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Experiments were conducted using the solution treated Al-3% Mg-0.2% Sc alloy in order to examine the mechanical
properties and superplastic behaviour after processing by high-pressure torsion. Hardness values of ~200 Hv were detected in
the edge of the samples after 10 turns of HPT, although the microhardness distribution was inhomogeneous along the diameter
of the discs. Excellent superplastic properties were achieved in this Al alloy after HPT processing and further tensile testing at
temperatures over the range from 523 to 673 K, demonstrating good agreement with the theoretical model for grain boundary
sliding. High strain rate superplasticity was consistently observed at temperatures from 573 to 623 K, with elongations to
failure up to ~800% at 573 K and at a strain rate of 1.4x10? s’'. Further analysis of the experimental data revealed that the
stress exponent at the testing conditions displaying elongations >400% was ~2 thereby demonstrating good agreement with
the theoretical model for grain boundary sliding. The calculated activation energies lie in the range from ~98 to ~118 k] mol™
and are similar to the value obtained for the same alloy after ECAP which is within the range for grain boundary diffusion in
pure Al and interdiffusion in Al-Mg alloys.
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ViccriemoBaHme MeXaHMYeCKUX CBOVICTB M CBEPXIUIACTYECKOTO
noBenmeHus craBa Al-Mg-Sc mocie o6pa6orku KBJJ

ITpoBeneHbI 9KCIIEPUMEHTBI € MCIOMb30BaHyeM citaBa Al-3% Mg-0.2% Sc, mofBeprHyToro TepMoo6padoTKe Ha TBEPHbLIL
pacTBOp, HAaIIpaB/ICHHBIE Ha JICCIe0BaHe MEXaHIYEeCKIX CBOVICTB U CBEPXIVIACTIYECKOTO IIOBEEHNA II0C/Ie 00pabOTKY ITy-
TeM KpydeHus noy BbicokuM pasnenveM (KBJI). Ha xpasx o6pasinos nocie 10 o6opotos KBJl 06Hapy»keHbI 3Ha4eHN TBEP-
moctu okoyto 200 Hv, XxoTs pacnpepeneHne MUKPOTBEPAOCTH IO AMaMeTPy AMCKOB ObII0 HeogHOpo#HoO. ITocte fedopmanynm
MeTtomoM KBJI mpu ncnpITaHUAX PacTsKeHMEM B TeMIIEPATyPHOM MHTepBasie oT 523 10 673 K JOCTUTHY THI MCK/TIOUNUTENTbHO
BBICOKJE CBEPXIUIACTIYEeCKNe CBOVICTBA JAHHOrO CIUIaBa. IIpy Temmeparypax ot 573 pmo 623 K mociegoBatenbHO HaOIIIo-
Jla/lach BBICOKOCKOPOCTHAsA CBEPXIUIACTUYHOCTD C YMMHEHNUAMM [0 paspyuieHuA BIUIOTh 1o 800 % npm 573 K u ckopoctn
nedbopmaryun 1.4x102 ¢, JlanpHeNInil aHaIN3 SKCIePUMEHTaIbHBIX JAHHBIX TIOKA3aJ, YTO ITOKa3aTe/lb IPU HAIPSDKEHNN
B YCJIOBUAX VCIIBITAHMI, IPUBOAALINX K YIIMHeHUAM 607ee 400%, COCTABIA IPUMEPHO 2, TAKUM 00pa3oM JeMOHCTPUPYA
Xopollee cornacye ¢ TeOpeTUIeCKOil MOJIENbI0 3ePHOTPAHNYHOTO NPOCKaNb3bIBaHMA. PaccuMTaHHble SHEPIUM aKTUBAIUM
nexar B MHTepBase oT 98 1o 118 x/I)x Monb-1 1 67M3KM K 3HAYEHMIO, TOTYYeHHOMY I TOTO )Ke crmaBa nocie PKYII, xoro-
poe JIeKUT B MHTepBaJle 3HAYCHMII I 3epHOrpaHnYHON fud¢ysuu B unctoM Al u B3aumuolt guddysun B cmaBax Al-Mg.

