Formation of deformation twin boundaries in a coarse-grained aluminum
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Abstract

Deformation twinning has rarely been observed in aluminum and its alloys because of their high
stacking fault energy (SFE). Here, we report that a significant amount of X3 deformation twins could be
generated in a coarse-grained Al-7Mg alloy by dynamic plastic deformation (DPD). A systematic
investigation of the X3 boundaries shows that they are £3{112} type incoherent twin boundaries (ITBs).
These ITBs have formed by gradual evolution from copious low-angle deformation bands through
<111>-twist ¥ boundaries by lattice rotation. These findings provide an approach to generate deformation
twin boundaries in high SFE metallic alloys. It is suggested that high solution content of Mg in the alloy and

the special deformation mode of DPD played an important role in formation of the ¥ and ITBs.



In recent years, nano-twinned metals and alloys, like copper and austenite steels'* have attracted great
interest because of their superior combination of strength and ductility. The ultrahigh strength originates from
the stable nature of the X3{111} coherent twin boundaries (CTBs) as they present strong barriers to
dislocation glide. At the same time, the CTBs enable absorption and transmission of dislocations and hence
contribute significantly to macroscopic ductility.> Up to now, several methods have been developed for
fabrication of nano-twinned materials, such as pulsed electrodeposition,®® magnetron sputtering,”!? and
dynamic plastic deformation (DPD).!!!> Note that the above mentioned methods are mainly for metals with
low stacking fault energy (SFE) or a low ratio of unstable twinning (yu) to unstable stacking energy (yu.s). In
aluminum and aluminum alloys, however, because of their high SFEs and high yu/y.s ratio, twinning can only
occur under some extreme conditions such as at crack tips,’*'!> during severe plastic deformation of
nanocrystalline materials,'®2! and during epitaxial growth of nano layered Al by using Ag as seed layer.?>24
In coarse grained aluminum, no deformation twins have ever been observed, though Han et al.?® argued that
microtwins could form in aluminum single crystals subjected to equal channel angular pressing.

In this letter we report that, instead of coherent deformation twins, a large fraction of incoherent
deformation twins could be generated in a coarse-grained Al-7Mg (in wt.%) alloy during dynamic plastic
deformation through a mechanism of crystal rotation of deformation bands.

The Al-7Mg alloy studied in this work was prepared by using commercial pure Al and high purity Mg.
Cylindrical samples with dimension of ©@24x16mm were machined from a DC-cast Al-7Mg ingot and
homogenized in an air circulation furnace at 500°C for 3h, followed by water quenching. The average grain
size of the sample before DPD was ~75um, with a random texture. After the homogenization heat treatment,

the alloy becomes single phased and all the Mg content is kept in solid solution in the Al-matrix.?®?’ During
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DPD, the samples were deformed by multiple impact loading using an upper anvil in a drop tower at room
temperature with a strain rate of 102-103 s-'. During each impact, the height reduction of the sample was 2mm.
The deformation strain e=In(Los/Ls), where Ly and Ly are initial and final sample thickness, respectively. The
largest strain achieved in the DPD-ed samples is 1.73 (with ten impacts). After DPD, electron backscattered
diffraction (EBSD) analysis was conducted on longitudinal sections (parallel to the cylinder axis) of the
samples with the largest and also some intermediate strains. Detailed information about DPD and EBSD can
be found in Ref. [28].

Fig. 1(a) shows a typical grain boundary (GB) structure of the DPD sample subjected to an accumulated
deformation strain of 1.31. The deformed structure is composed of elongated coarse grains and fine equiaxed
grains. It is interesting to see that a large fraction (>6%) of the grain boundaries between the elongated grains
were identified as 60° coincidence site lattice (CSL) X3 GBs by the EBSD-TSL software. This fraction is
much larger than the fraction of random X3 boundaries. To further investigate the £3 grain boundaries, the
{111} and {101} poles of Grain 1 and 2 labeled in Fig. 1(a) were drawn in the same pole figures in Fig. 1(b),
respectively. As can be seen, they share one {111} pole and three sets of {101} poles, which means that these
two grains have a twin orientation relationship. The {111} traces of grains 1 and 2 at the sample surface are
also indicated by arrows in Fig. 1(a). It shows, however, that the GB between the two grains is not parallel to
any of the {111} traces, which indicates that it is not a coherent {111} twin boundary. A comparison of the
GB trace with surface traces of different possible planes shows that the X3 GB is closely parallel to (121)
and (211) in Grain 1 and 2, respectively, implying that the GB plane is likely on the {112} planes. A similar
single-surface trace analysis was done on totally fifty-six X3 GBs and it is found that most (50 of 56) of the

>3 GBs are close to {112} traces. The indices of all the measured GB traces were determined and their poles
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are drawn in the (001) stereographic projection shown in Fig. 1(c). As each GB trace vector may have two

different indexes according two neighboring grains, totally 112 pole points were included. As indicated, all

the poles are located close to the large circle of {112} planes, implying that the £3 GBs are on the {112}

planes and most of the boundaries are of ¥3{112} ITBs.

