Recrystallization and Superplasticity at
300 °C in an Aluminum-Magnesium Alloy

S.J. HALES, T.R. McNELLEY, and H.J. McQUEEN

Variations in thermomechanical processing (TMP) which regulate the microstructural
characteristics and superplastic response of an Al-10Mg-0.1Zr alloy at 300 °C were evaluated.
Mechanical property data revealed that the superplastic ductility can be enhanced by simulta-
neously increasing the total rolling strain, the reduction per pass, and the duration of reheating
intervals between passes during isothermal rolling. Texture and microscopy data were consistent
with the development of a refined microstructure by recovery-dominated processes, i.e., con-
tinuous recrystallization, during the processing. The mechanisms by which a refined sub-
structure can be progressively converted into a fine-grained structure during repeated cycles of
deformation and annealing are addressed. A qualitative description of the complex sequence of
developments leading to a microstructure better suited to support superplastic response is presented.

1. INTRODUCTION

INVESTIGATIONS into fine-grained superplasticity in
Al-Cu-Zr (Supral) alloys have shown that the develop-
ment of refined microstructures occurs by continuous re-
crystallization (CRX) during tensile deformation.!-%! In
these studies, the thermomechanical processing (TMP)
was designed to produce an essentially unrecrystallized
condition. At the onset of subsequent tensile deforma-
tion, a well-defined substructure was stabilized by fine
second-phase precipitates. An increase in the strain-rate
sensitivity coefficient, m, during the early stages of de-
formation was correlated with the occurrence of strain-
induced dynamic CRX." The initial transient in m value
was assumed to result . ,m the development of a fine-
grained microstructure during straining and a shift to
superplastic deformation mechanisms. The texture pres-
ent at the conclusion of the TMP exhibited characteristic
components of deformed, unrecrystallized material. These
components gradually weakened as a result of the ran-
dom grain rotations associated with superplastic defor-
mation mechanisms, and no new texture components
appeared.'®

Previous work on warm-rolled Al-Mg-X alloys con-
taining 6 to 10 wt pct Mg has also indicated that refined
grain structures and superplastic ductility can be pro-
duced by CRX."'% In contrast to similarly processed
Al-Cu-Zr alloys, however, the apparent m value de-
creased during uniaxial deformation at 300 °C.”! Sub-
sequent transmission electron microscopy (TEM) studies
have revealed that the misorientations of the constituent
boundaries are distributed from 2 to 15 deg initially and
increase to 10 to 30 deg after 100 pct tensile elonga-
tion.!"” It was proposed that the microstructure was al-
ready capable of sustaining superplastic deformation
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mechanisms at the onset of uniaxial testing.!"" Conse-
quently, the decrease in apparent m value was assumed
to be a result of strain-induced grain growth during de-
formation. However, it has remained uncertain as to
whether the boundaries created by the alternate warm
rolling and static annealing of the TMP should be de-
scribed as recovered subboundaries or as continuously
recrystallized grain boundaries.!"?!

Continuous recrystallization is generally considered to
be a recovery-dominated process resulting in a progres-
sive increase in boundary misorientation and conversion
of low-angle boundaries into higher angle boundaries.
The microstructure must be stabilized by particles, and
its evolution is often the result of a combined
precipitation/recrystallization reaction which occurs under
both static and dynamic conditions.>'® Current under-
standing of the mechanism of static CRX during an-
nealing of cold-worked metastable solid solutions is
summarized in the schematic of Figure 1. Dynamic CRX
during tensile elongation occurs in a similar but more
rapid manner, since these mechanisms are aided by ap-
plied stress.!!:17]

The premise for this study was that it is possible to
generate a refined structure consisting of a sufficient areal
fraction of grain boundaries to support superplastic de-
formation mechanisms at the conclusion of TMP itself.
The structural transformations involved occur progres-
sively during alternate cycles of warm rolling and static
annealing. Depending on the processing schedule, such
structures may exhibit varying degrees of static and dy-
namic CRX during the TMP and additional CRX, fol-
lowed by grain rotation and coarsening, during superplastic
deformation.

