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Achieving Superplastic Elongations in an AZ80
Magnesium Alloy Processed by High-Pressure Torsion

Saad A. Alsubaie, Piotr Bazarnik, Yi Huang,* Malgorzata Lewandowska,

and Terence G. Langdon

High-pressure torsion (HPT) is a technique used successfully to refine the grains
of an alloy to the submicrometer and nanometer scale. Grain refinement can
improve the mechanical properties of magnesium alloys as well as enhancing its
ductility and providing a potential for exhibiting superplastic behavior at elevated
temperature. Research is conducted to process the AZ80 magnesium alloy by
HPT at room temperature for different numbers of turns with the microstructures
before and after HPT investigated using scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and Vickers microhardness (Hv) tests.
Subsequently, tensile specimens are cut from the processed disks and pulled in
tension to failure at temperatures of 473, 523, and 573 K and at strain rates in the
range from 1.4 x 10 * to 1.4 x 10" s~ . The introduction of superplasticity in
the HPT-processed AZ80 is demonstrated for the first time with a maximum
elongation of 645% at a testing temperature of 573 K. There is also evidence for
low-temperature superplasticity with an elongation of 423% at 473 K. The
dominant mechanism for superplastic flow is grain boundary sliding with a strain
rate sensitivity of m= 0.5 and an activation energy of Q=73 k] mol .

systems on the basal plane and this means
that magnesium does not fulfill the
requirement of five independent slip sys-
tems that are necessary for uniform defor-
mation.”) Twinning also operates at low
temperatures and slip on nonbasal planes,
such as the prismatic and pyramidal sys-
tems, may be activated by processing the
alloys at elevated temperatures.™
Thermomechanical processing may be
used to improve the mechanical properties
of Mg alloys but this is usually conducted at
high temperatures to avoid the limitation of
the number of active slip systems. Recently,
much attention has centered on the proc-
essing of metals through the application
of severe plastic deformation (SPD) in pro-
cedures where high strains are imposed
but without incurring any significant
changes in the overall dimensions of the
samples.”” These procedures produce
significant grain refinement, typically to

1. Introduction

Magnesium alloys have low density and lightweight being about
35% and 78% lighter than aluminum and steel, respectively.
Therefore, they are attractive materials for use as structural com-
ponents where weight reduction is important as in reducing fuel
consumption and CO, emissions in automotive and aerospace
applications.!"”) Nevertheless, the practical applications of mag-
nesium alloys are limited due to their hexagonal close-packed
crystal structure which produces a generally poor formability
at low temperatures. There are only two active independent slip

the submicrometer or nanometer scale, and invariably they lead
to considerable improvements in the physical and mechanical
properties of the materials. Several SPD techniques are now
available but the most attractive are equal-channel angular press-
ing (ECAP)® and high-pressure torsion (HPT).”) However, the
ECAP of magnesium alloys is invariably conducted at an elevated
temperature and considerable care must be exercised to avoid the
development of cracks and segmentation in the test sam-
ples.'%") By contrast, processing by HPT is attractive because
the imposition of a large hydrostatic pressure during the process-
ing operation is effective in preventing the development of any
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cracking or segmentation.!"” The principles and practices asso-
ciated with the processing of Mg alloys by HPT were reviewed
recently.!*!

The occurrence of superplastic flow in samples tested in ten-
sion refers specifically to the ability to develop elongations of at
least 400% when the associated strain rate sensitivity, m, is close
to ~0.5 where m = 0 In 6/0 In &, where ¢ is the flow stress and &
is the imposed strain rate.'¥ In practice, the development of
superplasticity is important because it provides the potential
for using these materials in superplastic forming operations.["”!

In practice, there are now several reports documenting the
development of high tensile ductilities in a range of materials proc-
essed using SPD techniques with a record-breaking superplastic
elongation of 3050% recorded in an ZK60 magnesium alloy after
processing by ECAP and then testing in tension at 473 K under a
strain rate of 1.0 x 10~* 57" There are several reports describ-
ing the development of superplasticity in different alloys after
processing by HPT!~'% but the first report of superplasticity
in a magnesium alloy processed by HPT was by Kulyasova
et al. in 2006.”” Subsequently, there were several additional
reports of superplastic flow in Mg alloys processed by HPT and
these data are summarized in Table 1.?® Inspection shows that
some magnesium alloys exhibit excellent superplastic properties
with reports of elongations exceeding 1000% in AZ91?*?”) and
a Mg-8% Li alloy® but it is also apparent that there are no reports
of superplastic flow in the AZ80 alloy after processing by HPT.