The supposed {112} type grain boundary planes of the £3 GBs in DPD sample have been confirmed by

a serial sectioning EBSD study [29] of selected GBs, by which the inclination angle of the grain boundary

planes to sample surface can be determined. Fig. 2(a) shows an example of such studies. The distance

between the two scanning surfaces (Layers 1 and 2), Ad is about 19.0um while the displacement of the X3

boundary (GB1) in these two layers, As, is 3.7um in average. Hence, the inclination angle 6 of the boundary

plane of GBI to the sample surface is calculated as 79.0°, which is very close to the inclination angle of (121)

with the sample surface plane (-2-35), 78.5°, confirming that the boundary plane of GB1 is on {112}.

With the aim to reveal how the incoherent deformation twins formed in the alloy, the deformation

structure of the samples subjected to lower accumulated deformation strains have been studied by EBSD. At

low strains, there is less £3{112} ITBs, but a large fraction of CSL boundaries with higher X values,

including X7 38.2° <111>, £13b 27.8° <I11>, ¥21a 21.8° <111>, ¥31a 17.9° <111> and X43a 15.2° <111>.

Interestingly, all of these CSL boundaries have a common feature: a <111> rotation axis. Fig. 3 shows the

evolution of the fractions of different CSL boundaries as a function of deformation strain. As can be seen, the

fraction of the high X value CSL boundaries decreases while the fraction of low value X value CSL

boundaries increases with increasing deformation strain. It implies that the ITBs could gradually evolve from

the higher X value CSL boundaries during DPD. This has been confirmed by a closer examination of the CSL

boundaries. Frequently, segments of CSL boundaries with different X values can be found co-existing in the
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same GB. As shown in the upper right corner of Fig. 4(a), the long GB in the center of the grain is composed
of segments of different misorientation angles from 12.5 to 27.6°. More interestingly, the £13b and X21a
boundary segments are alternating in the same boundaries, implying the grain boundary is in the process of
transforming from low angle grain boundaries (LAGB) to X21a and from X21a to X13b. Fig. 4(b) shows
another example for the transformation from X7 38.2° <111> boundary to £3{112} boundary through the
intermediate stage of 47.4° misorientation GB.

The copious deformation bands (DBs), similar to those shown in the lower left corner of Fig. 4(a), can
be observed frequently in some grains. In the figure, parallel DBs with LAGBs of different misorientation
angles in range of 5-15° (Fig. 4c) can be seen. The point-to-origin misorientation curve shows that a
considerable misorientation gradient exists in the DBs, which is more evident in the relatively wider ones,
implying that these DBs forms by lattice rotation. As indicated by the arrows in Fig. 4(a), the DBs are parallel
to the traces of {111} planes. The poles of the boundary traces of the copious DBs in the sample deformed to
£=0.27 were drawn in the [001] stereographic projection, Fig. 4(d). As can be seen, all the poles are located
on the {111} large circles (within 5° deviation), showing that all the DBs have {111} planes as boundary
plane. However, after deformed to higher deformation strains, such DBs can rarely be observed, suggesting
that most of them have transformed into <111> CSL twist GBs or £3{112} boundaries.

The formation of the copious DBs in the alloy should be attributed to the special deformation character
of Al-Mg alloys with a high content of Mg, which, unlike most other Al alloys, deforms mainly by planar
glide.?® The tendency for planar glide increases with increasing Mg content and strain rate.>*3! As a result of
planar glide, {111} twist boundaries composed of dislocations walls on {111} form.3!-3, In this work, it is

found that copious DBs mostly form in those grains that have only one preferential slip system (the Schmidt
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factor is much larger than other slip systems). It is in agreement with the hypothesis that the formation of
copious DBs is closely related to the deformation by one or two slip systems.* During DPD process, the
mono-directional impact loading makes it possible for the planar glide to continue until the misorientation of
the {111} twist boundaries increase to a relatively high misorientation angle. Since the CSL boundaries have
lower interfacial energy than the random GBs, the CSL boundaries with £=21a (21.8°), 13b (27.8°) and 7
(35.2°) are more frequently observed. However, it has to be noted that the CSL grain boundary planes
gradually change away from {111} planes with increasing the misorientation angle and the decreasing of the
¥ value. Actually, for the 38.2° X7 boundaries, the boundary planes on both sides of GBs have already rotated
far away from {111}. The reason why the GB planes, instead of keeping on the same {111} plane, evolve
from {111} to {112}, may be due to the lattice rotation of the sub grains during deformation with the trend to
have one of their <110> directions parallel to loading direction (as shown by the red arrow (bottom right) in
Fig. 1b). Once one of <110> directions is rotated to be close to the loading direction, new dislocation slip
systems on different {111} planes will be activated, causing the tilting of the grain boundary plane away from
the original {111} twist plane of the DBs. Considering that the {112} planes are low-index planes and have a
relatively small angle to {111}, 19.5° it is not surprising that £3{112} twist boundaries could form. The
formation of copious deformation bands, CSL {111} twist boundaries and £3{112} twins should also be
attributed to the high strain rate nature of DPD, which makes the deformation in each single impact loading
can last to a higher deformation strain via the same slip system before another more favorite slip system is
activated. However, how the GB planes of DBs change from {111} planes to {112} planes of X3 type needs
more thorough experimental and simulation studies.

