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Abstract Nanostructures of three binary Al-Mg alloys
and a commercial AA5182 alloy subjected to high pressure
torsion at room temperature were comparatively investi-
gated using transmission electron microscopy, high-
resolution transmission electron microscopy, and X-ray
line profile analysis. Grain size distributions, dislocation
densities, and densities of planar defects including stacking
faults and microtwins were quantified. The average sub-
grain size decreased considerably from 120 to 55 nm as the
Mg content increased from 0.5 to 4.1 wt%. The average
dislocation density in the alloys first increased to a maxi-
mum and then decreased as the Mg content increased and
the average subgrain size decreased. The role of Mg solute
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on these features and the refinement mechanisms associated
with the typical nanostructures and faults were interpreted.

Introduction

Bulk nanostructured materials (NSM) processed by severe
plastic deformation (SPD) have provided new opportunities
for developing nanostructures in metals and alloys with
unusual properties that are very attractive for various
structural and functional applications [1-4]. It is well
known that solute atoms have significant effects on
microstructures subjected to SPD [2, 5, 6]. However, it is
still not very obvious how the microstructure features such
as grain size, dislocation structures, and grain boundaries
(GBs) are related to Mg solute atom contents in NSM
[5-13]. Therefore, characterization of such effects should
be investigated into further detail.

In this work, different Al-Mg alloys were subjected to
high pressure torsion (HPT) at room temperature. The HPT
processed materials were comparatively investigated using
transmission electron microscopy (TEM), high-resolution
TEM (HRTEM), and X-ray line profile analysis. Grain size
distributions, dislocation densities, and densities of planar
defects including stacking faults (SFs) and microtwins
were quantified. The role of Mg solute on these features
and the refinement mechanisms associated with the typical
nanostructures and faults were interpreted.

Experimental
Three binary Al-Mg alloys (with 0.5, 1.0, and 2.5 wt%

Mg) and a commercial AA5182 alloy (Al-4.1Mg—0.35Mn—
0.13Si-0.32Fe, by wt%) received in the as-cast and
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homogenized condition were subjected to HPT to five turns
with a rotation speed of 1 rpm under pressure of 6 GPa at
room temperature. The deformed HPT samples had
dimensions of 20 mm in diameter and 0.2 mm in thickness.
Small disks with diameters of 3 mm for TEM and X-ray
measurements were punched from the outer edge of these
HPT samples. The calculated equivalent strain at the outer
edge of the HPT samples is about 906 [2]. The structural
characterization was performed by both conventional TEM
and HRTEM in a JEM-2010 HRTEM operated at 200 kV.
Thin TEM foils were prepared from the small disks by
means of disc grinding, dimpling, and finally ion polishing
with Ar" at an accelerating voltage of 3 kV. The X-ray
measurements were carried out in a special high-resolution
double crystal diffractometer operated with a rotating
copper anode with fine focus. The scattered radiation was
registered by flat imaging plates of a linear spatial resolu-
tion of 50 um. The four imaging plates were placed at a
distance of 500 mm from the specimen in order to achieve
the required high resolution and to cover the angular range
of diffraction from 20 = 30° to 140°. For further details of
the principles and procedures of the X-ray evaluations,
please refer to [14].

Results

The general microstructures as quantified by X-ray line
profile analysis are shown in Table 1 and Fig. 1. The X-ray
measurements demonstrate that the content of Mg strongly
influences the subgrain size of the investigated alloys. The
average subgrain size, (X) e, decreased considerably from
about 120 to 55 nm as the Mg content increased from 0.5
to 4.1 wt%. For the Al-0.5Mg alloy, the subgrain size
distribution varies from 50 to 200 nm and the average
subgrain size measured from the X-ray line profile analysis
was about 120 nm (Table 1; Fig. 1). By comparison, the
microstructure in the AAS5182 alloy exhibits a subgrain size

Table 1 The median m and the variance ¢ of the log-normal subgrain
size distribution, the area-averaged mean subgrain size (x).,, the
average dislocation density p, the dislocation arrangement parameter
M, the dislocation character ¢, and the weighted sum of squared
residuals (WSSR)

HPT m o (Naea p 10¥m™ M g  WSSR

alloys (nm) (nm)

Al-0.5Mg 108 0.194 120 1.7 14 02

Al-1.0Mg 66 036 91 10 0.75 0.62

Al-25Mg 48 036 66 25 09 07 205
52 034 70 20 1.0 06 20.18

AA5182 37 04 55 12.8 09 07 712
34 043 54 7.6 12 052 729
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Fig. 1 Size distribution density functions assuming log-normal size
distribution of subgrains: a Al-0.5Mg and AA5182; b Al-1.0Mg and
Al-2.5Mg. In the case of the AA5182 alloy the two size distribution
functions (dashed and dash-dot line) correspond to the two values
listed in Table 1 for the two different evaluations. The difference in
these two distribution functions shows the accuracy of the evaluation.
In the case of the Al-2.5Mg alloy the two size distribution functions
correspond to the evaluations with twins (dashed line) and no twins
(dash-dot line), respectively

ranging 10-130 nm and has a much smaller average size of
about 55 nm. As shown in Fig. la and b, the size distri-
butions in all the four alloys are not uniform and grains
with different size coexist. The microstructures are char-
acterized by a log-normal size distribution and the grain
size distributions became more uniform as the Mg content
increased.