Among the commercially available Mg alloys, AZ80 alloys have
a higher Al content which enhances their vulnerability toward
stress corrosion cracking in alloys with significant quantities of
B-phases.”” In practice, the higher aluminum content in the
AZ80 alloy offers greater strength than for the AZ31 alloy but gen-
erally with a much lower ductility. To make components of com-
plex shapes, superplastic forming techniques are necessary for the
manufacturing process after initial thermomechanical processing
using procedures such as rolling, forging, ECAP, and HPT.
Nevertheless, it is apparent there are no reports of superplasticity
in the AZ80 magnesium alloy after processing by HPT even
though this material has a demonstrated potential for use in
numerous automotive applications.”® The absence of any docu-
mented superplastic elongations in the AZ80 magnesium alloy
after processing by HPT is surprising because there are reports
of superplastic elongations of 541% at 573K and 606% at

Table 1. Superplasticity in Mg alloys processed by HPT.

Material Testing Strain Maximum Reference
temperature [K] rate [s’1] elongation
Mg-10% Gd 673 1.0x10°° 580% [20]
Mg-9% Al 473 5.0x107* 810% 21]
AZ61 473 3.3x10°° 620% [22]
ZK60 473 1.0x107* 535% [23]
AZ91 573 1.0x107* 1308% [24]
Mg—8% Li 473 1.0x 1073 1330% [25]
Mg-8% Li 300 1.0x 1072 440% 126]
AZ91 423 1.0x107* 760% 27]
AZ91 523 1.0x107° 1150% [27]
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623 KB**Y in this alloy after friction stir processing and 700%
at 523K in an AZ80%-1% Ca alloy after processing using
high-ratio differential speed rolling.*” There were also claims
of superplasticity in a relatively coarse-grained extruded AZ80 with
grain sizes larger than 10 pm but the reported maximum elonga-
tions in these experiments were only 239% at 703 KI**! and 246%
at 623 K and these elongations fail to fulfill the fundamental
requirement of an elongation of at least 400% for true superplastic
flow. There are recent reviews of superplasticity in Mg alloys when
using friction stir processing® and a range of SPD procedures*®
but these reviews confirm the absence of any data for superplastic
flow in the AZ80 when processing by HPT.

Accordingly, the present investigation was initiated to evaluate
the potential for achieving superplastic flow in the AZ80 alloy
after processing by HPT. Several useful reports are now available
describing the evolution of microstructure and the development
of hardness in the AZ80 alloy when processing by HPT and other
SPD techniques.’”~** Thus, in the present research disks of a
commercial AZ80 alloy were processed by HPT to produce an
ultrafine grain size and then tensile specimens were cut from
the disks and pulled to failure over a range of strain rates and
testing temperatures to evaluate the potential for achieving
superplastic elongations.

2. Material and Experimental Procedures

Experiments were conducted using a commercial AZ80 magne-
sium alloy supplied by Magnesium Electron Ltd. (Swinton,
Manchester, UK). This alloy had a chemical composition (in wt%)
of Al 8.7, Zn 0.51, Cu <0.001, Fe 0.005, Mn 0.18, Ni 0.0005,
and Si 0.02 with the balance as Mg. The material was supplied
in the form of extruded rods having diameters of 9.6 mm. Thin
disks with thicknesses of ~1.5 mm were sliced from the extruded

rods and then ground with SiC abrasive papers from both sides
to final thicknesses of ~0.85mm. This grinding effectively
removed the strained surface layers from each disk.

The principle of processing by HPT is illustrated schematically
[45

in Figure 1.1*! The upper anvil remains stationary while the

Figure 1. Schematic illustration of HPT processing illustrating the pres-
sure applied on the sample (disk) and the torsional straining induced
by the rotation of the lower anvil. Reproduced with permission.!*’)
Copyright 2008, Elsevier.
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lower anvil rotates and both anvils have, on their inner surfaces,
circular cavities of the same dimensions as the HPT disks. Each
disk is then placed between the two anvils and subjected simul-
taneously to a high compressive pressure, P, and torsional strain-
ing. All disks were processed by HPT under quasiconstrained
conditions where a limited amount of material flows out around
the periphery of the disk in the gap between the upper and lower
anvils during the straining operation.***”) This outflow helps to
build the hydrostatic pressure on the disk and protect the anvils
from damage.*®! The HPT processing was conducted at room
temperature (RT, 296 K) through different numbers of turns,
N, of %, 1, 3, 5, and 10 using an applied pressure of 6.0 GPa
and a rotation speed of 1rpm.