It has been reported that the coherent £3{111} twins can form in pure nano-crystalline Al (50-100nm) at
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RT under high strain rate conditions (5x10° s7).!%2° However, since the strain rate during DPD is much lower
(10-10% s') and the grain size in the DPD-ed samples generally in micron scale (even in the sample
subjected to the largest deformation strain), it is not surprising that no {111} coherent twinning formed in
these DPD Al-7Mg samples even with a reduced SFE by high Mg contents. Compared to coherent £3 {111}
twin boundaries, £3{112} incoherent twin boundaries (ITBs) have been less studied.**37 It has been found
that the £3{112} ITBs have a larger mobility than coherent twin boundaries. According to Li et al.,3® slip
bands can transmit through ITBs in Cu, and the penetrability and mobility of the ITBs contribute to a higher
fatigue cracking resistance. Bufford et al.3* suggested that the ITBs in Al can effectively resist the pile-up of
dislocations and lead to significant work hardening. Through measuring internal friction on Al bicrystals with
various <111> tilt and twist grain boundaries (GBs), Jiang et al.* suggested that both CTBs and ITBs possess
a high resistance to atomic rearrangement and thus have a high structural stability.

A high fraction of low X value CSL boundaries in polycrystals can be beneficial for an improvement of
the mechanical properties, such as intergranular-cracking, -corrosion, and -creep, which is the basic
hypothesis for “grain boundary engineering (GBE)”.#*> Unfortunately, the idea of GBE can in generally not
be achieved in aluminum and its alloys, because of their wavy-slip deformation mode and high SFEs, which
makes the formation of twin and CSL boundaries difficult. Strikingly, the results in the present paper indicate
that GBE can still be possible for high SFE materials. Since the formation of ITBs and CSL boundaries in
Al-7Mg alloy was closely correlated with the copious DBs which only formed in those grains with single
dislocation slip systems, a significant increase of the fraction of CSL boundaries and £3{112} ITBs can be
expected by a well-designed texture and crystal orientation of the original material in relation to the loading

direction of DPD.



In summary, a substantial fraction of £3{112} ITBs was generated in a coarse-grained Al alloy by DPD.
It is revealed that the ITBs evolve from copious low-angle <111>-twist DBs through CSL boundaries. Such a
deformation mechanism is attributed to the special planar glide deformation mode of the Al-7Mg alloy and
the special loading mode of DPD in terms of high strain rate and mono-directional impact loading. These
findings shed light on the deformation mechanism of planar glide type alloys during DPD and provide a
potential route to generate incoherent deformation twins in high SFE metallic materials.
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Figure captions:

Fig. 1 (a) £3 boundaries in DPD-ed sample with e=1.31; (b) <111> and <101> pole figures for Grains 1 and 2

in Fig. 1(a); and (c) the points of trace vectors of fifty-six 3 boundaries on the (001) stereographic projection

comparing with the great circles of {112} plane.

Fig. 2 (a) Two-layer EBSD result for DPD-ed sample with ¢=0.84; and (b and ¢) EBSD maps for Layer 1 and

2, respectively.

Fig. 3 (a) Fraction of each type of CSL boundaries in total CSL boundaries at different strains (the type of

CSL boundaries on horizontal axis varies from X3 to 249c, of which the detail can be found in TSL OIM

software for EBSD analysis); and (b) fraction of CSL boundaries in high-angle boundaries (0>15°) at

different strains.

Fig. 4 (a and b) EBSD images showing coexistence of different types of CSL boundaries in the samples with

£=0.27 and 0.84, respectively; (c) misorientation profiles measured along Line 1 in Fig. 4(a); and (d) the

points of trace vectors of low-angle (<15°) DB boundaries on the (001) stereographic projection comparing

with the great circles of {111} planes.
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Fig. 1 (a) £3 boundaries in DPD-ed sample with e=1.31; (b) <111> and <101> pole figures for Grains 1 and 2

in Fig. 1(a); and (c) the points of trace vectors of fifty-six 3 boundaries on the (001) stereographic projection
comparing with the great circles of {112} plane. (CD: compression direction; RD: radial direction; all the

EBSD maps and pole figures in the present paper are with a same arrangement of directions)
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Fig. 2 (a) Two-layer EBSD result for DPD-ed sample with ¢=0.84; and (b and ¢) EBSD maps for Layer 1 and

2, respectively.
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CSL boundaries on horizontal axis varies from X3 to X49c, of which the detail can be found in TSL OIM

software for EBSD analysis); and (b) fraction of CSL boundaries in high-angle boundaries (6>15°) at

different strains.
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Fig. 4 (a and b) EBSD images showing coexistence of different types of CSL boundaries in the samples with
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£=0.27 and 0.84, respectively; (c) misorientation profiles measured along Line 1 in Fig. 4(a); and (d) the

points of trace vectors of low-angle (<15°) DB boundaries on the (001) stereographic projection comparing

with the great circles of {111} planes.
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