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Abstract

Experiments were conducted to evaluate the flow properties of an Al-3Mg-0.2Sc alloy
both without and with processing using equal-channel angular pressing (ECAP). The initial
grain size was ~300 um and this was reduced to ~250 nm by ECAP and then increased to
~600 nm by annealing at 673 K for 10 min. Tests were conducted to determine the
mechanical properties over seven orders of magnitude of strain rate from ~10™ to ~10° s™.
The results confirm the validity of the Hall-Petch relationship in the material processed by
ECAP. Shear banding occurred in the coarse-grained material during dynamic testing but in
the ECAP-processed alloy there was only minor grain coarsening. There was evidence for
dynamic strain ageing in both the coarse and the ultrafine-grained (UFG) alloy with a
transition in flow mechanism at high temperatures from dislocation climb in the coarse-

grained material to superplasticity in the UFG alloy.

Keywords: aluminium alloys; dynamic testing; equal-channel angular pressing; Hall-Petch
relationship; superplasticity.



1. Introduction

The increasing demand for more fuel-efficient and environmentally-friendly vehicles
has motivated the development of light-weight aluminium alloys especially designed for
applications in the transportation industry [1]. Processing by severe plastic deformation (SPD)
[2,3], as in equal-channel angular pressing (ECAP) [4] and high-pressure torsion (HPT) [5]
has been successfully used to produce ultrafine-grained (UFG) Al alloys with remarkably
improved properties by comparison with metals subjected to conventional metal forming [6].

Pure aluminium processed by ECAP displays superior mechanical strength and higher
strain rate sensitivity compared with the coarse-grained material [7]. Similar enhancements
are also observed in SPD-processed Al-Mg alloys [8-20] which exhibit additional
strengthening and grain refinement due to the presence of Mg solutes. However, Al-Mg alloys
have unstable grain structures at high temperatures after SPD processing and any benefits in
the mechanical properties attained by grain refinement are lost through early recrystallization
[7,21-24]. With the aim of improving the grain boundary stability of Al alloys processed by
SPD, the materials may be alloyed with Sc additions because Als;Sc dispersoids are effective
in pinning the grain boundaries and retaining a UFG structure even at elevated temperatures
[24-29].

The Al-Mg-Sc alloys have attracted significant attention because of their high strength
to density ratio as well as their excellent superplastic properties [30,31]. Although the
superplastic properties of Al-Mg-Sc alloys were studied extensively after ECAP [24,25,28,32-
37] and HPT [38-41], there are only limited studies documenting the mechanical properties of
UFG Al-Mg-Sc alloys at ambient temperatures [42-45].

Recent studies have demonstrated the outstanding capacity of Al alloys with Sc
additions to resist the impact of high speed projectiles [46,47] which makes this material a
major candidate for use in the structure of spacecraft. Although several investigations were
reported evaluating the mechanical behaviour at dynamic strain rates in several UFG metals
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[48-58], there are no reports are at present available on the deformation of SPD-processed Al-
Mg-Sc alloys at high strain rates. Accordingly, this investigation was initiated to assess the
mechanical properties and deformation mechanisms in Al-Mg-Sc alloys tested under quasi-
static and dynamic conditions. The validity of the Hall-Petch relationship and the influence of
grain size on the mechanical behaviour were also examined.
2. Experimental material and procedures
2.1 Material and processing

An Al-3% Mg-0.2% Sc (in wt. %) alloy was supplied by China Rare Metal Material
Corporation (Jiangxi Province, China) in the form of forged bars having lengths of 130 mm
and diameters of 10 mm. These bars were solution treated at 880 = 2 K for 1 h and then
quenched in water. Billets with lengths of ~65 mm were cut from the bars, lubricated with
MoS; and then processed by ECAP for 8 passes using route B, in which each billet is rotated
by 90° in the same sense between passes [59]. The processing was conducted at room
temperature using a pressing speed of ~2 mm s and a solid die having an internal channel
angle of 90° and an outer arc of curvature of ~20°. These angles introduce a strain of ~1 on
each pass [60].
2. Mechanical testing

