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Pure aluminum deformed in pure shear at elevated temperature reaches a broad “peak” stress and
then undergoes about a 17 pct decrease in flow stress with deformation with, roughly, 1 to 2 equivalent
uniaxial strain. Beyond this strain, the flow stress is approximately constant. The sources for this
softening are unclear. The suggested basis includes texture softening, microstructural softening,
enhanced dynamic recovery, and discontinuous dynamic recrystallization. Experiments were performed
in which specimens were deformed in torsion to various strains within the softening regime followed
by compression tests at ambient and elevated temperature. Analysis of the compressive yield strengths
indicate that the softening is most likely substantially explained by a decrease in the average Tay-
lor factor.

I. INTRODUCTION is now widely agreed that large strain deformation results
in a dramatic increase in the high-angle boundary (HAB)THE stress vs strain behavior and microstructural evolu-
area. That is, one-third to one-half of the initially low-misori-tion of aluminum deformed in pure shear (e.g., torsion) at
entation subgrain facets become HABs (� � 8 deg). Twoelevated temperatures has been studied by a variety of groups
groups[8–12,15–19] attribute this primarily to geometricincluding Myshlyaev and co-workers,[1–4] Monthiellet and
dynamic recrystallization (GDX), where the original grainsco-workers,[5,6,7], McQueen et al.,[8–12] Pettersen et al.,[13,14]

of the polycrystalline-aggregate elongate, increase HABand Kassner et al.[15–19]

area, and “replace” the subgrain boundaries with HABs.The ductility of high and commercial purity Al can exceed,
These HABs have ancestry to the HABs of the startingin torsion, equivalent uniaxial strains of 100. Typically, the
polycrystal. Others have considered the formation to be addi-Al hardens to a peak stress �p,ss at strains less than 0.5. The
tionally, or primarily, due to continuous reactions (continu-flow stress subsequently decreases to a flow stress, �ss ,
ous dynamic recrystallization) where subgrains graduallywhich is nearly constant and a steady-state condition is
transform to HABs resulting from dislocation accumula-reached. The peak stress, �p,ss , seems essentially equivalent
tion.[5,6,7,13] The formation of HABs in single crystals wasto the steady-state creep stress observed in tension. It is
confirmed to occur in Al at high temperatures and not as agenerally agreed that under pure shear, such as with torsion
consequence of DRX.[15,19] Thus, HABs can form in sometests, the flow stress decreases by about 17 pct and this
cases from dislocation reaction. The number of HABs inoccurs over a fairly broad range of 1 to 2 strain, depending
the single crystal, however, was much less than for largeon the temperature and strain rate, as illustrated in Figure
strain deformation of polycrystals (9 pct vs 35 pct). The1.[18] This softening has not been widely attributed to discon-
boundaries in the single crystal may be geometric necessarytinuous dynamic recrystallization (DRX), which often
boundaries (GNBs), which are HABs that form from disloca-evinces softening in the flow behavior, rather only dynamic
tion reaction and occur as incompatible slip occurs in a givenrecovery (DRV) is widely accepted to occur, although
grain/crystal.[6,21,22] Thus, GDX may be more important inYamagata[20] insists that DRX occurs with high-temperature
terms of forming HABs, at least in pure polycrystalline Aldeformation of high-purity aluminum in compression, but
and probably other alloys as well.[8,23] Figure 2 illustratesthis has not been reproduced by any other group. (The soften-
the microstructural evolution with large strain deformationing of 17 pct to strains of 1 to 2 is often followed by a
of high-purity aluminum at 371 �C and a strain rate of 5.04slight, gradual, increase in torque (about 4 pct) above strains
� 10�4 s�1, based on earlier work by one of the authors.[16,18]

of about 10.[18]) The cause of the softening is not fully
The figure illustrates that both the subgrain size and theunderstood. Explanations vary from decreases in the average
dislocation density (not associated with subgrain boundaries)Taylor factor (textural softening) to changes in the disloca-
are approximately constant throughout deformation. The fig-tion substructure (e.g., increase in the average subgrain size),
ure shows that the equiaxed subgrains have an increasedsometimes through increased dynamic recovery, to DRX. It
fraction (up to about one-third) of facets that become HABs.
This fraction was constant over the range tested, 4 to 16.
(The original �-� curve[16] was modified once more accurate
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The softening has not been attributed to any new defor-
mation mechanism that might arise from the increase in
HAB area, such as Coble creep or an increased contribution
to strain from grain boundary sliding (GBS). This is largely
due to the observations that the activation energy for creep
plasticity is unchanged from that of self-diffusion, and the
stress exponent is unchanged from that of about 4 to 5
over the softening regime.[4,5] Either Coble or GBS would
be associated with smaller stress exponents (1 to 2) and
activation energies about half that of lattice self-diffusion.