Interestingly, the average stored dislocation density is
not changed monotonously as the Mg content increased but
the average subgrain size decreased more systematically
(Table 1). In other words, the dislocation density increased
significantly from 1.7 x 10" m™ (Al-0.5Mg) at the
average subgrain size of 120 nm, to a maximum value of
2.3 x 10" m™? (Al-2.5Mg) at the average subgrain size
of 68 nm, and then decreased from this maximum value to
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1.0 x 10" m™? (AA5182) at the average subgrain size of
55 nm.

Figure 2 shows the observed microstructures together
with selected area diffraction (SAD) patterns taken in the
TEM. The patterns exhibit diffraction rings typical for
NSM, indicating random orientations in the selected field
of view. Similar to the X-ray measurements, these TEM
micrographs also demonstrate that the content of Mg
influences strongly the mean grain size of the alloys.
In addition, the TEM investigations reveal that the GB
structures vary with grain size. Most grains having a size
less than 100 nm have sharp GBs and are free of disloca-
tions, i.e., no subgrains or dislocation cells were observed
in these grains (see the inset in Fig. 2b). Such straight and
narrow GBs are believed to be in an equilibrium state and
are high angle GBs (HAGBs) [9]. In contrast, dislocation
cell structures and subgrains were frequently found inside
some larger grains, e.g., see the grains GB1 and GB2 in
Fig. 2a. The misorientation across these cell boundaries
increases with further plastic straining, and eventually
becomes large enough to transform through low angle GBs
(LAGBs) to HAGBs [9]. In addition, some GBs in these
larger grains are often curved and poorly defined (GB2 in
Fig. 2a) or have a strong spreading of thickness extinction

Fig. 2 TEM micrographs from
the HPT Al-Mg alloys with
SAD pattern insets: a Al-0.5Mg
alloy; b Al-1.0Mg alloy; ¢ Al-
2.5Mg alloy; d AA5182 alloy

contours (GB1 in Fig. 2a), indicating a high level of
internal stresses and elastic distortions in the crystal lattice
due to the presence of a high density of dislocations at the
boundaries. All of these features suggest that these grains
are in a non-equilibrium state and the GBs are non-equi-
librium GBs.

As determined above by the X-ray line profile analysis,
the average dislocation densities are in the range 1.7 x
10" m™2t0 2.3 x 10'> m2 However, extensive HRTEM
observations revealed that local dislocation densities in
grain boundary and triple junction areas might be as high as
10" m™2, which are two to three orders of magnitude larger
than the average values. An example of such HRTEM
results is shown in Fig. 3a. This HRTEM [110] image is
observed from a GB area in the HPT AA5182 alloy. A very
high density of dislocations is found near the GB. The local
dislocation density measured from this image is as high
as 3.8 x 10" m™? and the corresponding average density
measured by X-ray line analysis is 1.0 x 10" m™2
(Table 1). The dislocations in Fig. 3a are 60° full disloca-
tions on the (111) plane with Burgers vectors of 1/2(110).
In addition, most dislocations in Fig. 3a appear as dipoles
and interstitial loops and vacancy loops co-exist. Such GBs
with so extreme dislocation density are non-equilibrium
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Fig. 3 HRTEM [110] images taken from: a AA5182 alloy, showing a
high density of 60° full dislocations on the (111) plane near a GB area
(inverse Fourier image). The ellipses show examples of dislocation
dipoles. The black circles mark interstitial loops and the white circles
mark vacancy loops; b Al-2.5Mg alloy, showing a high density of
SFs (arrows) and microtwins within a 200 nm grain

GBs in a high energy state. Many extrinsic dislocations
exist in this GB region.

Analogous to our previous works [5, 13], a high density
of planar defects including SFs and microtwins was fre-
quently detected within both nanocrystalline grains and
ultrafine grains in all the four alloys. Another example of
SFs and microtwins formed within ultrafine grains is shown
in Fig. 3b. Several SFs can be seen inside a 200 nm grain
of the Al-2.5Mg alloy. The SF widths are in the range of
5-15 nm and the local SF density is 2.0 x 10"> m™2. The
SFs and microtwins seemed to be preferably located in the
vicinity of GBs and sub-boundaries.