For mechanical testing, samples were machined from both the solution treated and the
ECAP-processed billets as depicted in Fig. 1 where the X, Y, Z coordinate system is defined in
Fig. 1(a). Discs with thicknesses of ~1.0 mm were cut from these billets and ground using
abrasive papers to thicknesses of ~0.8 mm. Thereafter, two tensile specimens were machined
from each disc using electrical discharge machining and these specimens were pulled to
failure using a Zwick Z030 testing machine operating at a constant rate of cross-head
displacement. Tests were conducted at temperatures of 298, 523 and 673 K using initial strain

rates, &, from 3.3 x 10 to 1.0 x 10" s™. All samples were held at the testing temperature for



~10 min prior to application of the load and the temperatures were held constant to within £2
K during testing.

Cylindrical samples with lengths of 5 mm and diameters of 5 mm were machined from
both the solution treated and the ECAP-processed metal such that their longitudinal axes lay
along the pressing direction. These specimens were tested dynamically at temperatures from
298 to 673 K using a strain rate of 4.0 x 10* s in a split Hopkinson pressure bar (SHPB)
facility using the procedure described earlier [53]. Prior to dynamic testing, the samples were
heated and held at the required temperature for ~10 min. All dynamic testing was performed
on at least two different specimens under the same experimental conditions to ensure the
reproducibility of the data.

The stress, o, and strain, €, were initially calculated during dynamic testing based on
the incident, reflected and transmitted strain pulses using the relationships presented in other
reports [53,61]. Thereafter, as dynamic testing using the SHPB is adiabatic, the temperature

rise, AT, during plastic straining was calculated from [62]

AT (1) =p°—i [0 0 de (1)

where ps and ¢, are the density and the specific heat capacity of the sample, respectively. For
this investigation, AT was estimated using Eq. (1) with p;=2.7 x 10° kg m~ and ¢, =9 x 10° J
kg'1 K" [63] and the isothermal true stress, Ciso» henceforth denoted the true stress, was

estimated using [51]

Giso() = 6 (1) - 2 AT (1) 2)

2.3 Microstructural characterization

The microstructure of the Al-Mg-Sc alloy was examined by scanning electron
microscopy (SEM) and electron backscattered diffraction (EBSD). Samples were ground,
polished using 1 pm diamond paste and 0.06 um silica colloidal and then etched using an

aqueous solution of 5% HBF,.



The grain structure of the Al-Mg-Sc alloy immediately after ECAP processing was
observed using a JSM6500F thermal field emission SEM and the average grain size was
estimated from the grain boundary spacing, L, determined using the linear intercept method.
EBSD patterns were collected using step sizes smaller than 4 and 0.2 um for the solution
treated and ECAP-processed materials, respectively. A cleaning procedure, including grain
dilatation and grain confidence index standardization, was performed on each OIM image
such that the total number of modified points was <20 % for all points measured. Low-angle
grain boundaries (LAGBs) were defined as having misorientation differences between
adjacent points from 2° to 15° and high-angle grain boundaries (HAGBs) had misorientations
>15°. The OIM analysis generated graphical displays of texture using pole figures from each
measurement area. In addition, the distributions of the correlated misorientation angles were
calculated for each condition.

3. Experimental results
3.1 Mechanical properties

Representative plots of true stress vs true strain are shown in Fig. 2 for samples with
and without processing by ECAP when testing dynamically using the SHPB system. The
curves show that processing by ECAP leads to superior mechanical strength at all testing
temperatures. In addition, the curves of the solution treated material display significant work-
hardening at 298 K whereas the curves at 523 and 673 K exhibit only minor work-hardening
and achieve similar true stresses of ~200 MPa at € = 0.3. There is an apparent saturation in the
true stress at ~520 MPa for the ECAP-processed alloy tested at 298 K and there are only
minor decreases in the flow stresses for T < 573 K.