Following HPT, the processed disks were mechanically
ground using SiC abrasive papers, polished to a final mirror-like
surface, and the surfaces were then etched using an acetic-glycol
solution (20mL acetic acid+19mL water+ 1mL nitric
acid + 60 mL ethylene). The microstructures were examined
after HPT processing but before tensile testing using transmis-
sion electron microscopy (TEM) with a STEM Hitachi S-5500
microscope which provided an energy-dispersive X-ray spectros-
copy (EDS) analysis of the matrix and the precipitates. Small foils
of 3 mm diameter were punched from the HPT-processed disks
and TEM foils were prepared by ion milling. The centers of the
TEM foils were ~3 mm from the centers of the HPT-processed
disks and the foils were ground to a thickness of ~120 pm.
Unprocessed disks were also inspected using scanning electron
microscopy (SEM) with a JEOL JSM-6500F facility. The grain
sizes of the HPT-processed samples were measured using the
linear intercept method with image ] with at least 30 grains mea-
sured from the TEM images and the mean grain size value was
used for comparison purposes. The microhardness was mea-
sured using a hardness tester equipped with a Vickers indenter
(FM300, Future-tech Corp.) under a load of 100 gf and with a
dwell time of 10s.

Miniature tensile specimens were carefully cut from the proc-
essed disks using electrodischarge machining (EDM) after reduc-
ing the disk thicknesses to ~0.65 mm with SiC abrasive papers.
Figure 2 shows the positions and dimensions of the miniature
tensile specimens cut from each HPT-processed disk. To avoid
the higher heterogeneous microstructural area at the center of
each disk,*® two off-center samples were cut from each disk
using the procedure described earlier!*! where the center of each
tensile specimen was located 2 mm from the center of the disk.
The gauge lengths and widths of these tensile specimens were
1.1 and 1.0mm, respectively. In order to ensure accurate
mechanical data for each specimen, and noting there are minor
differences in thickness between the different specimens, the
sectional measurements were carefully recorded before tensile
testing. In addition, the reproducibility was checked by conduct-
ing each test 3 times for all testing conditions.

Tensile testing was performed at three different temperatures
0f 473, 523, and 573 K using a furnace surrounding the grips of a
Zwick/Roell Z030 testing machine operating at a constant rate of
cross-head displacement. Before starting each test, the samples
were held at the testing temperature for 10 min to achieve ther-
mal stability. All samples were pulled to failure in tension
using strain rates of 1.4 x 107*, 1.4 x 1073, 1.4 x 1072, and
1.4 x 107's™! for each testing temperature and for samples
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Figure 2. The position and dimensions of the miniature tensile specimens
cut from the HPT-processed disk.

processed through 1/4, 1, 3, 5, and 10 turns. The testing loads
and displacements were recorded using testIIXpert testing soft-
ware in a computer-acquisition system. Following the tensile test-
ing, the microstructures of the samples were observed using SEM
at the gauge surfaces near the fracture tips without any further
grinding or polishing. Optical microscopy (OM) images were also
recorded to provide accurate calculations of the total elongations.

3. Experimental Results

Figure 3 shows an SEM image of the microstructure of the AZ80
alloy in the as-received condition. Inspection confirmed an ear-
lier report using OM of the presence of a homogeneous micro-
structure with an average grain size of ~25 pm. Measurements
on the disk surface gave an average Vickers microhardness,

Figure 3. SEM image showing microstructure in the as-received condition
of the AZ80 alloy.

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 4. Chemical analysis of a) the matrix, b,c) precipitates (Mg;;Al;,) of
the alloy in the as-received condition and the EDS showing the weight per-
centage of the elements.

