

forming efficiency.

The deformed specimens after SPD by using the optimal process parameters are presented in
Fig. 4, and the corresponding true stress-strain curves are shown in Fig. 5. In Fig. 4,
diffusional necking can be found throughout the whole gauge length. It can be observed that
the elongation by using Maxm SPD is the largest among the three SPD methods, but it is not
much better than the conventional methods of Constv and CSR SPD. This indicates that
Maxm SPD is not much more efficient than the conventional methods when the as-received
material without grain refinement is used, which matches the finding in our previous research
[15]. It can be observed in Fig. 5 that the stress overshoots at the beginning in Constv and
CSR SPD. Then, the stress drops rapidly, and the decreasing trend becomes gentle and finally
even changes to a rising tendency. While for Maxm SPD, the overshoot is suppressed, and the
trend of the stress is steadier. In traditional SPD methods, the stress overshoot is resulted
from strain hardening, which is caused by the movement and generation of dislocations [18].
As the deformation continues, strain energy is accumulated, which provides the source for
DRX. As a result, the material is gradually softened by the enhanced GBS by DRX and enters
the superplastic state. However, due to long-time exposure of the workpiece in the
high-temperature environment, grain growth becomes severe, which hinders GBS and causes
hardening of the material and rise in stress during deformation. In Maxm SPD, the
suppression of stress overshoot indicates that this method can facilitate faster entrance of the
material into the superplastic state, which was achieved by continuously controlling the
deformation speed to keep the maximum m value and the best superplastic state during SPD.
Meanwhile, the undulatory curve in Maxm SPD is caused by the continuous adjustment of

the speed.
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Fig. 3 The elongation results of single-step SPD experiments.
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Fig. 4 Specimens after single-step tensile tests by different SPD methods.
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Fig. 5 True stress-strain curves of the single-step SPD tests by different methods.

3.2 Two-step SPD experiments

Two-step SPD tests were conducted by using Constv-Maxm and CSR-Maxm SPD methods.
The optimal parameters of velocity of 0.39 mm/min and the strain rate of 0.0005 /s were
employed in Consty and CSR SPD, respectively. The deformed samples after the two-step
tests are shown in Fig. 6, and it can be found that the two-step method can largely extend the
deformation limit of the material compared to single-step method. The largest elongation by
using the two-step method is 621.1 %, obtained by CSR-Maxm SPD with e; of 250 %, which
is even larger than the optimum elongation of 563.7 % achieved by single-step Maxm SPD
with the application of ECAE-processed LA91 alloy [15]. This indicates that the two-step
method is more efficient than the application of grain refinement process in terms of inducing
better superplasticity. It can be noted that by using Constv-Maxm SPD, the final elongation is
increased with e; from 50 to 200 %, but the elongation becomes decreased when e; is greater
than 200 %. However, the overall elongation by using CSR-Maxm SPD is generally increased
with e; from 50 to 250 %. Meanwhile, the variation of e, with different e; is summarized in
Fig. 7. For Constv-Maxm SPD, as e; is increased from 50 to 150 %, e> generally increases.
After a plateau for e; from 150 to 200 %, e> decreases dramatically when e; reaches 250 %.
However, for CSR-Maxm SPD, the e: is increased with e; from 50 to 150 % but remains
steady when e; is larger than 150 %. Therefore, the variation of the overall elongation is
mainly due to the change in e>, which indicates that the superplasticity during Maxm SPD is
improved with the increase of e; when e; is small. However, when e; is larger than 150 %, the
increase of e; cannot further enhance the superplasticity in the second SPD step. Meanwhile,
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the different variation trends of e> by using Constv and CSR SPD after e; reaches 150 %
implies the different microstructure evolution processes during the two methods, which will

be discussed in the following text.