In order provide information on the deformation mechanisms, Fig. 3 shows the
variation with strain rate of the true stress at € = 0.05 for samples tested at different absolute

temperatures, 7, in (a) the solution treated condition and (b) after ECAP processing. The



slopes of these curves correspond to the strain rate sensitivity, m (= [0logc/dlog£]r), and it
is apparent that there is a negative strain rate sensitivity of m ~—0.04 for the unprocessed
alloy tested at 298 K for strain rates below ~3.3 x 10" s™'. This negative value of m is
associated with the occurrence of dynamic strain ageing (DSA) in the Portevin-Le Chatelier
effect [18,19,64-66]. Inspection of Fig. 3(a) shows that m > 0 in the solution treated alloy
from 3.3 x 10 t0 3.3 x 10" s at 523 and 673 K, the slopes of the curves increase with
increasing T and decreasing &, and the value of m is ~0.2 at strain rates below ~3.3 x 10725,

In Fig. 3(b) for the ECAP-processed material there is an approximate sigmoidal
relationship at the two higher temperatures which is similar to the three regions of flow
generally observed in superplastic metals [67]. At the lowest strain rates at € <1.0 x 107 s
the curves have a slope of ~0.2 whereas at faster strain rates, up to &=~ 3.3 x 10" s™ for the
specimens tested at 523 K, the slope is m =~ 0.5. At even faster strain rates, the values of m
remain positive but tend to decrease with increasing strain rate.
3.2 Grain structure and texture of the coarse-grained Al-Mg-Sc alloy

Typical OIM images are shown in Fig. 4 obtained along the X plane in the middle-
section of (a) the unprocessed alloy and after dynamic testing at (b) 298 and (c) 673 K.
Inspection of Fig. 4(a) shows that the solution treated material has a fairly homogeneous
microstructure with L =~ 300 um. In Figs 4(b) and (c), there is evidence for the development of
substructure with LAGBs in the highly strained areas and there are strong texture gradients
which reflect abrupt changes in the local misorientations. These structures initially form
LAGBs but eventually evolve into grains with HAGBs through mechanically-induced
dynamic recrystallization (DRX) [48,49,68]. It also follows from Fig. 4 (b) that some grains
essentially preserve their original sizes and have a very high density of LAGBs. There is a

distinct texture in these grains with the {110} planes parallel to the X plane. Similarly, Fig.



4(c) shows many large grains with the same texture as in Fig. 4(b) but with a lower density of
LAGB:s.

The textures of the unprocessed alloy are presented as {111} pole figures in Fig. 5
both (a) without and (b,c) with dynamic testing. Thus, the alloy has a random texture after
solution treatment but it develops a deformation texture after dynamic testing at (b) 298 and
(c) 673 K. This texture is typical of fcc metals with high stacking fault energies after
compression testing and it is characterized by a fibre-type texture where the compression axis
is the fibre axis [69,70]. As is evident from Figs. 5(b) and (c), both samples show a strong
texture component around {110} and, for the alloy tested at 298 K, there is also a weak
texture component around {100}.

3.3 Grain structure and texture of the UFG Al-Mg-Sc alloy

The microstructure of the alloy was intensively refined by 8 ECAP passes to give L =
250 nm as measured by SEM where this is comparable to the grain size of ~200 nm reported
earlier for the same alloy using transmission electron microscopy after processing through
similar conditions [33]. Figure 6 shows OIM images of the ECAP-processed alloy (a) after
annealing at 673 K for 10 min, (b) after tensile testing at 3.3 x 10° s at 673 K and (c and d)
after dynamic testing at 4.0 x 10% s™ at 298 and 673 K, respectively. It follows from Fig. 6(a)
that the banded structures formed during ECAP evolve into nearly equiaxed grains during
annealing at 673 K and, in addition, there is a large fraction of subgrains with an average size
of ~0.6 pm.

