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X-ray microbeam diffraction was used to measure long-range internal stresses (LRISs) in the grain/subgrain interiors of commercial-purity alu-
minum processed by equal-channel angular pressing for up to eight passes. The LRIS values at +4.9° off the axial (pressing) direction show only a
slight increase with increasing numbers of passes. The normalized stress remains approximately constant at ~0.10 of the flow stress.
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Severe plastic deformation (SPD) has been a popu-
lar method for producing materials with refined grain sizes
[1-3]. This grain refinement leads to improved mechanical
properties including hardness, yield strength and fracture
toughness. One attractive SPD technique is equal-channel
angular pressing (ECAP) [4-6], which produces relatively
homogeneous refined grain-sizes in bulk material. Grain
refinement occurs primarily via the formation of geometri-
cally necessary boundaries [7]. These boundaries may be
nonequilibrium and have many emanating or extrinsic dis-
locations [8.,9]. Thus, these boundaries may also be sources
for the relatively high long-range internal stresses (LRISs)
observed by Alhajeri et al. [10] for aluminum 1050. Recent
work by the authors examined the LRISs in the subgrain/
grain interiors of the Alhajeri et al. aluminum specimens
using X-ray microbeam diffraction at a synchrotron [11].
The results of the LRIS evaluation of the subgrain/grain
walls and their interiors were consistent with the composite
model [24], at least for one pass of ECAP. The original com-
posite model [24] describes “hard” high dislocation density
regions (e.g. cell walls, etc.) and “soft” regions of low dislo-
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cation density (e.g. cell interiors). This creates regions of
high and low stress as the “composite” is strained compati-
bly. In practice, the stresses are also consistent with the sum-
mation of the stress fields of the dislocations. The model is
reviewed in detail in Ref. [19]. In this report, a microbeam
diffraction evaluation of LRISs using ECAP AA1050 pro-
cessed for multiple passes is now presented as a continuation
of the earlier work [11]. Commercial-purity aluminum was
utilized both for relevance to commercial applications and
because it is less subject to dynamic recrystallization [12].

The internal elastic strains of the low dislocation density
regions within the grains/subgrains of ECAP AA1050
along the pressing direction for 1, 2, 4 and 8 passes were
measured using microbeam X-ray diffraction at beam line
341D-E of the Advanced Photon Source (APS) at Argonne
National Laboratory. Only a single reflection could be
measured from each grain, providing information on the
elastic strain in just a single direction with respect to the
sample geometry. Obtaining complete strain tensors may
be possible by measuring multiple reflections but that is
beyond the scope of the current study.

The ECAP AA1050 composition, machining and other
experimental procedures are identical to those used in our
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previous study [11]. Ideally, the ECAP die imposes approx-
imately +0.88 principal plastic strain for each pass along
the +22.5° direction, —0.88 plastic strain along the
—67.5° direction off the pressing direction and about zero
plastic strain along the pressing direction [13] after a single
pass and in the plane deformed by the extrusion axis as
illustrated in Figure 1. The ECAP die imposes roughly
+0.19 plastic strain, or about 21% of the maximum plastic
strain for our measurement direction (about +5° off the
pressing axis) after a single ECAP pass. The ECAP
AA1050 samples were processed via route B¢, with samples
rotated by 90° between each pass [14-16]. Samples sub-
jected to 1, 2, 4 and 8 passes were examined.