Hyv, of ~63.*% 1t is also apparent from inspection that the initial
microstructure consists of two phases with an o-phase as
the matrix and a p-phase. The chemical compositions of the
matrix Mg-rich phase and the secondary p-phase were
analyzed using EDS, as shown in Figure 4. As the p-phase precip-
itates were rich in elemental aluminum, the precipitates were
identified as Mg;,Al;, which is consistent with many earlier stud-
ies.B*051 These precipitates were located primarily at the grain
boundaries with average sizes of the order of several microns.
Processing the material by HPT gave a heterogeneous micro-
structure in the early stages of processing due to the variations in
the imposed strain across the disks. Figure 5 shows representa-
tive TEM images after processing through (a) 1, (b) 3, and (¢) 5
turns with images of 1 and 3 turns revealing a mixture of fine and
larger grains. The measured average grain sizes and the average
values of Hv are summarized in Table 2 and the measurements
show that there is a reduction in grain size and an increase in
hardness with increasing numbers of turns. Thus, the average
grain size after one turn was ~370 nm but this was reduced to
~200nm after 5 and 10 turns, as shown in Figure 5c and 6.
The development of a stable grain size after 5 and 10 turns is
consistent with an earlier study on AZ31 processed by HPT at
296 K using an applied pressure of 6.0 GPa where there was a
reasonably stable microstructural homogeneity after processing
through 5 turns."” Inspection showed also that during the HPT
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Figure 5. TEM images showing the microstructure of the AZ80 magne-
sium alloy processed by HPT at room temperature using an applied pres-
sure of 6.0 GPa through a) 1, b) 3, and ¢) 5 turns.

processing the intermetallic Mg;;Al;, p-phase became frag-
mented into nanosized particles located at the triple junction
and these particles had average sizes of ~30 nm after 10 turns
as is evident in the TEM image in Figure 7. The line scannings
of the chemical elements on the right in Figure 7 confirm the
analysis of the matrix and the precipitate phases after processing
through 10 turns.

The main empbhasis in this study was placed on tensile testing
and the results are shown in Figure 8 after testing at

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Table 2. Average grain size and average microhardness values of the AZ80
alloy processed by HPT for different numbers of turns at 296 K using an
applied pressure of 6.0 GPa.

Number of Average Vickers Average grain
HPT turns microhardness [Hv] size [nm]
1 104 ~370
3 18 ~280
5 120 ~220
10 120 ~200
600 T T T T 200
AZ80 =
500 HPT: 6.0 GPa, 1 rpm, T =296 K =
—_ 0
g 1150 g
§ ol :
2 e
£ <]
© 300t 1100 €
o »
() o
D
S 200} $
[ >
< 150 Q
100 —=— Average grain size (nm) g
—e— Average Vickers microhardness (Hv) z
0 1 (T 1 L 0
1 3 5 10

Number of tums

Figure 6. Average grain size and the average microhardness values of the
alloy processed by HPT for different numbers of turns.

temperatures of 473, 523, and 573 K for strain rates from 10~ to
10~'s™' through (a) 1/4, (b) 1, () 3, (d) 5, and (e) 10 turns,
respectively: the broken horizontal lines in these plots denote
the limiting lower elongation of 400% which is required for
superplastic flow and all experimental points above these lines
show the occurrence of true superplasticity. In these plots, the

Base(3)

2408 Y: 257
I: 19918

100 nm
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peak elongations were achieved in samples tested at the lowest
strain rate of 1.4 x 10~*s™! as shown in all plots. The maximum
elongation was 645% which occurred in the sample tested at
573K after only 1 turn of HPT, as shown in Figure 8b. It is
important to note from these plots that superplasticity was
achieved under all testing conditions even after processing by
HPT through only 1/4 turn. There is also very clear evidence
for low-temperature superplasticity at 473 K when processing
through 1 and 3 turns but at this temperature superplastic flow
was not achieved after processing through only 1/4 turn. Thus,
the occurrence of superplastic flow in the AZ80 alloy depends
critically on the testing temperature and the strain rate such that
the maximum elongations to failure increase both with decreas-
ing strain rate and with increasing testing temperature.