In Fig. 6 (b) the UFG alloy pulled to failure at 3.3 x 107 s at 673 K shows mostly
grains with HAGBs. In addition, EBSD scanning was performed in the gauge area of a tensile
specimen which underwent an elongation of ~980 %. As elongations >400 % were observed
in this condition [71], the randomness of the texture and the high misorientations between

neighbouring grains suggests that the ECAP-processed alloy deforms by grain boundary



sliding (GBS) at this temperature and strain rate. It also follows from Figs. 6(c) and (d) that a
strong texture component develops around {110} after dynamic testing regardless of the
testing temperature. It is also apparent that the grains are equiaxed and primarily consist of
HAGBs although there is a significant fraction of LAGBs.

The fractions of boundaries are plotted in Fig. 7 as a function of the misorientation
angles for the samples tested under the same conditions as in Fig. 6: these histograms depict
the correlated pixel-to-pixel misorientation distributions with a cut-off angle of 2° [72] and
the superimposed solid curves represent the Mackenzie theoretical distribution [73]. It is
apparent from Fig. 7(a) that the alloy has a high fraction of LAGBs (~30 %) after ECAP and
annealing at 673 K. Similarly, after dynamic testing there are also large fractions of LAGBs
as shown in Figs 7(c) and (d) and the material also has a larger fraction of HAGBs with
misorientation angles >50° compared with the annealed material. It is readily seen in Fig. 7(b)
that testing in tension at 673 K with a strain rate of 3.3 x 107 s gives results that conform
closely with the Mackenzie distribution [73] thereby demonstrating that the alloy develops a
random texture during tensile straining. By contrast, there are very significant deviations from
the theoretical curves after dynamic testing in Figs 7(c) and (d) so that a strong texture
develops under these conditions as shown by the corresponding {111} pole figures for the
four different testing conditions displayed in Fig. 8.

In Fig. 8(a) there is a typical ECAP shear texture [74-77] after ECAP and annealing.
Conversely, the pole figure after tensile testing in Fig. 8(b) exhibits a relatively small intensity
index as well as a random distribution and this is similar to the same alloy when testing
through 8 passes of ECAP using a die with a channel angle of 60° [78]. By contrast, Figs. 8(c)
and (d) reveal a strong compression texture with the same characteristics described in Figs.

5(b) and (c) after dynamic testing. Accordingly, as already noted for the OIM images in Figs



6(c) and (d), the {110} planes are mostly parallel to the X plane which is normal to the
compression axis.

4. Discussion
4.1 Examining the validity of the Hall-Petch relationship in Al-Mg-Sc alloys

The plots depicted in Figs 2 and 3 confirm the superior mechanical strength of the
UFG Al-Mg-Sc alloy during deformation at ambient temperature regardless of the testing
strain rate. It is well established that the ECAP-processed alloy displays excellent superplastic
properties at elevated temperatures [33] and also a significantly higher strength when tested
using the SPHB facility by comparison with the coarse-grained material or with a UFG Al-
1.5% Mg alloy [51]. The reasons for these exceptional mechanical properties are associated
both with the strengthening effects of the Al-Mg solid solution and the presence of many
grain boundaries due to the SPD processing and with the presence of Al;Sc precipitates which
enhance the strength and the grain boundary stability of this aluminium-based alloy [31,79].
In addition, it is important to note that Al-Mg alloys without Sc or similar additions exhibit
substantial grain growth at temperatures above 500 K [21,22,80] and this is deleterious for the
material strength and ductility at high temperatures.

There are numerous reports discussing the validity of the Hall-Petch relationship for
materials with grain sizes in the submicrometre range [81-85]. In order to verify whether the
grain boundary strengthening predicted by the Hall-Petch relationship remains consistent for
the UFG Al-3Mg-0.2Sc alloy, Fig. 9 plots the yield stress, oy, against the inverse square root
of the grain size using both the experimental data obtained in this investigation and data from
other studies conducted on commercially pure aluminium [86-89], Al-Mg alloys
[10,18,20,51,90-92] and Al-Mg-Sc alloys [37,42-44,93].