KnroueBblie c10Ba: aTIOMIHIEBbIE CII/TaBbI, 3€pHOTpaHNYHOE TPOCKaIb3bIBaHNE, KPYYE€HNE I10]T BBICOKMM JTaB/IEHNEM, IHTEHCHBHA
ITAaCTUYCEKaA ne(bopMauI/m, CBEPXIVIACTMIHOCTD

1. Introduction in order to produce bulk solids having exceptionally small

grain sizes [1,2]. As a consequence of the intense straining

The processing of metallic materials through severe plastic and grain refinement, these materials generally exhibit in-
deformation (SPD) methods has been extensively performed creased mechanical strength at low temperatures, as well
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as higher diffusion rates so that, if the grain boundaries are
reasonably stable at elevated temperatures, it is possible to
achieve excellent superplastic properties. Among the vari-
ous SPD techniques [3], notable attention is given to Equal-
Channel Angular Pressing (ECAP) [4] and High Pressure
Torsion (HPT) [5] which is more effective than ECAP re-
garding the fabrication of ultrafine-grained bulk solids with
grain sizes in the nanometre range (<0.1 pm).

Considering that the strain rate in superplasticity is in-
versely proportional to the square of the grain size [6], several
studies have been conducted with the objective of produc-
ing nanostructured metals for use in superplastic forming
operations at faster production rates [7]. Extraordinary su-
perplastic properties have been reported in a large number
of aluminium alloys after severe plastic deformation [8,9],
especially in the case of Al-Mg-Sc alloys [10,11]. The pres-
ence of Mg in solid solution in these alloys delays their re-
covery kinetics and leads to further grain refinement during
SPD processing by comparison with pure aluminium [12].
Furthermore, the Al,Sc precipitates significantly improve the
recrystallization resistance in Al-Mg-Sc alloys and thus retain
fine grain sizes at high temperatures suitable for superplastic
forming [13].

There are numerous reports in the literature deal-
ing with the evaluation of the superplastic properties of
Al-Mg based alloys with Sc additions after processing by
ECAP [10,11,14—16], friction stir processing [17], cold-roll-
ing [18] and free forging [19]. Conversely very few and only
isolated studies were performed using High-Pressure Torsion
[20—22] and more data are needed to fully assess and un-
derstand the superplastic behaviour of this alloy after HPT
processing.

The present work aims to systematically evaluate the
mechanical properties and superplastic behaviour of the Al-
3%Mg- 0.2%Sc alloy and provide new information regarding
the range of temperatures and strain rates in which this alloy
exhibits superplastic flow after processing by HPT.

2. Experimental material and procedures

The Al-3% Mg- 0.2% Sc (% in weight) alloy was used in the
current investigations. This material was supplied by China
Rare Metal Material Corporation (JiangXi Province,China)
in the form of forged rods having a diameter of 10 mm and a
length of 130 mm. These rods were solutionised at 880 K +2
K for 1 hour and quenched in water. Optical micrographs of
the samples after solution treatment revealed the presence of
an equiaxed and homogeneous grain structure with a grain
size of ~300 pm. After heat treatment, the Al-3Mg-0.2Sc rods
were cut into discs with a thickness of ~1 mm and 10 mm in
diameter. Discs were ground using abrasive papers until a
thickness of ~0.82 mm and then processed through 10 turns
of HPT using anvils with a quasi-constrained configuration
[23] at an initial temperature of ~300 K using a rotation rate
of 1 rpm and a nominal pressure of 6.0 GPa. The temperature
rise during HPT processing was estimated using the equa-
tions obtained in a recent report [24] and it was verified that
after 10 turns the Al-3Mg-0.2Sc discs achieve a temperature
of ~333 K.
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Fig. 1. Illustration of an HPT disc displaying the geometry of the
tensile specimen and (+) the position where the microhardness
distribution along the disc surface was recorded.

Following HPT processing, discs were mounted, ground
and polished to a mirror like quality and the microhardness
distribution in their mid-sections parallel to the upper and
lower surfaces was evaluated at the positions illustrated in
Fig. 1. The values of the Vickers microhardness were recorded
using an FM300 microhardness tester equipped with a
Vickers indenter under a load of 200 gf and a dwell time of
15 s. Hardness measurements were taken over the entire disc
surfaces following a rectilinear grid pattern with indentations
separated by a distance of 0.3 mm, using the same procedure
described in an earlier study [25].