Discussion

As shown in Table 1, the average dislocation density in
the HPT alloys first increased to a maximum and then

@ Springer

decreased as the Mg content increased and the average
subgrain size decreased. This observation may indicate that
there exist several factors that influence the dislocation
density. These factors include grain size, solute effects and
the HPT process parameter. All investigated samples have
undergone the same deformation process but differ in their
Mg contents. Thus, the change of the average dislocation
density may primarily be attributed to interaction effects of
solute and grain size. On the one hand, the density
increases with increasing Mg solute concentration due to
the increase in the Mg content. The increase in the Mg
solute level leads to more trapped dislocations both in the
grain interior and at GBs [10, 12]. Conversely, the average
dislocation density may inversely proportional to grain size
[15]. The smaller grain size makes it more difficult for
dislocation pile-ups to form within grains especially when
the size less than a critical value [15]. As was evident in the
inset in Fig. 2b, most grains less than 100 nm are free of
dislocations. Besides, the Mg solute distribution will
become much more uniform as the grain size decreases to
the nano-scale [7]. Consequently, the frequency of dislo-
cation pinning by Mg solute will be weakened.

In addition to strain effects, both the X-ray measure-
ments (Table 1; Fig. 1) and the TEM observations (Fig. 2)
revealed that the Mg content plays a critical role in grain
refinement. As discussed previously, the increase in the Mg
level leads to more dislocations trapped by solute atoms.
This indicates that more dislocations can be involved in the
formation of subgrains or dislocation cell structures.
In other words, the reservoir of sub-structures for frag-
mentation of grains is greatly increased. In addition, Mg
solute atoms may also further promote the formation of
dipoles and loops as shown in Fig. 3a. These defects could
cause strong dislocation interactions that in turn promote
structural subdivision of grains due to dynamic recrystal-
lization under large strain [4]. Furthermore, a high density
of SFs and microtwins (Fig. 3b) may also play an impor-
tant role in grain refinement during SPD. Microtwins can
further promote division and break-down of the grains/
subgrains [16, 17]. The formation of these planar defects is
also believed to be related to the combination effects of
solute and strain [5, 13].

Based on the above discussions, the process of grain
refinement of Al-Mg alloys during HPT can be clarified.
Figure 4 is a schematic diagram showing this process.
During the HPT processing with repeated turns, more and
more dislocations are generated in grain interiors and at
GBs due to the solute effect and large strain. As a result,
dislocation cells and subgrains with LAGBs (typically in
the form of non-equilibrium GBs with excess dislocations)
appear within larger grains. At the same time, high-density
SFs, and microtwins are formed inside grains [5, 13] and in
the vicinity of GBs (Fig. 3b) resulting from dissociated
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Fig. 4 Schematic illustration
of the grain refinement process
of Al-Mg alloys during HPT
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Nanostructures

dislocations. The formation of SFs and microtwins could
also have a positive effect on the division of the grains/
subgrains [16, 17]. As the dislocation density achieves
some critical value with increasing strain, the misorienta-
tion across these sub-boundaries increases due to disloca-
tion annihilation/accumulation [2, 18] and interaction of
dislocations and the planar defects [2, 17]. The misorien-
tation eventually becomes large enough to transform
through LAGBs to HAGBs [9] when the density of the
excess dislocations continuously rises with further plastic
straining [2]. Simultaneously, the HPT process would also
engage deformation heating. Once the local temperature is
higher than the recrystallization temperature, dynamic
recrystallization takes place. As a result, equiaxed nano-
sized grains form in the regions where the highest strain is
generated [18].

Summary

The average subgrain size was considerably decreased
from about 120 to 55 nm as the Mg content increased from
0.5 to 4.1 wt%. The grain size distributions became more
uniform as the alloying content increased. However, the
average dislocation density was first increased to a maxi-
mum and then decreased as the Mg content increased and
the average subgrain size decreased. This phenomenon
may primarily be attributed to the interaction effects of Mg
solute and grain size. The grain refinement process in these
HPT alloys probably includes: (1) continuously generation
of high-density dislocations resulting from the effects of
solute and large strain; (2) grain division from repeated
appearance of dislocation cells and subgrains with the help
of the dislocation generation/reservoir; (3) formation of
high-density SFs and microtwins with the dissociated

Solute and
—_—
strain effects

DRX

@_

SFs and microtwins
formation

Dislocation
generation

Dislocation

i

dissociation

Dislocation-SFs
reaction

e

D

ﬁ accumulation

HAGBs Dislocation cells

and subgrains

dislocations; (4) gradually transformation of dislocation
cells and subgrains through LAGBs into HAGBs due to
dislocation annihilation/accumulation and interaction of
dislocations and the planar defects; (5) finally acquisition
of equiaxed nano-sized grains as a result of both the grain
division and dynamic recrystallization.
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