It is apparent from Fig. 9 that pure aluminium (Al 1100) has inferior strength
compared with Al-Mg alloys regardless of the grain size. There is also a breakdown in the

Hall-Petch relationship at L% ~ 1600 m ™ which corresponds to L = 0.4 um for Al 1100. In
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addition, Al-Mg alloys display a delayed breakdown in the Hall-Petch relationship which
occurs for grain sizes <0.15 um. By contrast, the evidence in Fig. 9 infers that the Hall-Petch
relationship remains accurate for Al-Mg-Sc alloys over the full range of grain sizes evaluated
in this and other studies. This is consistent with earlier results on an Al-5Mg alloy processed
by HPT for 10 turns to give a grain size of ~70 nm [94].

The absence of a breakdown in the Hall-Petch relationship suggests that the
deformation is primarily controlled by intragranular dislocation motion and the contribution
from the emission and annihilation of extrinsic dislocations at the non-equilibrium grain
boundaries may be diminished by the presence of Mg segregation at HAGBs and triple
junctions [42]. Thus, high concentrations of Mg solutes were detected at grain boundaries in
SPD-processed Al-Mg alloys [95-98]. There was also some evidence from SEM in the present
study for a thin discontinuous layer of Mg segregates along the grain boundaries in the
ECAP-processed Al-Mg-Sc alloy after dynamic testing but a more comprehensive study is
now needed to fully substantiate this effect. Nevertheless, as verified through molecular
dynamic simulations [99-101], the local atomic structure along HAGBs has a major influence
on the stress required for the emission of dislocations and in practice the segregation of Mg
along the boundaries serves to reduce the boundary energy and improve the grain stability
[102,103]. High concentration of Mg at grain boundaries may also suppress the emission of
extrinsic dislocations through solute drag [42].

It is apparent from Fig. 9 that Al-Mg-Sc alloys have superior mechanical strength by
comparison with other Al-Mg alloys having similar Mg contents. This is due to the presence
of the Al;Sc dispersoids which act as obstacles for dislocation glide [31]. The experimental
data in Fig. 9 was obtained from Al-Mg-Sc alloys processed using different procedures,

testing temperatures and strain rates and the experimental points represented by the open



squares are for the ECAP-processed alloy tested at 4.0 x 10’ s. This confirms that
intragranular dislocation slip remains active even at extremely high strain rates.
4.2 The deformation mechanisms in the coarse and UFG Al-Mg-Sc alloys

Al-Mg-Sc alloys deform through different mechanisms depending on grain size,
temperature and strain rate. In general, polycrystalline metals develop adiabatic shear bands
during deformation at dynamic strain rates [49,53,55,68] and strain localization within these
shear bands promotes a mechanically-driven grain refinement [48,49]. In this study, strain
localization and local grain refinement were observed in the coarse-grained material after
dynamic testing. Therefore, the prominent work hardening of the unprocessed alloy during
dynamic deformation at 298 K is attributed to an increase in the dislocation density and the
formation of small grains which act as effective barriers to dislocation motion.

Figure 3 shows that the coarse-grained alloy exhibits a negative strain rate sensitivity
(m ~ —0.04) when testing at 298 K at strain rates lower than ~3.3 x 10" s™. Similarly, coarse-
grained Al-Mg alloys with different magnesium contents also display m < 0 which is due to
the occurrence of DSA wherein the flow stress is controlled by interactions between mobile
dislocations and solute atom atmospheres [64-66,104-106]. The presence of solutes requires
an increment of the local shear stress to promote the movement of dislocations with their
solute atmospheres and hence, after application of additional stresses, these dislocations are
released and then require lower stresses to continue their movement leading to flow
instability. This instability has been demonstrated both in experiments [18,64,66,107] and in
computational modelling [108].