The appearance of representative samples is shown in
Figure 9 and 10 for tests conducted over a range of experimental
conditions. Figure 9 shows samples tested at 573 K at a strain rate
of 1.4 x 107*s™" after processing by HPT through 1/4 to 10
turns and Figure 10 shows samples pulled to failure at 573 K after
processing through 1 HPT turn and pulling to failure over a
range of strain rates: in Figure 9 and 10 the upper samples were
processed by HPT but not pulled in tension. A maximum
elongation of 645% was achieved in the sample processed by
HPT for 1 turn and tested at a strain rate of 1.4 x 10~ *s™".
Figure 9 and 10 illustrate that the AZ80 magnesium alloy does
not follow the predicted trend of increasing superplasticity with
increasing numbers of HPT processing turns and decreasing
grain size as described earlier for an AZ91 magnesium alloy'**
but there are similarities to the earlier results reported for the
ZK60 alloy after ECAP processing where the maximum super-
plasticity was achieved after the relatively small number of 2
passes through the ECAP die."¥ This latter result for ZK60
was attributed to the requirement for both grain refinement
and structural stability in order to achieve high superplastic elon-
gations. As there is extensive microstructural refinement in the
AZ80 magnesium alloy from low numbers of turns in HPT, all
specimens from the different numbers of HPT rotations exhibit

Base(3)

1500 —

Counts
8
|

500 —

— Mg K: 1852

T T T T T T T T T T
0.00 11.02 2204 33.06 44.08 55.10 66.12 77.14 88.16 99.18 110.20

Nanometers
|— a1k 155 |

Figure 7. The precipitates at grain boundaries and triple junctions in the sample after 10 turns: TEM image (left) and the EDS line scanning (right)
demonstrating the changes in chemical composition of the matrix and precipitates.
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Figure 8. Elongation to failure of the AZ80 alloy processed by HPT for a) 1/4, b) 1, ¢) 3, d) 5, and e) 10 turns at room temperature using an applied

pressure of 6.0 GPa and testing in tension for strain rates from 107* to 107" s

excellent elongations when tested to failure in tension with a
strain rate of 1.4x 10 *s™' and a testing temperature of
573K, as illustrated in Figure 9.

Figure 10 demonstrates the effect of the testing strain rate on
the final elongation when all samples are processed by HPT for 1
turn and pulled to failure in tension at 573 K using strain rates in
the range of 1.4 x 10™* to 1.4 x 10" s™%. The samples tested at
the two highest strain rates of 1.4 x 1072 and 1.4 x 107 's™*
show good elongations of 380% and 230%, respectively, but these
elongations are outside of the range for superplastic behavior.
By contrast, the samples tested at the slower strain rates of
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versus the tensile testing temperatures of 473, 523, and 573 K.

1.4 x 107* and 1.4 x 107>s™! at a temperature of 573 K exhibit
superplastic elongations of 645% and 563%, respectively.
Both Figure 9 and 10 illustrate the occurrence of uniform defor-
mation within the gauge lengths in superplastic flow without any
visible necking at the fracture tips. This neck-free deformation is
a fundamental requirement for superplastic behavior.*%

The engineering stress—strain curves are shown in Figure 11
for samples processed by HPT for (a) 1 turn and (b) 10 turns and
pulled in tension to failure at 573 K for a range of strain rates
from 1.4 x 107 to 1.4 x 107's7%. At the lowest strain rate,
the alloy exhibits a low strain hardening behavior with no peak
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AZ80
HPT: 6.0 GPa, RT.

€=14x104s"
T=573K

Initial sample

3 turns

10 turns

-
’.,,
7
E

Figure 9. Samples processed by HPT at room temperature under an
applied pressure of 6.0 GPa for different numbers of turns after pulling
to failure in tension at a testing temperature of 573 K and a strain rate
of 1.4 x 107*s " an untested sample is also shown.

AZ80
HPT: 6.0 GPa, RT,N=1

T=573K

Initial sample

€=14x10"s"

€=1.4x102s"

€=14x103s"

€=14x104s"

Figure 10. Samples processed by HPT at room temperature under an
applied pressure of 6.0 GPa for N =1 turn after pulling to failure at a ten-
sile testing temperature of 573K using different strain rates from
1.4 x 10 *to 1.4 x 10" s™": an untested sample is also shown.

stress but the strain hardening increases with increasing strain
rate and there is a consequent decrease in the total elongation.