Pettersen found that the textures and corresponding Tay-
lor factors (M) for some hot-deformed aluminum alloys
were, based on X-ray and orientation imaging microscopy
(OIM) analysis, A2, C, and B1, where A2 was observed to
be relatively weak, and M is unreported, as shown in Table
I. Pettersen based the preceding Taylor factors on slip

(a) that included non-traditional systems (the M values were
converted, for ease of comparison, to equivalent tension
values, or MT). The first index is the crystallographic plane
in the shear plane and the second is the shear direction.
McQueen et al.[9,10] observed the A, B1, and C textures in
commercial purity Al deformed in torsion to large strains
at 400 �C, with the B1 being strongest. Later, McQueen[12]

only observed the strong B1 texture based on X-ray diffrac-
tion and scanning transmission electron microscopy on
pure Al. Perdrix et al.[5] noted the softest (111) [110] or
A texture at a strain of 31 in commercial purity Al at 400
�C. Barnett and Montheillet,[6] most recently, examined
the textures by electron backscattered diffraction from
strains of 0 to 2 (softening regime), and concluded that
four texture components were developing, A, A2, B, and
C in Al 1050 at 450 �C, of equal magnitude, with about
30 pct of material within 10 deg of the texture components.
Kocks et al.[26] discuss textures in pure metals torsionally

(b) deformed at ambient and elevated temperatures. They
emphasize that B and (weak) A fiber torsion textures areFig. 1—The elevated-temperature equivalent-uniaxial stress vs equivalent-

uniaxial strain of high-purity Al at strain rates of (a) 5.8 � 10�4 s1 and common. Shrivastava et al.[27] calculated the torsional Tay-
(b) 1.3 � 10�2.[18]

lor factors using the Bishop and Hill (traditional slip sys-
tems) method for A, C, and B1 textures. These are also
listed in Table I. The average value was 2.39, or about 16
pct less than 2.86 for a random array of aggregates. If thein the size of the subgrains with increased subgrain size
strongest (B1) texture and the“traditional” Taylor factorsaccounting for most (approximately two-thirds) of the soft-
are used, a decrease in Taylor factor from 2.86 to 2.44 isening. Perdrix et al.[5] suggested that softening can originate
expected, leading to a flow stress decrease of 15 pct. Pet-from three sources: the decrease in Taylor factor, increase
tersen argued that the “harder” C component texture thatin subgrain size, and a small increase in stress exponent. It
she observed in addition to the B1 texture in the aluminumdoes not appear that these investigators quantify the relative
alloy only mandated a decrease in flow stress of 5 to 7contributions to softening, but do suggest that the Taylor
pct, with, again, the remaining softening resulting fromfactor decreases by about 18 pct, enough to rationalize all of
increased dynamic recovery in association with the dra-the softening. These investigators, as did Pettersen et al.[13,14]

matic increase in HABs. Thus, the common conclusion is(but not Kassner and McMahon[16]), noticed an increase in
that torsion deformation of aluminum is associated withsubgrain size with strain. McQueen[12] appears to rationalize
decreases in the average Taylor factor.the softening exclusively by texture. One problem with this

The purpose of the work in the present investigation ismicrostructural-based explanation is that it appears that
to assess the contribution of DRX, HABs, and especiallychanges in the subgrain size in Al, by itself, do not seem
texture (average Taylor factor) on the softening behaviorto affect the flow stress, as discussed extensively in Refer-
of aluminum deformed in torsion to relatively large strainsence 24. Pettersen also suggested that a significant fraction
at elevated temperatures. This will be, especially, accom-of the HABs formed from dislocation reactions, such as with
plished by performing compression tests subsequent toGNBs. Kassner and co-workers[16,25] found that for pure Al
torsion tests to various strains within the softening regime.and Al5.8 pct Mg, the fraction of HABs as a function of
If (isotropic) microstructural effects rationalize the torsionstrain is consistent with GDX and that GNB or boundaries
softening, then the compressive yield stress will decreaseforming from continuous reactions do not comprise a domi-

nating fraction of HABs after very large strains. with torsional prestrain (compression axis coincident with
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(b)