The powder diffraction measurement procedures were

identical to those described earlier [11]. Lattice parameters
were measured using X-ray powder diffraction for the as-
received (pre-ECAP) condition and after 1, 2, 4 and 8 passes
(P). The lattice parameter for the as-received AA1050 was
4.05000(10) A, for 1P: 4.05020(10) A, for 2P: 4.05010(10) A,
for 4P: 4.05010(10) A and for 8P: 4.05010(10) A. These lattice
parameters show little variation between the number of passes
with all values lying within one standard deviation of
4.05010 A, which suggests that these samples exhibit negligible
residual stresses on length scales that are large compared to
dislocation microstructures. The lattice parameter obtained
from the as-received AA1050 sample was used as the baseline
a,. We note that this lattice parameter is slightly different from
the pure Allattice parameter of 4.04950(15) A[17]thatis gen-
erally used in other AA1050 LRIS studies. The difference in
lattice parameter from pure Al and 1050 Al multiplied by
Young’s modulus translates to (an equivalent strain) error
of +10~*, which is significant. The radii of Al, Si and Fe are
0.118, 0.111 and 0.156 nm, respectively. The composition of
AA1050is0.25% Si, 0.4% Fe. Using a simple weighted average
and hard sphere model, at least a 10* increase in a, is
expected. As mentioned above, we find that using a (powder)
diffraction measurement on the 11-BM beamline at the APS,
the average lattice parameter is constant (over a beam diame-
ter of 3 mm) for all specimen passes. Thus, there is no evidence
of macroscopic residual stresses in ECAP AA1050. Macro-
scopic residual stresses, however, were observed in separate
work on ECAP AA6005.

X-ray microbeam diffraction measurements on beamline
34-ID-E at the APS were performed identically to those

Figure 1. A circle is deformed into an ellipse after ECAP processing.
The long axis (+22.5°) of the ellipse indicates the maximum tensile
plastic strain. Strain along the pressing axis (0°) is theoretically zero
[13]. Strain measurements are made along the +5° direction.

reported previously [11], with a microbeam cross-section
of approximately 500 nm x 500 nm. The {531} reflections
were used to obtain lattice spacings for each of the samples.
Lattice spacings measured by the X-ray microbeams were
obtained from relatively low dislocation density areas
within the grain/subgrain interiors that produce sharp dif-
fraction spots on the detector. The measured lattice spac-
ings were then compared to powder-diffraction-based
lattice parameters to calculate elastic strains within these
regions. Lattice parameter measurements in high disloca-
tion density regions (cell walls) were made on strained
(0.30 strain) Cu in an earlier work by the authors [23].
There, the walls are diffuse and less well-defined, and X-
ray peak positions could be reasonably assessed. However,
in ECAP, the cell walls/grain boundaries had much higher
dislocation densities that precluded identifying well-defined
X-ray peaks and corresponding lattice parameters. Within
the cell interiors there were higher dislocation density
regions with more X-ray scattering, and lower dislocation
density regions with less X-ray scattering. The lower dislo-
cation density regions were associated with better-defined
peaks and thus easier strain or lattice parameter measure-
ments. We chose to measure the better-defined peaks of
the cell interiors.

After 1, 2, 4 and 8 ECAP passes, the microstructure of a
similar Al specimen exhibits grains with boundaries of
mixed high and low misorientation angles [7] as is typical
for SPD [18]. After 1 pass, about 15-20% of the boundaries
are high-angle grain boundaries (HAGBs) having misorien-
tations >15° according to transmission electron microscopy
(TEM) (rather than electron backscatter diffraction that
may not detect all low-angle boundaries). Similarly, after
2 passes the HAGB fraction is ~25%, after 4 passes it is
~37% and after 8 passes it is ~70% [7]. According to
TEM analysis, the average grain/subgrain size formed by
high- and low-angle grain boundaries is about 1 pm for 2
passes, 900 nm for 4 passes, and 680 nm for 8 passes [10].