After HPT processing, the discs became curved as a
consequence of the elastic distortion of the anvils [26].
Accordingly, the upper and lower surfaces of the discs were
ground using abrasive papers to a thickness of ~0.60 mm in
order to obtain a uniform thickness and remove the surface
irregularities of the samples. Thereafter, tensile specimens
were cut from the HPT processed discs, as schematically
illustrated in Fig. 1. Two specimens were cut from each
disc using wire electrical discharge machining. Each tensile
specimen was pulled to failure using a Zwick Z030 testing
machine equipped with furnace and operating at a constant
rate of cross-head displacement. The Al-3Mg-0.2Sc alloy was
tested in the temperature range of 523—673 K and at initial
strain rates, &, from 4.5x10* to 1.4x10° s'. The samples were
held at the testing temperature, T, for ~15 minutes prior to
the load application in order to reach thermal equilibrium
and during tensile testing the testing temperature was held
constant to within +2 K. The gauge length and the width of
each specimen immediately after machining were measured
through images taken using an Olympus BX51 microscope
and a digital calliper was used to measure the initial thickness
ofthe specimens. A Wild M420 stereoscope was used to obtain
images of the samples after tensile testing and to measure the
final length in the gauge section of the Al-3Mg-0.2S¢ samples.

Following tensile testing, both the fracture surface and
the topography in the gauge section of the Al-3Mg-0.2Sc
specimens were observed using a JSM-6500F scanning
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electron microscope with a field emission electron source,
operating at 15 kV. The images obtained by scanning electron
microscopy (SEM) were used to measure the mean linear
intercept grain size, L, and calculate the spatial grain size, d,
using the expression d = 1.74 L [27].

3. Experimental results

Prior to HPT processing, the Al-Mg-Sc discs had a uniform
thickness of ~0.82 mm and this was reduced to ~0.70 mm at
the centre and ~0.63 mm at the edge of the discs processed
by HPT through 10 turns. In order to evaluate in detail the
microhardness distribution in the middle-section position of
Al-Mg-Sc discs processed through 10 turns of HPT process-
ing, hardness measurements were taken over the entire disc
surface, following a rectilinear grid pattern with a separation
of 0.3 mm between each point. These individual hardness
values were then used to construct a colour-coded contour
map delineating the variations of the Vickers microhardness
across the surface of the disc, as depicted in Fig. 2.

Hardness measurements were also taken in the solution
treated Al-Mg-Sc alloy before HPT processing and they re-
vealed the discs had a homogeneous hardness distribution
with microhardness values of ~60 Hv. It is apparent from
Fig. 2 there is a significant increase in the hardness along the
diameter of the disc after 10 turns of HPT processing. The
Vickers microhardness distribution is approximately axisym-
metric and the hardness increases with increasing distance
from the centre of disc. After 10 turns of HPT processing,
hardness values smaller than ~150 Hv were found in the cen-
tral region of the discs for radial positions, r, smaller than
~1 mm. Furthermore, for r>1.5 mm which corresponds to
the position where the tensile specimens were machined, it is
noted that the Vickers microhardness varies from ~190-210
Hv such that a fairly homogeneous hardness distribution is
attained along the gauge section of the tensile specimens of

Al — 3%Mg — 0.2%Sc

HPT: 6.0 GPa, RT, 1 rpm
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Fig. 2. Colour-coded contour map showing the distribution of the
Vickers microhardness over the surfaces of an Al-3Mg-0.2Sc disc
processed by HPT through 10 turns.
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Fig. 3. True stress vs true strain for Al-3Mg-0.2Sc samples tested at
573 K after 10 turns of HPT processing.

the Al-3Mg-0.2Sc alloy.