(a)

Fig. 2—The dislocation microstructure of pure aluminum deformed to large strains at 371 �C. (a) The (equiaxed) subgrain size and density of dislocations
not associated with subgrain boundaries are approximately constant once the peak stress (steady state in tension) is attained. The misorientation of subgrain
boundaries that are presumed to form only from dislocation reaction (��) increases during early steady state and then remains constant. (b) The histogram
shows that at the peak stress, nearly all boundaries are of low misorientation. By a strain of 4 (and up to 16), nearly one-third of the subgrain facets are
HABs, but these are believed to result from the original HAB of the starting polycrystal through GDX.

torsion axis). However, Taylor factor analysis reveals that with torsion prestrains. Some OIM is performed to inde-
pendently assess the increase in HAB area from disloca-if textures are responsible for the softening, then the com-

pressive (again, the compression axis is parallel to the tion reaction, to assess this possible effect on torsional
softening.torsion axis) yield stresses will be unchanged or increase
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Table I. Textures and Taylor Factors compression test strain rate was 5.04 � 10�4 s�1. The com-
pression tests did not account for any constraints (high-

Shear Plane Nontraditional Traditional temperature tests) nor friction (low-temperature tests).Texture and Direction Slip[14] Slip[27]

Orientation imaging microscopy sample preparation con-
A (111) [110] — 1.73 sisted of grinding on 4000 grit SiC paper followed by final
A2 (111) [112] — — polishing with colloidal silica and Al2O3 until a mirrorlike
C (001) [110] M � 2.65 2.99 surface was obtained. The remaining surface deformationB1 (112) [110] M � 2.34 2.44

layer was removed by electropolishing at �25 �C and 37 VIsotropic — M � 2.69 2.86
using a perchloric (20 pct) and ethanol (80 pct) electrolyte.
This study utilized OIM software (INCA/Oxford Instru-
ments) and hardware (Oxford Instruments) that was installed
on a PHILIPS* scanning electron microscope (SEM) at theII. EXPERIMENTAL PROCEDURE

*PHILIPS is a trademark of Philips Electronic Instruments Corp.,The Al used in this investigation was provided as rods of
Mahwah, NJ.99.999 pct purity. The torsion specimens were annealed at

400 �C for 1 hour. The typical resulting grain size was 0.89 University of California at San Diego. Electron interactionsmm, for hollow torsion experiments and elongated, 0.25 by within approximately 50 nm of the sample surface (tilted0.50 mm, grains (long axis parallel to the rod axis) for the 70.8 deg) produce Kikuchi patterns on a phosphor screensolid specimens. Details of the solid torsion specimen testing in the SEM sample chamber. The electron beam scans, pointprocedure are described elsewhere.[16] Equivalent uniaxial by point, the selected area in the sample, and the orientationstress and strain calculations for the solid torsion speci- data are acquired and stored along with the location of eachmens utilized[28]

point on the sample surface. A CCD camera captures these
patterns, which are then analyzed and indexed, and, thus,

� �
T

2� R3 (3 � n � m) �3 [1] the local lattice orientation relative to the sample axes is
unambiguously identified. Orientation maps are constructed,

where T is the applied torque, R is the specimen radius, n in which each orientation is assigned a color. The OIM map
is the strain-hardening exponent (n � 0 at steady state), and enhancement was performed in order to reduce the effects
m is the strain-rate sensitivity exponent (assumed � 0.225 of pattern overlap in the vicinity of grain boundaries.
for Al at steady state). The strain at the outer radius is Some X-ray diffraction measurements were performed at

CSIC-CNIM (Madrid, Spain). X-ray texture measurements
� �

R �
l �3

[2] were performed on hollow specimens deformed to strains
of 0.2, 0.69, and 1.21. Texture measurements were taken in

where � is the angle of twist and l is the gage length. the plane parallel to the shear plane. X-ray texture analysis
Compression specimens that were extracted from quenched was performed by the Schulz reflection method using a
solid specimens (25.4-mm length and 5.1-mm diameter) had SIEMENS* D5000 diffractometer furnished with a closed
a compression axis that was coincident with the original