II. EXPERIMENTAL PROCEDURE

The composition of the alloy studied is given in
Table I. The eutectic temperature is 451 °C, and the
principal second phase is 8 (AlgMgs), which has a solvus
temperature of =365 °C.!"8] The various TMP schedules
employed to assess the effect of rolling parameters on
superplastic ductility are summarized in Figure 2. In all
cases, the material was initially solution treated and hot
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Fig. 1— A summation of the current understanding of static continuous recrystallization of a heavily cold-worked structure. The reaction relies
on the existence of a homogeneous distribution of strain in the deformed microstructure with no intensified zones adjacent to large particles. The
sequence of events is as follows: (a) polygonization by mutual annihilation and migration of dislocations tc form a network of walls; () coarsening
of the network to form a well-defined substructure stabilized by second-phase precipitates; (¢) subgrain growth by rotation and coalescence in
conjunction with particle coarsening; and (d) a progressive increase in misorientation to boundaries which are moderate- to high-angle in character.

Table 1. Alloy Composition (Weight Percent)

Mg Zr Si

Ti Be Al

9.89 0.09 0.02

0.01 0.0003 bal.

forged at 440 °C to homogenize the microstructure. Sub-
sequently, warm rolling was conducted at 300 °C for the
majority of the processing. The equilibrium volume frac-
tion of the B8 phase is 10 pct at 300 °C, based on pub-
lished phase diagram qata.'® Two additional rolling
temperatures, 220 °C and 350 °C, were selected to assess
the effect of temperature during processing.
Approximately isothermal conditions were maintained
by including reheating intervals between consecutive
rolling passes. A constant reduction per pass resulted in
a progressive increase in the average strain rate through
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the rolling sequence. The average strain rate during roli-
ing increased from =~10° s™' for the initial pass to
~10' s~ for the final pass, depending on the specific
TMP schedule employed. The total strain accumulated
during rolling was calculated from the reduction in area
as In (Ao/A;), where A, and A, are the initial and final
cross-sectional areas of the billet, respectively.

Details of the TMP schedules are presented in Table II
and show how the effect of specific variables on super-
plastic ductility may be isolated. This study is an exten-
sion of earlier work which included only the combination
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Fig. 2— Schematic representation of the TMP method employed;
specific combinations of the processing variables are summarized in
Table II to allow comparison of the specific effects.

Table II. Thermomechanical Processing Schedules

Fixed
Reduction Reheating Time Total
TMP Per Pass between Passes True
Schedule (Pct) (Min) Strain
I 4 4 1.5
I 10 4 1.5
I 4 4 2.5
v 4 30 2.5
\% 10 4 2.5
VI 10 30 2.5

of processing parameters designated as TMP III. These
schedules were selected initially based on the limitations
of the existing laboratory-scale facilities.!!%!

Tension testing was conducted at 300 °C = 2 °C, cor-
responding to a homologous temperature of 0.67,, on
samples prepared with tensile axes parallel to the rolling
direction. Samples required 45 minutes to equilibrate at
the test temperature prior to initiation of straining. Tests
were conducted to failure using constant crosshead speeds,
and nominal strain rates varied from 6.7 X 107 s7' to
1.7 X 107" s7'. The load vs time data were reduced to
true stress vs true strain curves, and subsequent plots of
flow stress vs strain rate were compensated for the de-
crease in true strain rate with increasing strain.!”!

Pole figure data were collected to assess behavior in
this alloy in comparison to previous work citing CRX as
the mechanism of microstructural evolution.®! Texture
analyses were performed on material processed by
TMP III. Samples were extracted from the as-rolled ma-
terial and from the grip and gage sections of tensile spec-
imens strained to 100 pct elongation at a strain rate of
1.7 X 107* 57", In each case, the surface analyzed cor-
responded to the midplane of bulk material. Digitized
intensity data, collected using a high precision goni-
ometer, were reduced to the corresponding {111} or {200}
pole figures extending out to =70 deg to the sheet normal.