Figure 3 shows plots of the true stress vs true strain for
the tensile specimens which were processed through 10 turns
of HPT and pulled to failure at 573 K using initial strain rates
from 4.5x10* to 1.4x10° s”'. Inspection of the curves depicted
in Fig. 3 reveals that at this testing temperature the specimens
exhibited extremely high values of true strain prior to failure
in tension, particularly in the case of the samples tested using
initial strain rates within the range from 4.5x10* to 1.4x10-
s which attained true strains higher than 2 prior to fail-
ure. It is also noted from these curves that significant work
hardening was observed in the samples tested from 4.5x10*
to 1.4x10? s which achieved their maximum values of true
stress for true strains higher than ~1.

The very high elongations attained in the Al-3Mg-0.2S¢
samples processed by HPT are shown in Fig. 4 where the
shapes of the specimens are depicted after tensile testing at
573 K using strain rates from 4.5x10* to 1.4x10*s™". It is veri-
fied from Fig. 4 there is an absence of necking and elonga-
tions to failure higher than 400 % in the specimens pulled to
failure at these testing conditions. Furthermore, an elonga-
tion to failure of ~800 % was achieved at & =1.4x10s" indi-
cating the occurrence of high strain rate superplasticity in the
Al-3Mg-0.2Sc alloy solution treated and further processed by
10 turns of HPT.

The elongations to failure obtained after performing ten-
sile testing over a wide range of temperatures and strain rates
are depicted in Fig. 5 with the Al-Mg-Sc samples processed
by 10 turns of HPT.

Figure 5 shows that elongations to failure higher than
400% were obtained after tensile testing from 523 to 623 K
at strain rates from 4.5x10 to 1.4x10 s™. By contrast, it is
noted that relatively low elongations were attained at 673 K,
particularly using & >1.4x107 s, In addition, it is worth not-
ing that the highest elongation obtained in the current inves-
tigation was ~850 % and it was obtained at the testing tem-
perature of 523 K and at the initial strain rate of 4.5x107 s™.
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Al - 3%Myg - 0.2%Sc (Solution Treated)
HPT: 6.0 GPa, 10 turns, RT, 1 rpm
T=573K

Undeformed H

Fig. 4. Shapes of the Al-3Mg-0.2Sc specimens tested at 573 K after 10
turns of HPT processing.

It is apparent from Fig. 5 that the Al-3Mg-0.2Sc speci-
mens processed by high-pressure torsion display higher duc-
tility in the temperature range from ~523-573 K and beyond
these temperatures there is a consistent trend of decrease in
the elongation to failure with increasing temperatures at a
given strain rate.

The fracture surface and the surface topography along
the gauge section and next to the head of the Al-3Mg-0.2Sc
alloy processed by HPT and further subjected to tensile test-
ing at 573 K and at £ =1.4x10? s were examined through
SEM images as displayed in Fig. 6. It is noted from the ap-
pearance of the fracture surface shown in Fig. 6a that the
failure of the Al-3Mg-0.2Sc specimen during tensile testing
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Fig. 5. Elongation to failure vs strain rate for Al-3Mg-0.2Sc samples
tested from 523 to 673 K after 10 turns of HPT.

occurred by a ductile intergranular fracture. During plastic
deformation the grains stand out in relief on the surface of
tensile specimens. This phenomenon is clearly observed in
Fig. 6b and ¢ which provide valuable information concern-
ing the distribution and morphology of the grains in the de-
formed Al-Mg-Sc specimens tested in tension at 573 K and at
& =1.4x107s". It is readily apparent from Fig 6b the occur-
rence of grain boundary sliding (GBS) on the tensile speci-
men which attained an elongation to failure of ~800 %. Ad-
ditionally, it is noteworthy that the grains in the gauge section
of the Al-3Mg-0.2Sc specimen are mainly equiaxed and ul-
trafine even after extensive plastic deformation providing mi-

Fig. 6. SEM images of the tensile specimens of the Al-3Mg-0.2Sc subjected to 10 turns of HPT processing and further pulled to failure at
573 Kand at € =1.4x10 5. The images depict (a) the fracture surface as well as the surface topography of the specimens (b) in the gauge
section near the fracture tip and (c) next to the head of the work-piece.
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croestrutural evidence of the high strain rate superplasticity
with grain boundary sliding as the dominant deformation
mechanism in the Al-3Mg-0.2Sc alloy after processing by
HPT. Moreover, Fig. 6¢ shows that the grains in the vicinity
of the head of the specimen are also equiaxed with average
grain sizes very similar to the grains next to the fracture tip.