*SIEMENS is a trademark of Siemens, AG Munich.torsion axis and an aspect ratio (length/diameter) � 1.0.
The hollow torsion specimens were tested on an Instron eulerian cradle, using � -filtered Cu K�. The penetration of

(Canton, MA) 8513 servohydraulic biaxial testing machine. this radiation in Al was approximately 70 �m. The surface
The outer diameter was 8.89 mm and the inner diameter area examined was about 1 mm2. The polar angle ranged
was 4.76 mm. The gage length, l, was 2.54 mm. Equivalent- from 0 to 85 deg in steps of 3 deg. Calculated pole figures
uniaxial (von Mises) stress and strain were calculated from were obtained with the SIEMENS DIFFRAC/AT software,
the torque and angle of displacement using[26]

using the measured incomplete {200}, {220}, and {111}
pole figures. From the pole figures, the even part of the

� �
3T �3

2� (R3 � r 3)
[3] three-dimensional orientation distribution function (ODF),

a function of the Euler angles 	1, 
, and 	2, was calculated
by a harmonic series expansion method. The odd coefficients�m �

rm �

l �3
[4]

were approximated by an iterative procedure. The maximum
rank of even and odd coefficients is 22 and 21, respectively.

where rm is the mean radius and �m is the mean strain. An Sample surface preparation consisted of fine grinding using
advantage of the hollow specimens is that there is less of a 4000 grit SiC paper and mechanical polishing with diamond
strain gradient than with solid specimens, and this may lead powder of grain sizes 6, 3, and 1 �m. Final polishing was
to less ambiguous stress measurements. The specimen performed using a colloidal silica solution.
dimension, high metal purity, and relatively low strain rate All torsion tests were performed at 371 �C and a strain
selected negated the effects of adiabatic heating.[29] Some rate of 5.04 � 10�4 s�1, just as with Figure 2. This ensures
studies may have observed larger (30 pct) softening due to that the microstructural development is already well under-
these effects.[9] Compression tests for the quenched speci- stood, and DRX effects are expected to be nonexistent.
mens (ambient temperature tests) used a 0.2 pct plastic strain
offset and a strain rate of 1.67 � 10�4 s�1. The high-tempera-
ture compression tests of the hollow specimens used a 0.10 III. RESULTS
strain offset to mitigate any unanticipated compliance. The
elevated-temperature compression tests were performed Figure 3(a) illustrates the observed equivalent uniaxial

stress, �, vs equivalent uniaxial strain, �, of solid Alwithin 5 seconds of unloading from torsion. The (hollow)
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deformed in torsion at 371 �C at an equivalent uniaxial strain
rate of 5.04 � 10�4 s�1. Three categories of tests are also
reported in Fig. 3 and Fig. 4.

(1) T-Q-T tests in which specimens are torsionally deformed
at elevated temperature to various strains within the
softening regime, quenched to preserve the microstruc-
ture, and then torsionally deformed at ambient tempera-
ture (coincident with the elevated-temperature straining)
to plastic yield.

(2) T-Q-C tests in which specimens undergo elevated-tem-
perature torsion deformation to various strains, followed
by a quench, and ambient-temperature compression tests
in which the compression axis is coincident with the
elevated-temperature torsion axis. The plane of maxi-
mum resolved shear stress changes from 90 deg to the (a)
torsion axis to 45 deg to the axis. The compression
specimens are cut and machined from the quenched
torsion specimens.

(3) T-HT-C tests in which hollowed torsion specimens
undergo elevated temperature deformation followed by
elevated temperature compression. Tests are similar to
(2) but with a smaller strain gradient and compression
deformation at the same temperature as torsion tests.