The SEM images in Figure 12a—d show the grains within the
gauge lengths after tensile testing to failure at 573 K without any
additional preparation of the samples where the left column is for
N=1 turn and the right column is for N=10 turns. Thus, the
grains are equiaxed and distributed relatively homogeneously on
the surfaces of all these elongated specimens with clear evidence
for cavities and interspaces between the grains as denoted by the
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Figure 11. Engineering stress—strain curves for the AZ80 alloy processed
for a) N=1 and b) N=10 turns of HPT at room temperature using an
applied pressure of 6.0 GPa and tested in tension at different strain rates at
a temperature of 573 K.

yellow arrows. Using the faster strain rate of 1.4 x 10" *s™ !, the
grain size after 10 turns in (b) is clearly smaller than the grain
size after 1 turn in (a), whereas when testing at the slower rate of
1.4 x 10~*s~! the grains are smaller after 1 turn in (c) than after
10 turns in (d). There is also evidence for the existence of fila-
ments between the grains as shown in Figure 12a,c,d and
denoted by red arrows. These filaments suggest the presence
of high viscosity areas along the grain boundaries?®”! where this
high viscosity phase tolerates a large number of cavities before
fracture of the sample. Thus, these filaments act to connect the
grains by filling in the cavities and spaces between them.

The strain rate sensitivity, m, was estimated from the stress—
strain data in Figure 11 and the results are presented in Figure 13
for (a) 1 turn and (b) 10 turns where it is apparent that the value
of m tends to increase with decreasing strain rate. The value of m
was ~0.52 under conditions of maximum superplasticity after
processing by HPT for 1 turn and pulling in tension to failure.
Inspection shows that superplasticity can be achieved over a
wider strain rate range after processing by HPT for 1 turn
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Figure 12. SEM images of the grains within the gauge lengths of the samples after tensile testing to failure at 573 K where a) N =1 and b) N =10 with

testing strain rate of 1.4 x 107257, ¢) N=1, and d) N = 10 with testing strain rate of 1.4 x 10~*

arrows) and filaments (marked by red arrows).

whereas processing at 10 turns produces an m value of ~0.5 only
at the slowest strain rates of 1.4 x 10 *and 1.4 x 10 *s~". This
is consistent with the measured elongations shown in Figure 8e.

4. Discussion

4.1. Microstructural Characteristics after HPT Processing

The results of this investigation demonstrate that the HPT proc-
essing of the AZ80 magnesium alloy at a temperature of 296 K
was successful because it produced an ultrafine-grained micro-
structure of reasonable homogeneity with an average grain size
of the order of ~200nm. A similar grain refinement was
reported earlier for the magnesium AZ80,373% A731,P3 and
AZ91 alloys after processing by HPT. In the early stages of
HPT processing, the microstructure contained both fine and
coarse grains as shown by the TEM image in Figure 5a after
1 turn, but the microstructure developed gradually into a reason-
ably uniform ultrafine grain structure after 10 turns of HPT proc-
essing, as shown in Figure 7.

It is well-established that the morphology and distribution of
any second phase may play a role in material strengthening. In
the present experiments, an intermetallic f (Mg;; Aly,;) phase
was precipitated at the grain boundaries with an initial average
size of several microns which, based on results for the AZ31

Adv. Eng. Mater. 2022, 24, 2200620 2200620 (8 of 11)

s~ showing cavities and interspaces (marked by yellow

alloy,®* is too large to effectively impede the movement of
dislocations. Nevertheless, during the HPT processing these pre-
cipitates are broken into fine particles and become highly
deformed with an average size of several nanometers. These fine
particles are located at the triple junctions between the ultrafine
grains as shown in Figure 7 and this enhances the strength of the
alloy by providing a general resistance to dislocation slip®®> when
pulling in tension at elevated temperatures. These fine particles
also inhibit grain growth and this improves the magnitude of the
superplastic flow.%

4.2. The Characteristics of Superplasticity in the AZ80 Alloy

A maximum elongation of 645% was achieved in the AZ80 alloy
when testing at 573 K where this represents the first demonstra-
tion of true superplastic flow in an AZ80 alloy when testing after
processing by HPT. The temperature of 573 K corresponds to a
homologous temperature of ~0.65 T,,, where T, is the absolute
melting temperature which is taken as 883 K based on the Mg—Al
binary phase diagram. In addition, there was a maximum
elongation of 423% at the lower testing temperature of 473 K,
equivalent to ~0.53 T,,, which demonstrates the occurrence of
low-temperature superplasticity. Other magnesium alloys such
as the Mg—9% Al alloy processed by HPT and pulled to failure
at 473 K (~0.62 T,,) with an initial strain rate of 5.0 x 10 *s™"
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Figure 13. Strain rate sensitivity of samples processed by HPT at room
temperature for a) 1 and b) 10 turns and tested to failure in tension using
a range of strain rates at 573 K.