In earlier work on deformed Cu [23], it was possible to
directly measure the elastic strains within the high disloca-
tion density cell walls. Here, the sharp grain boundaries of
ECAP AA1050 provided too little scattered intensity dis-
tributed over too large an area of the detector to allow
direct strain measurements from these boundaries. Within
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Figure 2. (a) TEM image of ECAP AA1050 after 2 passes. (b) False-
color image of the energy-integrated diffracted intensity from an
individual grain/subgrain in a 2-pass sample. The peaks are from low-
dislocation-density regions and the smeared intensity is from walls or
cell interiors with a relatively high dislocation density, (b) is taken from
earlier work on the same alloy [11].
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Figure 3. The distribution of elastic strains within low-dislocation-
density regions of AA1050 subgrain/grain interiors after 1, 2, 4 and 8
ECAP passes. The strains are characterized at the center of the sample,
at approximately +5° off the pressing axis. Each star represents the
average value for each set of data from a given number of ECAP
passes. Compressive stresses are expected in cell interiors to balance
the strain/stress associated with an overall positive (tensile) strain.

the ECAP grains, dislocations are distributed heteroge-
neously. Figure 2a shows a representative TEM image of
ECAP AA1050 after two passes. The microbeam X-ray dif-
fraction data reflects the heterogeneity of the dislocation
distribution within the grains/subgrains as shown in Figure
2b (diffraction image is taken from earlier work on the same
alloy [11]). Here, the peaks originate from low dislocation
areas and the smeared intensity is from high dislocation
areas both from boundaries and high dislocation density
regions within the grain/subgrain. The different positions
of the peaks in the image reflect the local crystallographic
misorientations of the low dislocation density regions
(within a single grain/subgrain). The apparent misorienta-
tion between the upper and lower spots in Figure 2b is
0.9°. All lattice parameter measurements were conducted
on well-defined peaks such as those shown in Figure 2b.
Figure 3 illustrates all of the elastic strain measurements
obtained from the centers of the AA1050 ECAP samples
nearly along the pressing axis after 1, 2, 4 and 8 passes.
Due to the geometry of the diffracted spots, sample and
detector, strains were measured slightly off the pressing
direction. The {531} lattice spacings were measured within
~5.0° of the pressing direction. These lattice spacings were
converted to strains using the unstrained lattice parameter.
Figure 3 shows that most of the measured elastic strains
are negative except for one value from the 1-pass sample.
Under ideal conditions, the expected strain along the +5°
direction is +0.19 after each pass, so the composite model
for internal stresses predicts a negative (compressive) LRIS
in the grain/subgrain interiors [19]in this orientation as was
observed for all ECAP samples. Thus, the LRISs very near
the boundaries are expected to be positive. Although the
orientation of the strain tensor very near the boundaries
was not determined by Alhajeri et al. [10], they in fact

observed a positive maximum principal strain that corre-
sponded to ~0.75c, (for 2 passes). Therefore, the corre-
sponding stress in the grain interiors is expected to be
negative, as was observed in the +22.5° (after one pass
[11]) and +5° directions in the current work for 1-8 passes
(see Fig. 1).

Table | shows the mean elastic strain of the grain interi-
ors of the ECAP samples, together with the standard devi-
ation and the uncertainty, or standard error, of the mean
value (standard deviation divided by the square root of
the number of datum points used to calculate the mean).
While all of the mean elastic strains are negative, the width
of the strain distribution for the 1-pass specimen is signifi-
cantly (~2 times) larger than for the multiple-pass speci-
mens. The standard deviation for the 1-pass specimen is
2.2 % 107* compared to ~1 x 107* for the samples that
have undergone multiple ECAP passes. There is no signifi-
cant difference between the spread of the strain distribution
for the 2-, 4- and 8-pass samples.

The mean elastic strain values of the low dislocation
density regions within the grain/subgrains of all samples
vary from —1.9 x 10~*to —3.1 x 10~* from the low to high
number of passes, with the uncertainty ranging from
3.0 x 107° to 6.7 x 107°. The LRIS increases slightly with
the number of passes while the normalized LRIS remains
approximately unchanged. The measured mean elastic axial
strain of the cell interiors for the 1-, 2-, 4- and 8-pass sam-
ples are —19x107% —3.0x107% —22x10"* and
—3.1 x 107*, respectively. These values convert to about
—13.6, —21.2, —15.7 and —21.9 MPa LRISs for 1, 2, 4
and 8 passes, respectively (Young’s modulus along the
<531> direction ~71 GPa [20]). This equates to 0.09,
0.14, 0.08 and 0.10c, for 1, 2, 4 and 8 passes (flow stress
o, ~ 148, 150, 180 and 200 MPa for 1, 2, 4 and 8 passes,
respectively [21]). Table 1 shows no clear trend between
the number of passes and the LRISs as a fraction of the
flow stress for different ECAP passes. The variations in
magnitude of the normalized LRISs are considered
insignificant.