If the softening is due principally to texture or (isotropic)
microstructural effects, then the ambient-temperature torsion
tests that follow the elevated-temperature tests should show
a reduction in yield stress with increasing elevated-tempera-
ture prestrain within the softening regime. Figure 3(b) shows
the results of eight T-Q-T tests. Some scatter is present
of uncertain origin, perhaps nonuniform quenching. With
elevated temperature prestrain, the ambient-temperature
yield stress decreases by roughly 15 to 20 pct, as expected.
If the softening is due to a change in mechanism (e.g., GBS,

(b)Coble creep, etc.), then the ambient temperature decrease
in yield stress with prestrain would not be expected. The T-
Q-C tests are reported in Figure 3(c). Fourteen compression
specimens were extracted from five torsion specimens tested
to various elevated-temperature strains. Interestingly, the
data show a trend of increasing ambient-temperature com-
pressive yield strength with increasing elevated temperature
prestrain within the softening regime. The increase is about
10 pct, although some scatter is present, again, of uncertain
origin. If the elevated temperature softening is due to a
change in (isotropic) microstructure, then the ambient tem-
perature compression tests should show a decrease rather
than an increase in strength with elevated-temperature
prestrain. The observed trends are, perhaps, most easily
explained by the development of a texture at elevated tem-
perature. This will be discussed more later.

Figure 4 illustrates the 16 pct softening of a hollow torsion
specimen to a strain of about 1.3. Some small, additional
softening might have occurred with additional strain (c)
according to Figure 1. However, the limited angle of twist

Fig. 3—(a) The equivalent uniaxial stress vs equivalent uniaxial strain ofof the torsion equipment precluded larger strains. The behav-
solid specimens of Al deformed in torsion at 371 �C. (b) The ambientior is quite similar to that of the solid specimens. The ele-
temperature torsional yield stress of Al predeformed to various strains in

vated-temperature torsion tests consisted of deformation to torsion at 371 �C. The ambient temperature yield stress decreases coinciden-
various strains within the softening regime. The tests were tally with elevated-temperature prestrain, indicating a change in deformation

mechanism is not responsible for the elevated-temperature shear softening.terminated at three strain levels, the peak-stress strain of
(c) The ambient temperature compression yield stress of solid Al prede-about 0.2, 0.46, and the nearly fully softened state at a strain
formed to various strains in torsion at 371 �C. The compression axis isof about 0.69. Upon termination of the tests, specimens were coincident to the prior torsion axis. The slight increase in yield stress with

quickly unloaded and compressed. The elevated-temperature elevated temperature suggests that essentially all of the elevated-temperature
compressive stress increases with torsion prestrain in the shear stress reduction is due to a decrease in the Taylor factor.
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(a)

Fig. 5—Contours of the Taylor factor, M, for {111} �110� slip.[32]

the ambient temperature compressive flow stresses of pretor-
sionally deformed Al are not expected to decrease if (A2,
C, B1) or (A, A2, B, C) textures are equally present or if the
B1 texture dominates. Therefore, our experimental results
appear basically consistent with the predictions of a domi-
nating texture explanation for elevated temperature soften-
ing. Also, only hardening is observed at elevated temperature
in the Al single-crystal experiments[15,19] in which the torsion(b)
axis was coincident with the soft [111], as would be expectedFig. 4—(a) The 371 �C equivalent uniaxial stress vs equivalent uniaxial
according to the texture explanation. With the single crystals,strain of hollow torsion specimens and the corresponding compressive yield
9 pct of subgrains become HABs with large strain deforma-stress (0.10 strain offset) at the same strain rate and temperature subsequent

to various (pre)strains in torsion. Again, the slight increase in strength tion (about 35 pct for polycrystals) and the flow stress does
suggests that the shear stress decrease is due to decreases in the Taylor not decrease, as might be suggested by others. Interestingly,
factor. (b) The stress vs strain behavior of two compression tests with

Schmidt et al.[32] deformed a ferritic stainless steel to verydifferent torsion prestrains.
large strains at elevated temperature, observed flow soften-
ing, and also observed that the ambient compressive yield
stress increased slightly with elevated temperature prestrain,
just as with Al in the present investigation. (Some of theirsoftened regime. The increase is less than that of the unhol-

lowed ambient-temperature compression tests. The explana- softening may be adiabatic heating from a relatively high
strain rate, stress, and high specimen aspect ratio. They didtion for this is not known. [Compression stresses are slightly

higher than the peak torsion stresses. This may be partly not, however, report a texture but did report an increase in
HAB area.)due to (unaccounted) constraint in compression or

other[30] effects.] Texture and subgrain and grain-boundary misorientation
were assessed using OIM and X-ray diffraction. Because ofIf the “fully softened” regime specimens are compressed