The degree of microstructural coarsening occurring
during tensile deformation was evaluated through TEM
of either the grip or the gage sections of tensile samples
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from material processed using the various TMP sched-
ules. Specimens were prepared in the plane of the sheet
and were examined by conventional methods in a
JEOL 100CX microscope operating at 120 kV. Grip ma-
terial from tensile specimens tested at the highest strain
rate, at which failure occurred within 15 seconds, cor-
responded closely to the preheating time prior to testing.
Gage sections were examined for specimens deformed
at the strain rate at which peak ductilities were obtained
for each processing condition. Conventional bright-field
imaging of several locations, in conjunction with mul-
tiple foil orientations, was used to ensure observation of
all boundaries.

III. RESULTS
A. Mechanical Properties

1. Total rolling strain (TMP I vs TMP III)

True rolling strains of 1.5 and 2.5, corresponding to
=78 pct and =92 pct reduction in area, were chosen to
assess the effect of total rolling strain on superplastic
ductility. The mechanical property data in Figure 3(a)
show that there is a significant change in behavior on
increasing the rolling strain. The flow stress for TMP III
material is less at all strain rates, and the sigmoidal curve
has a longer region with maximum slope. The corre-
sponding maximum m value (=0.4) is at a strain rate of
6.7 x 107 s7! and coincides with the peak ductility of
450 pct. The material which has experienced the lesser
rolling strain, TMP I, exhibits a peak ductility of only
170 pct and at a lower strain rate. The enhancement of
the superplastic response by an increase in the amount
of rolling deformation of this material is essentially the
same as a result reported earlier for an Al-8Mg-0.5Li-
0.2Zr alloy.!™!

2. Reduction per rolling pass (TMP 11l vs TMP V

and TMP IV vs TMP VI)

Upon consideration of the improvement in super-
plastic ductility achieved by increasing the total rolling
strain, it was anticipated that a more severe reduction
per rolling pass, also producing a higher dislocation den-
sity, would have a similar effect. However, comparison
of data for materijals processed using a 4-minute reheat-
ing interval, namely, TMP III vs TMP V, reveals that
increased reduction per rolling pass drastically reduced
the subsequent peak ductility, from 450 pct to 250 pct.
The change in rolling schedule also resulted in less total
time accumulated at the rolling temperature and thus less
recovery and precipitation. Given the contribution of these
to the process of continuous recrystallization, it was sur-
mised that a longer reheating interval between rolling
passes would lead to the desired microstructural evolution.

The results of increasing the reduction from 4 to
10 pet with a 30-minute reheating interval between roll-
ing passes are presented in Figure 3(b). For the TMP VI
material, with larger reduction per pass compared to the
TMP IV material, the flow stress has been reduced ap-
proximately 40 pct and the ductility increased from
~475 pct to =600 pct at a strain rate of 1.7 X 107> s™".
These data indicate that increasing the dislocation den-
sity in each rolling step aids in the development of a
superplastic, fine-grained microstructure, but only if ac-
companied by increased reheating time between passes.

VOLUME 22A, MAY 1991 —1039



600 g T==r-rrrmy T T ERALLL T T NERARLL T Trrrmm— 1 600
£
TMP I,I0 - 4 pct./pass YIL:10 pet./ TMP X :10 pct./poss
g soo F 4 mins. reheot XX pass 2.5 strain 4500
= 0 / 4 min. reheat
L= 0 »
g 5
2 a00} ) A T 4400
o L]
) P U O
w of° m:25 -3 e . S S
p 300F ~ 4 pct./pass U
o N v
a A a 2 v Q
t 200F I: 1.5 J TMP I, Y1 : % -4 200
3 O—t W 30 mins. reheating S
= 2.5 strain 300°C .
- *
g 100 TMP ¥, 11 > 100
=] O~ 10 pct./pass
2.5 strain 220°C
IZ: 4 pct./pass 1 T ~}
P Roll e
& 100 220°C ~F 4100
2 : K ]
b'—- A 300°C ]
P \ & ¥ S +—350°C ]
o 10 pct./pass 30 mins B 1
x Vs _
5 A ’
o7 REDUCTION REHEATING TIME ROLLING
§ y ROLLING STRAIN PER PASS BETWEEN PASSES TEMPERATURE | 10
u Lol 1 1 [ L [ErayImy 1 ) (|
0t 10% 10?2 60wt w0 102 wlw? 0?16?10t 10 10?2 0!
STRAIN RATE &, S
(@) ) (o) )]