The same procedure used to examine the surface topog-
raphy in the gauge section of the Al-3Mg-0.2Sc specimens
processed by HPT and pulled to failure at 573 K and at
£=1.4x107 s was used to study the distribution and average
size of grains of the same material subjected to tensile testing
at the other testing conditions employed in the current inves-
tigation. Thereafter, the linear intercept method was used to
measure the mean linear intercept grain size and thus calcu-
late the spatial grain size, d.

Figure 7 shows the evolution of the spatial grain size, d,
with the total heating time of the Al-3Mg-0.2Sc specimens
measured using SEM images of the work-pieces processed by
10 turns of HPT and further tested at temperatures from 523
to 673 K. It is verified from the plots depicted in Fig. 7, that
there is some grain growth during the time required to at-
tain thermal equilibrium before tensile testing, although the
grains remain very small even at the highest temperature used
in the current study. The spatial grain sizes were measured as
~0.4, ~1.0, ~1.6 and ~3.1 um after heating for ~15 minutes at
523, 573, 623 and 673 K, respectively, and they exhibit good
agreement with the mean linear intercept grain size reported
for the same Al-Mg-Sc alloy processed by ECAP and held at
temperatures from 573 to 723 K for ~10 minutes [10].

After tensile testing at the selected temperatures the
Al-3Mg-0.2S¢ samples also displayed some grain growth by
comparison with the samples just before tensile testing. As
depicted in Fig. 7, the calculated grain size in the gauge sec-
tion of the specimens tested at 523 K is smaller than ~2.3 pm
even after the testing performed using € =4.5x10* s which
corresponds to a total heating time higher than 10* s. Never-
theless, it is also shown in Fig. 7 that the specimens tested at
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Fig. 7. Evolution of the spatial grain size, d, with the total heating
time of the Al-3Mg-0.2Sc specimens measured at the gauge section
of work-pieces tested at temperatures from 523 to 673 K after 10

turns of HPT processing.

623 and 673 K display a more significant grain growth after
tensile testing, particularly in the case of the sample pulled to
failure at 673 K which depicted spatial grain sizes higher than
~10 pm after total heating times of >4x10’s.

4, Discussion

The results depicted in Fig. 2 reveal that after 10 turns of HPT
processing the microhardness distribution in the Al-3Mg-
0.2Sc disc is inhomogeneous such that the central region of
the sample displays low hardness values. This hardness dis-
tribution is designated hardening without recovery [28] and
it is typical for materials which have low stacking fault en-
ergies and accordingly low recovery rates. Even though the
Vickers microhardness is not uniform along the entire disc
surface for r>~1.5 mm the hardness values are mostly within
the range from ~190-210 Hv and it is reasonable to consider
that the gauge sections of the tensile specimens machined
from the HPT disc have a fairly homogeneous hardness dis-
tribution.

In order to achieve superplasticity in metals the grain siz-
es must be typically smaller than ~10 pm and the testing tem-
perature must be higher than one-half of the absolute melting
temperature of the material [29]. In the present investigation
both requirements were fulfilled for the Al-3Mg-0.2Sc speci-
mens processed by 10 turns of high-pressure torsion and
elongations to failure >400% were achieved at testing temper-
atures from 523 to 673 K, especially at 573 K where an elonga-
tion of 800 % was attained at £ =1.4x10? s'. Nevertheless, it
is verified that for T > 623 K the values of the elongation to
failure in the Al-3Mg-0.2Sc specimens diminished regardless
of the initial strain rate. The reason for the decrease in the
ductility of this Al-Mg-Sc alloy processed by HPT may arise
from the more significant grain growth at these testing con-
ditions because GBS may lead to the opening of cavities and
cracks and thus promote premature failure in coarse-grained
materials during deformation [30]. By inspection of Fig. 7,
it is verified that average grain sizes >10 um are found in the
gauge section of the specimens after tensile testing at T>623
K indicating that considerable grain growth occurred at these
temperatures and that GBS was deleterious for the ductility
of the Al-3Mg-0.2Sc specimens at these testing conditions.