gave an elongation of 810%!'”! and the HPT-processed AZ91
alloy gave elongations of 1308% at 573K (~0.74 T,,) with an
initial strain rate of 1.0 x 10 *s~'?% and 1070% and 1150%
at 523 K (=0.68 Tp,) with initial strain rates of 1.0 x 10™* and
1.0x10°s L7

It is important to note that the AZ91 and AZ80 alloys are both
alloys in the Mg—Al-Zn system but the increased Al content in
the AZ91 alloy suggests that more intermetallic p-phase
(Mg17Aly,) will precipitate at the grain boundaries in this alloy
than in the AZ80 alloy."”) Therefore, the higher superplastic
elongations in the HPT-processed AZ91 alloy compared with
the HPT-processed AZ80 alloy are due to the presence of a
higher fraction of nanosized B-phase (Mg;,Al;,) particles over
the grain boundary areas in the AZ91 alloy because this effec-
tively pins the grain boundaries, impedes grain growth, and
thereby improves the superplastic capability.

The optimum superplastic behavior was obtained in this
research after only 1 turn at the slow strain rate of 1.4 x 10™*s™*
at 573 K. This is consistent with earlier results on a ZK60 mag-
nesium alloy processed by ECAP and tested at 473 K at a strain
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rate of 10™*s™! where the maximum elongation of 3050% was
obtained after two passes of ECAP and an elongation of only
930% was reported after six passes of ECAP.'" Earlier investi-
gations showed also that the presence of a bimodal microstruc-
ture may facilitate dislocation movement as an accommodating
mechanism in superplasticity due to the ease of generating slip
in the coarser grainst®® and there are reports of the development
of a transition microstructure consisting of fine and coarse grains
in the early stages of HPT processing.'” The presence of a
bimodal microstructure is evident in the present investigation
after 1 turn of HPT as shown in Figure 5a. Thus, all of these
factors, including a bimodal microstructure, nanosized
Mg;,Al;, particles pinning the grain boundaries and an appro-
priate temperature to activate additional nonbasal <c+ a> slip
systems, will contribute to achieving a maximum elongation
in the AZ80 alloy when the sample is processed through a small
number of turns of HPT.

It is important to note also that the maximum elongation
of 645% was achieved using a small specimen with gauge
length of 1.1 mm, width of 1.0 mm, and, due to the limitation
imposed by the size of the HPT disk, an initial thickness of
<0.65 mm. It is reasonable to anticipate that larger specimens
will exhibit longer elongation due to the greater volume of mate-
rial which is then available to participate in the deformation
process whereas in the present research the overall elongations
are limited by the exceptionally small thicknesses of the tensile
samples.

The maximum elongations obtained at the testing tempera-
ture of 473 K were lower than at 573 K and these increased elon-
gations at the higher temperatures are consistent with the
activation of nonbasal slip systems.**! Thus, increasing the tem-
perature above ~500 K will activate additional nonbasal <c+ a>
slip systems!* and give enhanced formability and ductility when
testing at 573 K.

The microstructures of the samples were investigated within
the gauge lengths after tensile testing at 573K as shown in
Figure 12a—d for samples processed by HPT for 1 and 10 turns
at strain rates of (a,b) 1.4 x 107%s™" and (c,d) 1.4 x 107 *s7},
respectively. Inspection shows the grains in the superplastic
regime are equiaxed and their sizes are <10 pm which is the con-
ventional requirement for superplastic flow.”® Thus, there was
grain stability and the ultrafine grain size was retained when test-
ing at an elevated temperature.