Our results indicate that compressive internal elastic
strains along the pressing direction are present within low
dislocation density regions for all ECAP passes. Again,
multiple-pass ECAP samples were pressed using route Bc,
which dictates that specimens are rotated by 90° between
each pass. This means that the cumulative maximum plastic
strain direction would no longer correspond to the +22.5°
direction and the minimum plastic strain direction would
no longer be along the —67.5° direction for multiple-pass
specimens. It is unclear in multipass specimens how the
deformation history affects the LRIS after the final pass.
Thus, the elastic strain values from multiple ECAP pass
samples are not easily compared to the 1-pass sample where
the maximum strain is near the +22.5° direction. Again, the
situation is additionally complicated by the fact that the
ECAP process is non-ideal with respect to the maximum

Table 1. The mean values, deviation and uncertainty of mean values for the measured strains of low dislocation regions of AA1050 aluminum after 1,

2, 4 and 8 ECAP passes.

No. of passes 1 (Lee et al. [11]) 2 4 8

Mean elastic strain —19x107* —2.99 x 10°* —221x107* —3.09 x 10°*
Standard deviation 224 % 1074 1.04 x 1074 9.34x 107° 1.20 x 107*
Uncertainty of mean value 6.74 x 107° 3.28 x 107° 295%107° 3.79 x 107°
Long-range internal stress (LRIS) (MPa) —13.6 -21.2 —15.7 -21.9
Normalized stress (61 ris/Ca) 0.09 0.14 0.08 0.10
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plastic strain axes as the die is associated with friction, adi-
abatic heating, non-ideal die geometry, etc. With multiple
passes using the B, route, the maximum principal strain
direction probably rotates about the pressing axis.

In conclusion, X-ray microbeam diffraction measure-
ments of a commercial-purity AA1050 alloy processed by
multiple-pass ECAP consistently reveals negative elastic
strains within +4.9° of the pressing axis direction within
grain/subgrain interiors. The average elastic strains for 1,
2, 4 and 8 passes were —1.9 x 1074, —3.0 x 1074,
—22x107* and —3.1 x 107 which equate to approxi-
mately 0.09c,, 0.14c,, 0.08c, and 0.10c,, respectively.
There is a slight trend of increasing elastic strain with the
number of ECAP passes along the +4.9° direction. The nor-
malized LRIS is approximately independent of strain. This
work, together with the earlier report by Lee et al. [11] and
Alhajeri et al. [10], who used convergent beam electron dif-
fraction to assess the LRISs near grain/subgrain boundaries,
suggest the existence of LRISs in ECAP AA1050 and the
results appear consistent with the composite model. These
results complement the earlier work by the authors in which
only one pass was examined. The present work suggests that
the LRIS only modestly increases with plastic strain and the
normalized LRIS is essentially constant. The results also
show that, because of the relatively small volume fraction
of boundaries, the LRIS in the dislocation walls is relatively
high (0.750,) and may exceed those in other deformation-
induced boundaries where the LRIS in the dislocation walls
was found to be relatively low [19,22,23]. The volume and
LRIS of the interior compensates the volume and LRIS of
the walls for a zero net stress in the unloaded material. Due
to the complexity of loading during ECAP (the polycrystal-
line nature of the specimen, friction effects, etc.), it is ideal to
measure strains along different directions in order to
approach a full tensor. However, we do not currently have
the ability to measure full strain within a given grain. Future
efforts are being made in order to measure strains along inde-
pendent directions and thus determine the full strain tensor
within a particular grain.
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