(b)

y Oginal Tet Sperimen Original Test Sperimen
y ’ ‘.
%Constv - Maxm SPD, e= 38;’ﬂm g;‘l) CSR - Maxm SPD e =280.9 %
‘;“(;i)l% Constv - Maxm SPD, e =421.6 % | %CSR - Maxm SPD, e = 409.5 % :
ﬂ]% Constv - Maxm SPD, e =517.5 % %SR - Maxm SPD, e = 535.3 % W
‘Iw/; Consty - Marom SPD, ¢ = 570.7 % , | mkcﬂ . Maxm SRR —i
250 % Constv - Maxm SPD, e = 444.4 % | - ==l

250 % CSR - Maxm SPD, e = 621.1 %

Fig. 6 Samples deformed by (a) Constv-Maxm and (b) CSR-Maxm SPD with different e;.
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Fig. 7 Summary of second-step elongation with different e; by using different SPD methods.

The true stress-strain curves of two-step SPD tests, which are combined by single-step curves
of Constv or CSR SPD in the first step and Maxm SPD in the second step, are shown in Fig.
8. It can be observed that when e; is smaller than 150 %, the curves of Maxm SPD in the
second step is generally steady or rises slightly, which is similar to the case of single-step
Maxm SPD in Fig. 5. However, when e; exceeds 150 %, the rising trend of the stress in
Maxm SPD curve becomes more obvious. Meanwhile, it can also be noted that for
Constv-Maxm SPD, the initial stress of the second SPD step with e; of 250 % is higher than
that with e; of 200 %. While for CSR-Maxm SPD, the initial stresses of the second step with

e; of 200 and 250 % are almost the same. This also implies different microstructural
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evolution behaviors during the first step in the two SPD methods.
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Fig. 8 True stress-strain curves of two-step SPD tests by (a) Constv-Maxm SPD and (b)

CSR-Maxm SPD.

In order to investigate the microstructure evolution during the first SPD step, some specimens
were collected after the first SPD step, whose microstructures were prepared as shown in
Figs. 9 and 10. The samples were prepared by grinding and polishing along the longitudinal
direction to mirror surface and etching with 5 % HNO3 water solution for 3-4 s to expose
different phases and grain boundaries, which were then observed by an optical microscope. In
Figs. 9 and 10, the a phase, which is white with the HCP structure, is distributed in the
background B phase matrix, which is darker with the BCC structure [23]. In the as-received
material with the as-extruded state, the a phase is strip-like and elongated owing to severe
deformation during extrusion. This microstructure with the nonhomogeneous and
tremendously long o phase strips is not favored by Maxm SPD [15]. However, after the first
deformation step by using Consty or CSR SPD, the strips of o phase gradually disappear and
are replaced by finer and more equiaxed grains, which are generated by DRX during the SPD
process. With the increase of e; by using CSR SPD, the overall o phase grains after the first
SPD step are still equiaxed with many newly-emerged little o phase grains. However, during
Constv SPD, the a phase grains after the first 1S(%’D step become more linked and integrated as

e; 1s increased.
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Fig. 9 Microstructures of the LA91 specimens with the material states of (a) as-extruded and
deformed after the pre-elongation of (b) 50 %, (c) 100 %, (d) 150 %, (e) 200 %, and (f)

250 % in Constv-Maxm SPD.
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Fig. 10 Microstructures of the LA91 specimens with the material states of (a) as-extruded and
deformed after the pre-elongation of (b) 50 %, (c) 100 %, (d) 150 %, (e) 200 %, and (f)
250 % in CSR-Maxm SPD.

For further revealing the material microstructure evolution during the first SPD step, the

technique of electron back scatter diffraction (EBSD) was utilized for the raw material and

11



deformed samples after the first SPD step, as shown in Fig. 11. It can be observed that the 8
phase area is black, which indicates that the Kikuchi pattern in the § phase cannot be well
indexed. A possible explanation is that the B phase in the Mg-Li alloy is somehow softer than
the o phase, which leads to high concentration of deformation and dislocation density. As a
result, lattice perfection in the B phase is low, and the B phase cannot be clearly indexed by
EBSD [11]. In the as-extruded material, the long o phase strips are composed of many
subgrains with low angle boundaries. While during the first SPD step, the subgrains gradually
disappear, and the equiaxed grains with more high angle boundaries emerge. The grain sizes
measured by using the EBSD software in Fig. 11 (b)-(e) are 6.5, 10.9, 5 and 5.6 pum,
respectively. It can be obtained that the grains during Consty SPD have increased, while the
average grain size remains almost the same during the CSR SPD process. In fact, there exist
some large grains after the first SPD step with e; of 250 % in CSR SPD, but because of many
newly-formed small grains, the overall grain size can remain almost unchanged. Meanwhile,
the misorientation angles of the boundaries were calculated and summarized in Fig. 11. It can
be observed that the portion of high angle grain boundaries (HAGBs) is decreased with the
increase of e; by Consty SPD, but the HAGB portion is greatly increased in the CSR SPD
process. The increase in HAGBs during CSR SPD indicates that many recrystallized grains
have been formed by DRX [24], which is more beneficial for the second SPD step by using
Maxm SPD.