It is readily apparent from Fig. 3 that m increases with increasing temperatures and is
~0.2 at a strain rate of ~10~ s™. This value of m is consistent with deformation controlled by

1

dislocation climb at 673 K for strain rates from 3.3 x 10 to ~10? s and this is in good

agreement with data reported for a coarse-grained Al-Mg alloy in mechanical testing [109].
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Inspection of Fig 3(b) shows also that m = 0 for the ECAP-processed alloy metal at 298 K
which suggests the occurrence of DSA. In practice, serrated flow and profuse micro-shear
bands were observed in Al-Mg-Si [11] and Al-Mg-Mn-Sc [44,45] alloys processed by ECAP
and mechanically tested under conditions similar to those in the present investigation and
there was also evidence in this work for limited serrated flow at low temperatures and strain
rates for the ECAP-processed Al-3Mg-0.2Sc alloy.

During deformation at high temperatures through the mechanism of dislocation climb,
subgrains form within the grains and it is well established, for both metals [110] and ceramics

[111], that the average subgrain size, A, is dependent upon stress through the relationship

-1
1= b (<) 3)
where b is the Burgers vector, G is the shear modulus and £ is a constant having a value of
~20.

Figure 10 shows a plot of grain size against the modulus-compensated stress, 6/G, for
different temperatures and strain rates where the value of ¢ corresponds to the maximum flow
stress in ECAP for an Al-1.5Mg alloy [51] and the Al-3Mg-0.2Sc alloy used in this
investigation. The two lower broken lines labelled E(O’zgg k) and f(0,673 k) refer to the measured
grain sizes in the Al-Mg-Sc alloy of ~250 and ~600 nm immediately after ECAP and after
ECAP and annealing at 673 K for 10 min, respectively, and the solid line represents the
theoretical prediction for A using Eq. (3) with { = 20, b = 2.86 x 10" m and G (MPa) =
(3.022 x 10%) — 16T [112].

It is readily noted from Fig. 10 that L > A for UFG Al-1.5Mg and the Al-3Mg-
0.2Sc alloy subjected to dynamic testing. It is also apparent from the OIM images in Fig.
6, and from the histograms in Fig 7, that the ECAP-processed samples tested at 4.0 x 10°
s’ have higher fractions of LAGBs by comparison with the annealed Al alloy. In

addition, these LAGBs are mostly organized as subgrains and are more pronounced in the
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material tested at 673 K. It follows from Fig. 10 that the subgrain sizes after dynamic
testing are slightly larger than immediately before testing. Nevertheless, in addition to
the strong deformation texture, the DRX grains are equiaxed and homogeneously
distributed as shown in Figs 6(c) and (d). Also, the ECAP-processed alloy exhibits
excellent strength and only very limited grain coarsening even after extensive straining at
very high strain rates. Therefore, as the Al-3Mg-0.2Sc alloy preserves the grain
refinement attained during ECAP processing and no cracks are visible in the compressed
samples, it is concluded that the UFG Al-3Mg-0.2Sc alloy is a potential candidate for
applications demanding light-weight materials with good ductility and high impact
resistance.

5. Summary and conclusions

1. An Al-3% Mg-0.2% Sc alloy was processed by ECAP at room temperature to
produce a grain size of ~250 nm. This grain size increased to ~600 nm after annealing for 10
min at 673 K. Mechanical testing was conducted at different temperatures over a very wide
range of strain rates up to dynamic testing at 4.0 x 10° s

2. Excellent mechanical properties were achieved after ECAP processing. The results
confirm the validity of the Hall-Petch relationship down to grain sizes of ~0.1 um.

3. Profuse shear banding and grain refinement were observed in the coarse-grained
material during dynamic testing. The ECAP-processed alloy exhibited only minor coarsening
and a reasonably uniform distribution of grains after testing at 4.0 x 107 s™".

4. Dynamic strain ageing occurred in both the coarse and UFG Al-Mg-Sc alloy when
deforming at 298 K for strain rates below ~10" s, The results suggest dislocation climb as
the rate-controlling mechanism for the coarse-grained alloy at 673 K and at strain rates from
~10* to ~107 s™". In the ECAP-processed alloy, the strain rate sensitivity was ~0.5 at low

strain rates which is consistent with superplastic flow.
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Fig. 1. Schematic illustration of the samples used during (a) ECAP processing, (b) tensile
testing and (c) dynamic testing.