along the torsion axis, the average Taylor factor for the A2, the large starting grain size, especially in comparison with
the torsion specimen wall thickness, only 10 to 20, or so,C, and B1 textures (calculated with the aid of Figure 5

from[31]) would be 3.06 (7 pct increase). If just the B1 texture grain orientations could be determined from each specimen
by OIM. Thus, the statistics of textures in this metal mayis used, a Taylor factor of about 3.1 is obtained and an 8

pct increase is expected (C is associated with a fairly low not allow a very meaningful comparison with textures of
more fine-grained specimens. The texture by X-ray diffrac-factor of about 2.45). The A texture[5] would be relatively

high at 3.67. All four components[6] suggest about a 13 pct tion was measured at 0.20, 0.69, and 1.2 strain. The {100}
and {110} fiber textures were observed with {031} �100�increase, nearly identical to the increase observed in 3(c).

Thus, based on the observed textures in pure Al, we expect replacing the {110} fiber texture at 1.21 strain. The {100}
became stronger as a function of strain. Overall, the OIMabout the same value or up to 28 pct higher of the Taylor

factor for the compression tests on the prior-torsionally results did not conclude strong A, B, or C textures being
present, which is a weakness of this investigation. A defini-deformed (textured) specimens as for a random array of

polycrystals deformed in compression (microstructural tive Taylor factor was not determined, and it was unclear
whether a 15 to 20 pct drop would be predicted as witheffects omitted). [Pettersen would appear to predict based

on equal B1 and C components, a 3 pct drop using traditional most other torsion studies. Figure 7 illustrates the orientation
of several (10 to 20) grains at 0.69 strain. The OIM wasslip, although additional microstructural softening (over 10

pct) would also occur.] Therefore, based on this procedure, also used to assess grain size as a function of strain. Grain
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(a)

(a)

(b)

(b)

Fig. 7—The (a) shear plane normal and (b) shear direction, inverse stereo-
graphic triangles for hollow torsion specimens deformed to 0.69 strain, as
determined by EBSD.

By a strain of 0.69, the size has decreased by roughly a(c) factor of 2 to 380 �m, but this is expected based on geometric
Fig. 6—OIM map of the shear plane of pure Al deformed to (a,b) 0.20 considerations without the formation of new HABs beyond
and (c) 0.69 strains at 371 �C. The original HABs of the polycrystal are those observed at 0.20 strain. In fact, Figure 6 illustrates no
visible along with subgrain facets with misorientations greater than 8 deg. dramatic increase in HABs from 0.2 to 0.69 strain. This

decrease in grain size by the established Hall–Petch relation-
ship[31,33] implies a slight increase in stress at 371 �C. Fur-
thermore, the aluminum has undergone most of the (17 pct)size measurements were performed using the linear intercept
torsional softening by a strain of 0.69; yet the grain size ismethod on orientation maps in which only boundaries with
larger than that of the Al of Figure 2 that subsequentlymisorientations higher than 8 deg were highlighted. As an
experiences 17 pct softening. Hence, the arguments ofexample, Figure 6 shows the OIM map where the grain size
Pettersen and Nes that most of the torsional softening is duemeasurements were performed in the samples strained in
to increased (subgrain size due to) dynamic recovery intorsion at 0.2 and 0.69. Grain size measurements mandated
response to the increase in high-angle boundary area that isOIM as HABs may form with strain as with single crys-
observed with torsional deformation do not appear convinc-tals.[15] The grain size measurements obtained were 700 �m
ing. Eventually, the specimen of Figure 7, with much larger(0.2 strain) and 380 �m (0.69 strain) with a starting (0-
strain (e.g., 8), will have a very reduced effective grain sizestrain) grain size of 890 �m.
(e.g., on the order of 30 to 60 �m), but without any furtherInterestingly, some HABs (� � 8 deg) appear to form
expected softening. Finally, it should be mentioned that thefrom shear, but not as a result of any DRX (or GDX). These
small isolated “crystallites” that are observed in Figures 6(a)may only slightly decrease the (effective) grain size from

that of the starting annealed state to 700 �m at 0.20 strain. and (b) appear to be artifact from uneven electropolishing.
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IV. DISCUSSION recovery argument, but perhaps the slip length in torsion is
less than that in compression in terms of HABs, so that