For single-step Maxm SPD or two-step SPD methods with small e;, exposure time of the
material in high-temperature environment is short and the grain size is still relatively small.
However, after the application of large e; (> 150 %), grain coarsening becomes more
significant and cavities begin to form, as shown in Figs. 9 and 10. Therefore, the different
stress fluctuation patterns of Maxm SPD in Fig. 8 are caused by the distinction in grain sizes
of the material. For the alloy with a smaller average grain size, Maxm SPD can facilitate the
material to maintain the best superplastic state by adjustment of deformation speed, so the
stress can be kept steady. However, if the grain size is large and there exist cavities in the
material, GBS in the alloy is hindered and hardening becomes more obvious, such that the
superplastic state of the material is compromised. In this way, the hardening effect becomes
dominant during Maxm SPD, which causes the rising trend of stress. Similarly, the higher
initial stress in the second step of Constv-Maxm SPD with e; of 250 % than that with e; of

200 % 1is caused by the larger and more linked grain structure in the former case. While the
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similar initial stresses in the second step of CSR-Maxm SPD with e; of 200 and 250 % are
due to the similar grain structures in the materials. Meanwhile, the hardening in the second
step of CSR-Maxm SPD is not as significant as that in Constv-Maxm SPD, which could also

be attributed to the larger average grain size obtained after Constv SPD.

The differences in microstructural evolution in Consty and CSR SPD are caused by different
deformation modes in these two methods. CSR SPD has a higher average speed, and a shorter
forming time is required for achieving the same e;. Therefore, with the same e;, the grain
structure after CSR SPD is finer and more homogenized compared to Consty SPD due to less
grain growth. This becomes more obvious as e; increases, because the difference between the
average speeds of Consty and CSR SPD is also larger. As a result, the distinction in forming
time between e; of 200 and 250 % is smaller for CSR SPD compared with Constv SPD, and
grain coarsening effect is severer in Consty SPD. However, if a higher deformation speed is
applied directly to Consty SPD, earlier fracture might occur. This is because the speed is
gradually accelerated in CSR SPD, and the initial speed is low. As a result, the strain
hardening effect is not obvious, and the deformation is accelerated after the material enters
the superplastic state. While for Constv SPD using high speed, strain hardening causes
severer stress overshooting, and the material cannot enter the superplastic state well, so the
superplasticity and final elongation might be compromised. Therefore, the microstructure
with more recrystallized grains and relatively small average grain size is more favored by
Maxm SPD in the second SPD step, which can be better achieved by CSR SPD with a low

strain rate.
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Fig. 11 EBSD graph of the specimens (a) with as-extruded state, and deformed after (b) 50 %

Constv SPD, (c¢) 250 % Constv SPD, (d) 50 % CSR SPD, and (e) 250 % CSR SPD.

3.3 m value variation analysis

The m value is an indicator for the superplastic state during SPD, and a larger m value can
generally indicate a better superplastic state. In this research, to study the variation of m value
during the second step of deformation by using Maxm SPD, the m value-true strain curves of
the deformation processes are plotted in Fig. 11. As the Maxm SPD process is inherently
continuously changing the deformation strain rate, the m value during each abrupt change of
strain rate can be theoretically calculated by following equations [14] with the parameters
shown in Fig. 1. Since the m value varies violently, the averages of every 20 derived m values

were used to plot the graph to smoothen the curves.
m = log (Ps/ P4) /log (v2/vi), for increased strain rate,

m = log (Ps/ Pc) / log (v2/vy), for decreased strain rate,
14



where P4, Pp, and Pc are the loading force at A, B, and C points, and v; and v are the
deformation speeds during the adjacent time increments, where v refers to the higher speed
and v, refers to the lower one in Fig. 1. The initial strain is different in each curve in Fig. 12,
because the curves only present the variation of m value during Maxm SPD in the second

SPD step and e; in each experiment is different.
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Fig. 12 m value variation in the second step of (a) Constv-Maxm SPD and (b) CSR-Maxm

SPD, and (c) Single-step Maxm SPD.