Fig. 2. True stress vs true strain curves for samples of the solution treated Al-3Mg-0.2Sc alloy
(broken lines) before and (solid lines) after processing by ECAP and further dynamic testing
at 4.0 x 10° s within the temperature range from 298 to 673 K.

Fig. 3. Variation of the true stress at a true strain of 0.05 with the strain rate for samples of the
solution treated Al-3Mg-0.2Sc alloy (a) before and (b) after processing by ECAP and further
mechanical testing within the temperature range from 298 to 673 K.

Fig. 4. OIM images for (a) the solution treated Al-3Mg-0.2Sc alloy and after dynamic testing
at4.0 x 10° s™ at (b) 298 and (c) 673 K.

Fig. 5. Texture represented as {111} pole figures for (a) the solution treated Al-3Mg-0.2Sc
alloy and after dynamic testing at 4.0 x 10° s' at (b) 298 and (c) 673 K.

Fig. 6. OIM images of the ECAP-processed Al-3Mg-0.2Sc alloy after (a) annealing at 673 K
for 10 min, (b) tensile testing at 3.3 x 10° s at 673 K and dynamic testing at 4.0 x 10°s! (©)
at 298 and (d) at 673 K.

Fig. 7. Histograms of the misorientation angles for the ECAP-processed Al-3Mg-0.2Sc alloy
after (a) annealing at 673 K for 10 min, (b) tensile testing at 3.3 x 10° s at 673 K and
dynamic testing at 4.0 x 10° s™' (c) at 298 and (d) at 673 K.

Fig. 8. Texture represented as {111} pole figures for the ECAP-processed Al-Mg-Sc alloy
after (a) annealing at 673 K for 10 min, (b) tensile testing at 3.3 x 10° s at 673 K and
dynamic testing at 4.0 x 10> s™ (c) at 298 and (d) at 673 K.

Fig. 9. The Hall-Petch relationship in commercially pure aluminium [86-89], Al-Mg alloys

[10,18,20,51,90-92] and Al-Mg-Sc alloys [37,42-44,93].
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Fig. 10. Average grain boundary spacing, L, vs. modulus-compensated stress, 6/G, for the Al-
1.5Mg alloy [51] and the AI-3Mg-0.2Sc alloy processed by ECAP and then mechanically
tested at various temperatures and strain rates: the two broken lines denote the measured grain
sizes in the AI-Mg-Sc alloy immediately after ECAP (L 295 x)) and after ECAP and annealing
at 673 K for 10 min (Lo ¢73 x)) and the solid line represents the theoretical prediction for A

using Eq. (3).
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Schematic illustration of the Al-3Mg-0.2Sc¢c samples
ECAP Processing Tensile Testing Dynamic Testing

units: mm (a) (b) (c)
Fig. 1
700 v ) v 1 v ) ¥ ) v 1
Al - 3%Mg - 0.2%Sc (Solution Treated)
600 - ECAP: RT, route Bc, 8 passes ]
£=40x10°s"

— 500 ]
© Before After
% T (K) ECAP ECAP
~ 400 208 _ = ]
a 373 —
g 523 - —
¢ 300 573 _— _
o 623 —
> 673 —— @ —
F 200 ]

100 .

O 1 1 L 1 1 1 1 1 L 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
True Strain

Fig. 2

27



True Stress (MPa)

104 E T T T T T T T
Al - 3%Mg - 0.2%Sc (Solution Treated)
£=0.05
10° .
—-0.04
102 | 9
—]o2
10" £ 1 TK)
v 298
m 523
A 673
100 1 1 1 1 1 1 1
10* 10° 102 10" 10° 10' 102 10® 10¢
Strain rate (s)
(a)
Fig. 3

28

True Stress (MPa)

104 ¢

10°

102 |

101 |

10°

10

Al - 3%Mg - 0.2%Sc (Solution Treated)

ECAP: RT, route Bc, 8 passes
£=0.05

TK)

vV 298
oz O 523
1 N 673
10® 102 10" 10° 10' 102 10° 10°%
Strain rate (s)
(b)