Fig. 3—Mechanical property data illustrating the effect of variation in TMP on superplastic response at 300 °C: (a) total rolling strain,
(b) reduction per rolling pass, (c) reheating time between rolling passes, and (d) rolling temperature.

3. Reheating time between rolling passes

(TMP V vs TMP VI)

Data illustrating the difference in superplastic behav-
ior between material rolled with 4- and 30-minute re-
heating times between passes are shown in Figure 3(c):
there is a dramatic increase in ductility, from =250 pct
for TMP V to =600 pct for TMP VI at a strain rate of
1.7 x 1073 s7'. The flow stress has decreased by 20 to
40 pct for all strain rates, with an increase in the max-
imum slope to m = 0.5, which is commonly associated
with grain-boundary sliding as the predominant defor-
mation mechanism. It is clear that a large strain per pass
to introduce a high density of dislocations, in combi-
nation with a long reheating interval to permit rearrange-
ment, constitutes the most suitable TMP for the
development of a microstructure capable of sustaining
superplastic deformation mechanisms in this material.

4. Rolling temperature (TMP V: 220 °C vs 300 °C

vs 350 °C)

The role of recovery during processing on the resultant
mechanical behavior was addressed further by selecting
two additional temperatures, one above (350 °C) and the
other below (220 °C) the usual rolling temperature
(300 °C). The results are illustrated in Figure 3(d). In-
creasing the rolling temperature from 220 °C to 350 °C
results in both reduced flow stress and increased m value
at strain rates of ~107> s™*, and the corresponding duc-
tility rises from =200 pct to =350 pct. From this, it is
apparent that recovery processes and precipitation re-
actions during the TMP are as important as the magni-
tude of the dislocation density when selecting process
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variables for optimum superplastic response. Also, the
rolling temperature must remain below the B-phase sol-
vus temperature. Brief static annealing above the solvus
results in dissolution of the B phase and rapid micro-
structural coarsening with diminished ductility during
subsequent deformation at 300 °C.1'% It should be noted
that increasing the reheating time to 30 minutes during
rolling at 300 °C (TMP IV or TMP VI) produced a larger
improvement in ductility than increasing the rolling tem-
perature to 350 °C.

B. Texture Analysis

The pole figure data in Figures 4(a) through (c) reflect
the changes in texture which occur for the TMP III ma-
terial from (a) the as-rolled condition, (b) during static
annealing, and (¢) during superplastic deformation. The
texture of the as-rolled condition may be approximated
by the (112) {111] ideal orientation (copper texture com-
ponent). The (110) [112] ideal orientation (brass texture
component), which is considered to be a stable rolling
texture component in many cold-rolled face-centered cubic
alloys,'? is not apparent in the texture resulting from
TMP III. The scatter about the mean orientation in
Figure 4(a) reflects both a distribution of grain orienta-
tions and lattice curvature due to the high matrix dislo-
cation density remaining at the conclusion of rolling.