It can be observed that for small e; (< 150 %), the m value fluctuates around the same level
during SPD. However, the m value for the larger e; (> 150 %) shows a decreasing tendency,
and the m values at the end of the SPD tests which achieved the largest elongation by both
Constv-Maxm and CSR-Maxm SPD are also the smallest among the same SPD method. The
declining trend of m value when e; is greater than 150 % indicates that the best superplastic
state is achieved at the beginning of Maxm SPD, and the superplastic state gradually
deteriorates until fracture. As shown in Figs. 9 and 10, when e; is larger than 150 %, grains
are coarsened, and cavities begin to form in the alloy. As the deformation continues in the
second step, grain growth and cavity formation become severer, so GBS during the SPD
process is more hindered, which results in a compromised superplastic state in the material

15



and a smaller m value. For two-step tests which achieved the largest final elongation, the
exposure time for the material in the high-temperature environment is also the longest, and
grain growth and cavity formation are the severest among the same deformation method, the
m value at the final stage is therefore the lowest. However, when e; is small (< 150 %), the m
value is more stable, which is very similar to the single-step Maxm SPD curve shown in Fig.
12 (c). This indicates that small e; (< 150 %) does not much change the material state in
terms of m value variation, while the material state is deteriorated for large e; (> 150 %),
which leads to the decreasing m value. This could also be a possible reason for the variation
of e> shown in Fig. 7, in which the rising trend of e; is terminated when e; > 150 %. The
decreasing trend of m value when e; > 150 % indicates the gradually deteriorated
superplastic state during deformation, so the e> cannot be increased further due to the inferior

grain structure.

3.4 Fracture Mechanisms

To analyze the microstructure evolution near the fracture region, microstructures of 6 mm
from fracture region of specimens after two-step SPD with e; of 50, 200 and 250 % were first
prepared, as shown in Fig. 13. The e; of 50, 200 and 250 % were selected because they
correspond to the smallest and largest overall elongation in the two-step SPD tests. It can be
noticed that the microstructure after the second SPD step is completely different compared to
the first SPD step, and both the o and [ phase grains have grown and more cavities are
formed inside the material. As shown in Fig. 13 (a) and (d), for the material which achieved
the smallest final elongation with e; of 50 %, the o and § phases are relatively uniformly
distributed. However, when e; reaches 200 and 250 %, which led to the largest two
elongation among the same SPD method, the a phase tends to merge and an increased
proportion of the o phase can be observed. Meanwhile, for the material which obtained the
largest elongation by using the same SPD method in Fig. 13 (b) and (f), the proportion of the
a phase in the alloy is higher than that in the material which achieved the second largest

elongation in Fig. 13 (c) and (e).

The fracture region microstructures of the deformed samples with the largest two final
elongation among the same SPD method were also prepared, as shown in Fig. 14. Compared
to microstructure far from the fracture, the proportion of a phase in the fracture region has
much increased. Moreover, it can be observed that the portion of o phase is higher for larger

final elongation. It was inferred that for the LA91 alloy, stress-induced transformation in
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which the B phase is transformed into the o phase could occur near the fracture region,
because of a higher level of stress suffered near the fracture region [15]. Fracture during SPD
is caused by the coalescence of cavities formed inside the alloy during deformation, and it
can be noticed in Figs. 13 and 14 that the cavities are mainly formed inside the a phase or at
the boundaries between a and B phases. The a phase with the HCP structure tends to fracture
more easily than the § phase with the BCC structure, so it can be inferred that the § phase is
transformed into o phase such that fracture could occur inside the o phase. When larger final
elongation is obtained, more B phase can be transformed into the o phase, and a higher
proportion of the a phase in the alloy can be generated and induced. The final elongation,
therefore, largely depends on how the deformation method can prevent the o phase from

cavitation and fracture.