Al — 3%Mg- 0.2%Sc (Solution Tregted) 7

(b)

001 101

Fig. 4

29



Al — 3%Mg- 0.2%Sc (Solution Treated)

{111}

Al — 3%Mg- 0.2%Sc (Solution Treated)

Dynamic Test: 4.0 x 103 s, 298 K
{111}

Al — 3%Mg- 0.2%Sc (Solution Treated)

Dynamic Test: 4.0x 103 s, 673 K

Fig. 5

30




111

Al — 3%Mag- 0.2%Sc (Solution Treated) =——2-15°
ECAP: RT, route Bc, 8 passes — > 150

001 101

0%s1,673K. X plane, L=0.8 um
A I -l y N/

£
i

Fig. 6

31



Fraction of grain boundaries (%)

Fraction of grain boundaries (%)

-
o

[o4]

)]

B

Al - 3%Mg - 0.2%Sc (Solution Treated)

ECAP: RT,

Anneal: 10 min, 673 K

LABGs: 30 % 1
HAGBs: 70 %

Misorientation angle (°)

(@)

Dynamic Test: 4.0 x 10° s, 298 K

HAGBs: 68 %

Il 1 1 il

- LABGs: 32 %

0 10 20 30 40 50 60

Misorientation angle (°)

(c)

Fig. 7

32

route Bc, 8 passes
T ’_\10 T T T T T T

X Tensile Test: 3.3x 10° s, 673 K
w
o 8 LABGS: 6 % 1
S HAGBS: 94 %
= 6 L i
o
ie]
=
©
& 4
IS
S 2t
3
S
L 0 L ! L

0 10 20 30 40 50 60

Misorientation angle (°)
(b)

»--.10 T T T T T T
< Dynamic Test: 4.0 x 10°s™", 673 K
w
2 8¢t LABGS: 38 % 1
3 HAGBS: 62 %
- } 6 L i
Q -
0
<
4]
& 4
ks
S 2t
3
o
L 0 1 1 1 il

0 10 20 30 40 50 60

Misorientation angle (°)

(d)



Al - 3%Mg - 0.2%Sc¢ (Solution Treated)
ECAP: RT, route Bc, 8 passes

Anneal: 10 min, 673 K Tensile Test: 3.3x 103 s, 673 K

(c) (d)
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Al-Mg-Sc alloys
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&(s Material Reference
3
' E ‘:‘g"lg_s Al-3Mg-0.2Sc Efp’:_P
A
W 1.0x10* Valiev et al. (2010)
e A8 Avtokratova et al. (2016)
B 1.0x10° Kumar and Mishra (2013)
I-4Mg-0.
® 10x10° AAME08Se i etal 2011)
3 Zhemchuzhnikova and
2 B 1.0x10® Al-Mg-Mn-Sc Kaibyshev (2015)
110 4.0x10* Hayes et al. (2000)
@® 43x10 A-3Mg Furukawa et al. (1998)
@ — Furukawa et al. (1996)
® — Lee etal. (2016)
® 2.1x10° Kapoor et al. (2008)
Al-1.5M
® 18x10° v Kapoor et al, (2007)
@ 102-10" Al-1Mg Andreau et al. (2014)
2 10'2-1oj Tsuiji (2006)
3.3x10 Horita et al. (2000)
¢ — Al1100 Azimi et al. (2012)
$ 76x10" Kwan et al. (2008)

3000

Fig. 9

Data obtained through hardness testing considering
oy =3 Hv

T (K) Material

¢ (s') Technique Reference

W 298 Al-3Mg-0.2Sc 4.0x10° ECAP
-3

] 523 3.3x10 ECAP

Al-3Mg-0.25¢

W 523 . 40x10°  ECAP

O 523 Al-1.5Mg 1.8x10°° ECAP Kapoor et al. (2008)

® 523 ' 2.1x10° ECAP Kapoor et al. (2008) ]
-3

O 673 )\ apg-02sc 33%10  ECAP

B 673 4.0x10 ECAP

Fig. 10
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