A theoretical model was developed to predict a
steady-state strain rate, &, during superplastic flow based
on GBS accommodated by intragranular slip, as depicted
in the following relationship [6]

. AD,Gb(bY (oY

it bt e N
3 (8)
where A is a dimensionless constant, D , is the coefficient for
grain boundary diffusion, G is the shear stress modulus, b
is the Burgers vector, k is the Boltzmann’s constant, d is the
spatial grain size and sThe approximate value of the activa-
tion energy for superplastic flow was calculated based on
Eq. (1), the temperature and grain size compensated strain rate,
(é’kT/ngGb)(d/b)z, is plotted against the normalized stress,

0/G, in Fig. 8 using data taken from the current investigation
for the Al-3Mg-0.2Sc specimens which exhibited elongations

(M
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to failure higher than 400 %. The experimental points were
plotted considering o as the maximum flow stress at each
testing condition, D =D, e“%" where R is the gas con-
stant, Do(gb)=1.86><10'4 m?s, ng=86 kJ mol! [31], b=2.86x10"
'm [31] and G (MPa)=(3.022x10*)-16T [31]. In addition,
a solid line is plotted in Fig. 8 showing the theoretical pre-
diction for superplastic flow considering Eq. (1) with A=15
[32]. It is apparent from Fig. 8 that the experimental points
display excellent agreement with the theoretical model. It is
verified that after processing by HPT the Al-3Mg-0.2Sc alloy
exhibit excellent superplastic properties, especially at 523 and
573 K where the highest elongations were achieved and the
slope of the experimental data shown in Fig. 8 is ~2 which
corresponds to the stress exponent of Eq. (1).

The approximate value of the activation energy for su-
perplastic flow was calculated based on Eq. (1) through
semi-logarithmic plots of (1/GT)(0/d)* against 1/T, as
shown in Fig. 9. It is verified that the calculated val-
ues for the activation energy are in the range from ~98 to
~118 k] mol. Although there is some scattering in the exper-
imental points the values estimated for the activation energy
in the Al-3Mg-0.2Sc alloy processed by HPT were similar to
the values estimated after ECAP (~120 kJ mol!) [10] and are
within the range for grain boundary diffusion in pure Al (~86
kJ mol™) [31] and interdiffusion in Al-Mg alloys (~130.5 k]
mol’) [33].
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Fig. 8. Temperature and grain size compensated strain rate plotted as
a function of normalized stress for the Al-3Mg-0.2Sc alloy processed
by HPT processing exhibiting superplastic behaviour in the current
investigation. The solid line depicts the theoretical prediction for
superplasticity considering Eq. (1) with A = 15 [32].

5. Summary and conclusions

1. The Al-3% Mg-0.2% Sc alloy was processed by HPT
through 10 turns and further subjected to tensile testing at
temperatures from 523 to 673 K.

2. After HPT processing, the Al-3Mg-0.2Sc discs de-
picted an inhomogeneous distribution of the Vickers

microhardness along the middle-section of the samples.
Hardness values within the range from ~190 to ~210 Hv
were found at radial positions higher than 1.5 mm which
correspond to the region of gauge section of the tensile
specimens.

3. Excellent superplastic properties were attained
in the Al-3Mg-0.2Sc alloy after HPT processing and
further tensile testing. A maximum elongation of
~850% was obtained at the testing temperature of 523 K
and at the initial strain rate of 4.5x10° s'. High strain rate
superplasticity was consistently observed at 573 and
623 K, particularly at 573 K at strain rates of 1.4x107 s
where elongation up to ~800 % were achieved.

4. Further analysis of the experimental data revealed
that the stress exponent at the testing conditions dis-
playing elongations >400 % was ~2 demonstrating good
agreement with the theoretical model for grain boundary
sliding. The calculated activation energies lie in the range
from ~98 to ~118 kJ mol’ and are within the range for
grain boundary diffusion in pure Al and interdiffusion in
Al-Mg alloys.
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Fig. 9. Estimation of the activation energy for superplastic flow using
an analysis based on Eq. (1).
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