Fig. 13 Microstructures which are about 6 mm from the fracture regions of specimens after

SPD tensile tests by methods of (a) 50 % Constv-Maxm SPD, (b) 200 % Constv-Maxm SPD,
(¢) 250 % Constv-Maxm SPD, (d) 50 % CSR-Maxm SPD, (e) 200 % CSR-Maxm SPD, and (f)

250 % CSR-Maxm SPD.
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Fig. 14 Microstructures of fracture regions of the specimens after SPD tensile tests by the
methods of (a) 200 % Constv-Maxm SPD, (b) 250 % Constv-Maxm SPD, (¢) 200 %

CSR-Maxm SPD, and (d) 250 % CSR-Maxm SPD.

The overall material microstructure of about 6 mm from fracture is shown in Fig. 15, which
shows the cavity distribution in the material near fracture. Since the cavities are linked and it
is difficult to measure the single cavity size, the proportion of the cavity inside the material
(or porosity) was measured and calculated by image analyzing software, as shown in Fig. 16.
For the specimens which achieved larger elongation, more long and coalesced cavities exist
in the microstructure, and the level of porosity is also the highest. It was found in m value
variation analysis that the m value shows a decreasing trend and the smallest m value is
obtained at the end of the deformation process when e; is large. The high level of porosity
could be one of the reasons for the lowest m value, because cavities formed in the metal can
hinder GBS and deteriorate the superplasticity. Nevertheless, the largest elongation can still
be achieved even if the m value is small. During the first step of the two-step SPD method,
the material can be efficiently deformed with relatively high speed, and more strain energy
can be generated which can facilitate DRX. In this way, although the increased e; from 150 to
250 % does not further increase e> due to grain growth and cavity formation, the overall
elongation has already been increased. Therefore, the two-step SPD method can reach a
larger elongation probably because it can postpone fracture of the material by efficiently
obtaining pre-elongation and maintaining the best superplastic state by Maxm SPD in the

18



second SPD step.
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Fig. 15 Overall inner structure of about 6mm from the fracture regions of the specimens after
SPD tensile tests by the methods of (a) 50% Constv-MaxmSPD, (b) 200% Constv-MaxmSPD,
(c) 250% Constv-MaxmSPD, (d) 50% CSR-MaxmSPD, (e) 200% CSR-MaxmSPD, and (f)
250% CSR-MaxmSPD.
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4.

Conclusions

The two-step superplastic deformation (SPD) method was applied to the LA91 alloy to

investigate its applicability in achieving large deformation in Mg-Li alloys for making

complex structures. For this approach, the single-step SPD by using constant velocity

(Constv), constant strain rate (CSR) and maximum strain rate sensitivity (Maxm) SPD were

conducted first to search for the optimum parameters and suitable pre-elongation. Two-step

tests by using Constv-Maxm and CSR-Maxm SPD were then explored. From this research,

the following conclusions can be derived and summarized as follows.

The largest elongation of 621.1 % was obtained by the as-extruded material by using
CSR-Maxm SPD with the pre-elongation of 250 %, and the two-step method is more

efficient than the application of grain refinement in terms of inducing superplasticity.

The pre-elongation step in the two-step method can gradually change the long a phase
strips into more equiaxed grains, and the optimized microstructure can lead to larger

overall elongation.

Generally, CSR SPD is more efficient than Constv SPD when applied in the first SPD
step, because of higher average velocity and the lower level of grain growth in the

microstructure.

When the pre-elongation is greater than 150 %, the elongation in the second step by
using Maxm SPD is not further increased, and the m value becomes decreased
throughout the Maxm SPD process, which is because the elongated grains have been
fully transformed into equiaxed grains by dynamic recrystallization, and grain growth

and cavity formation become dominant when larger pre-elongation is obtained.

For the largest final elongation, the highest proportion of a phase and porosity level can
be found in the material. In addition, cavities are almost generated within the a phase and
between the boundaries between o and [ phases, because the o phase with the
hexagonal-close-packed (HCP) structure tends to be fractured much easier. Meanwhile,
two-step method can postpone fracture by efficiently obtaining pre-elongation and

maintaining the best superplastic state by Maxm SPD in the second step.
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