4.3. The Deformation Mechanism for Superplastic Flow in the
AZ80 Alloy

Superplasticity denotes the exceptionally high elongations that
may be achieved in some materials when testing in tension.
This process requires very small grains, typically <10 um,"%
and an important feature of superplastic flow is that the grains
retain their equiaxed configuration even at very high strains.
Inspection suggests that flow occurs by the movement of grains
over each other in the process of grain boundary sliding (GBS)!®”!
but this requires an accommodation process such as the intra-
granular movement of dislocations. Several experimental results
are now available confirming the movement of dislocations
as an accommodating process in superplasticityl®~* and a
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mechanism was developed based on GBS accommodated by dis-
location slip.®® This mechanism predicts a strain rate sensitivity
of m=0.5, an inverse dependence on grain size raised to the
power of 2, and an activation energy for superplastic flow equal
to the value for grain boundary diffusion.

In this research on the AZ80 alloy, superplastic flow occurs
under conditions where the value of m is close to 0.5 as shown
by the results in Figure 13a but it is not possible to deduce the
dependence on grain size because the initial grain size was not
varied in these experiments. In order to estimate the value of the
activation energy for superplasticity, Q, it is first necessary to
express the steady-state strain rate, &, in the form of the conven-
tional relationship given by®”!

. ADGb (b\%2/05\2 1
=40 (3) @ W
where D is the diffusion coefficient equal to grain boundary dif-
fusion in superplasctic flow (=D, exp (—Q/RT), where D, is a
frequency factor, Q is the appropriate activation energy for dif-
fusion, and R is the gas constant), G is the shear modulus, b is
the Burgers vector, k is the Boltzmann’s constant, d is the grain
size, A is a constant having a value of 210 for superplasticity, and
the stress exponent, n, is equal to 2 which gives a strain rate sen-
sitivity of m=1/n=0.5. It follows from Equation (1) that it is
possible to determine the activation energy by taking n=2
and plotting the flow stress against the reciprocal of temperature
for samples tested at constant strain rates.

The result is shown in Figure 14 where data are plotted for the
two lowest strain rates of 1.4 x 107* and 1.4 x 107*>s™! for
samples tested at temperatures of 473, 523, and 573 K after proc-
essing by HPT through N=1 turn. From these results, the acti-
vation energy for superplasticity is estimated as Q = 73 k] mol .
This value is significantly lower than the self-diffusion activation
energy for pure magnesium (135kJ mol ') and it is also lower
than the value generally taken for grain boundary diffusion in
pure magnesium (92 kJ mol™).! However, it is similar to
the values of 83.2 and 69.9 k] mol ! reported for the tensile creep

108 T T . T T
AZ80
HPT; 6.0 GPa, 1 rpm, RT,N =1
- I Q~73kJ/mol
< 102} :
2
o
@
3
[e] 2 K]
i 10!k Strain rate (s™) |
v & 14x10°
v 14x10*
100....l.A.Al\...n..A.|....|.A.A
1.4 1.6 1.8 2.0 22 24 2.6

(1/T)x10° K

Figure 14. Variation of flow stress with the reciprocal of temperature for
samples processed by HPT for 1 turn and tested in tension at strain rates
of 1.4x 10 *and 1.4 x10°s ™.
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of Mg—4Al alloys!®”! where these latter values were interpreted in
terms of grain boundary diffusion./® Therefore, it is concluded
that GBS is the rate-controlling deformation mechanism in the
superplastic AZ80 alloy.

Finally, it is noted there is experimental evidence in Figure 12
for the development of cavities and interspaces between the grain
and the formation of filaments linking disconnected grains dur-
ing superplastic flow. These observations are similar to other
reports for superplastic materials and they are also consistent
with GBS as the flow process.!®>”")

5. Conclusions

1) Experiments were conducted to evaluate the potential for
achieving superplastic elongations in the AZ80 magnesium alloy
after processing by HPT. Tensile tests were conducted on the
HPT-processed samples using a range of strain rates from
14x107* to 1.4x 10 's™" and temperatures from 473 to
573 K. 2) Excellent superplastic properties were received in the
alloy with a maximum elongation of 645% when testing with
a strain rate of 1.4 x 107*s™" after processing through only 1
turn of HPT. A good superplastic elongation of 423% was also
achieved at the lower testing temperature of 473 K after 1 turn of
HPT when pulling at the same low strain rate. 3) Microstructural
observations showed the grains were equiaxed after pulling to the
highest superplastic elongations and superplasticity occurred
with a strain rate sensitivity of ~0.5. The activation energy
for superplastic flow was measured as ~73 k] mol " which is
consistent with grain boundary sliding as the deformation
mechanism.
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