The fact that a pronounced (macro) texture was not HAB strengthening is observed at ambient temperature in
observed (over 0.2 to 0.69 strain) in this study renders the compression but less substantially in torsion. It is suggested
exclusive conclusion of softening by texture, less than very that by GDX, the HABs, by the strain of 4 to 6 in Figure 1,
firm. The texture experiments referenced have generally would lie preferentially in the shear plane. Similar arguments
relied on much larger strains than 0.69. It is expected that have been suggested by others for analogous cases.[31]

with larger strains in our (hollow) specimens, the same tex- The lack of softening with torsional prestrain of the high-
tures would be observed. These textures give an “average” temperature compression tests could be rationalized by
Taylor factor over the bulk that is consistent with the tor- recovery proponents by suggesting that in compression new
sional softening and the compression trends. Softening by slip systems are, of course, activated and these would not
DRX has been eliminated, and the remaining possibility for have the HABs of the original torsion systems, particularly
softening is increased recovery due to the increase in HAB according to the “heterogeneous” deformation arguments.
area from GDX and any new boundaries formed from dislo- In summary, however, it appears that, although a dominating
cation reaction. Figure 6(a) shows some of these new HABs influence of HABs on flow softening is possible, the argu-
(� � 8 to 15 deg) formed within the grain interiors (interest- ment appears tenuous.
ingly, rotating sections of the grains to “soft” {111} orienta-
tions). However, as mentioned earlier, the total amount of

V. CONCLUSIONSHAB area by a strain of 0.69 seems too small to rational-
ize softening.

Aluminum deformed in torsion at elevated temperatureOne relevant point for both the “texture” and “recovery”
reaches a broad “peak” stress and then undergoes about aexplanations is the heterogeneous nature of plasticity, partic-
17 pct decrease in flow stress with deformation to roughlyularly in coarse-grain Al. For example, Figure 6(a) illustrates
1 to 2 equivalent uniaxial strain. Beyond the strain, the flowlarge grains in which “bands” of deformation both lead to
stress is approximately constant. The OIM and mechanicalwhat appears to be regions of low M and new HABs. Our
tests were performed to better understand the basis of theaverage Taylor factor analysis was based on the entire speci-
softening.men volume. Thus, it is conceivable that those portions of

the specimen accommodating the strain may comprise a 1. Experiments were performed where specimens were
smaller volume with a lower Taylor factor that is obscured deformed in torsion to various strains within the softening
by the more random texture of the remaining volume. With regime followed by compression tests at ambient and
very large strains and a “homogenization” of the sample elevated temperature where the compression axis was
deformation, the bulk texture may be reflective of the coincident with the torsion axis. The compressive
operating slip systems. If this is the case, then all of the strength remained constant or even increased with
evidence of this study would be fully consistent with the increasing torsional prestrain in the softening regime.
texture explanation. However, proponents of the “recovery” Analysis of the compressive yield strengths indicate that
argument (leading to softer microstructures) could invoke the softening is substantially explained by a decrease in
analogous reasoning. That is, deformation is initially hetero- the average Taylor factor during elevated temperature
geneous, and those regions under deformation have rela- torsional deformation.
tively high fractions of HABs (� � 8 deg) in their vicinity 2. The OIM measurements indicate that some new HAB
(e.g., Figure 6(a) and (b)). Thus, it appears that both the form from dislocation reaction during deformation within
texture and recovery explanations require heterogeneous the softening regime, but the small number appear insuffi-
deformation over the “early” (0.2 to 0.69) strains to rational- cient to rationalize an effect on softening through
ize the softening observations of the hollow large-grain tor- increased dynamic recovery. Less strong texture develop-
sion specimens. McQueen et al.[9,10] show that at 400 �C, ment was evidenced in hollow specimens deformed to
commercial purity Al deformed to a strain of 3, 2-mm grain smaller (0.69) strain by X-ray and OIM but may be
size has much less pronounced (but the same) texture than explained by the heterogeneous deformation, in coarse-
0.1 mm Al, despite the same softening trends. grained (1-mm grain size) Al.

The solid specimen results in which ambient temperature
torsion and compression tests are performed appear more
consistent with the texture explanation. However, arguments
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