Heating to the testing temperature is the equivalent of
a 1-hour static anneal at 300 °C, and following this, the
texture has sharpened considerably. In Figure 4(b), both
the {111} and {200} pole figures exhibit increased peak
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Fig. 4—Texture data for the TMP III material represented as {111}
and {200} pole figures out to =70 deg to the sheet normal. The data
indicate changes in texture from (a) the as-rolled condition, () after
static annealing, and (c) after superplastic deformation.

intensities compared to the as-rolled condition, and no
new orientations have appeared. Thus, it is likely that
only recovery and polygonization reactions are respon-
sible for the changes observed.!!>!! The texture sharp-
ening is the result of a reduction in the density of matrix
dislocations through mutual annihilation or migration to
subboundaries. A similar effect has been reported in
Al-Cu-Zr alloys and has been interpreted as evidence that
the lattice curvature created by deformation processing
becomes localized at boundaries of average boundary
misorientation of ~5 deg.>

After deformation to an elongation of 100 pct, it can
be seen that the texture has been weakened. In
Figure 4(c), no new texture components have emerged,
and this is evidence that recrystallization involving nu-
cleation and boundary migration has not occurred. How-
ever, this material is superplastic, with m = 0.5 at the
onset of deformation, and thus, it can be assumed that
a fine-grained microstructure is present in a large pro-
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portion of the material. Static continuous recrystalliza-
tion results only in small changes in texture in association
with recovery processes. However, during superplastic
deformation, boundary misorientations will increase due
to grain rotation associated with accommodation of the
deformation mechanism. It may be surmised that grain
rotation, possibly in conjunction with further (dynamic)
continuous recrystallization, is responsible for the tex-
ture weakening observed here.

C. Microstructural Investigations

Transmission electron microscopy was used to assess
the effect of the TMP variables on microstructure by
measurement of the (sub)grain size. Grip sections rep-
resent the microstructural condition of the material after
the completion of processing and subsequent prebeating
prior to deformation. Gage sections represent the con-
dition of the microstructure at the completion of super-
plastic deformation at the strain rate which produced the
peak ductility. In a previous study, the effect of rolling
strain on (sub)grain size was small.!"® For this reason,
only material which had been processed to a total rolling
strain of =2.5 was evaluated here. The results, sum-
marized in Table III, indicate no significant difference
in the (sub)grain size in the grip sections for the different
TMP schemes conducted at 300 °C. As reflected by the
data for the corresponding gage sections, the extent of
coarsening resulting from superplastic deformation be-
comes greater with increasing strain to failure.

The mean linear intercept (MLI) method was used to
determine the (sub)grain size according to d = 1.773A,
where d is the grain size and A is the mean linear inter-
cept determined from micrographs.?!! There is inherent
error in this technique for evaluating grain size here due
to the uncertain nature of the boundaries being included
in the analysis. It is important to note that during the
acquisition of this data, no attempt was made to distin-
guish between low and high-angle boundaries. Even
though the changes in grain size have been shown to be
relatively small, there is an apparent correlation between
the extent of microstructural coarsening and the peak
ductility values. The microstructure in the TMP VI ma-
terial, which had a strain-to-failure of 600 pct, coarsened
to a greater extent than the TMP V (at 220 °C) material,
which had a strain-to-failure of only 200 pct.

Microstructures representative of material in the var-
ious processed conditions and at the onset (grip sections)
and the completion (gage sections) of superplastic
deformation are presented in Figures 5 through 7. A

Table III. Mean Linear Intercept Data

Specimen

TMP __ Location Elongation

Schedule Grip Gage at 107 7!
(er = 2.5) (pum) (pum) (Pct)
III (300 °C) 1.9 2.3 375
IV (300 °C) 1.8 2.5 450
V (220 °C) 1.3 1.4 200
V (300 °C) 1.7 1.8 250
VI (300 °C) 2.0 24 600

VOLUME 22A, MAY 1991 — 1041



Fig. 5— The microstructure of the alloy in the TMP III condition in
(a) the grip section, is seen to be slightly finer (1.9 um) than in
(D) the deformed gage section (2.3 um).

comparison reveals that, as with the subtle variations de-
tected by the mean linear intercept measurements, there
is little apparent difference among the micrographs. In
all cases, the materials exhibit a uniform, equiaxed
microstructure with well-defined boundaries and a marked
absence of matrix dislocations. The B8 phase apparently
has precipitated in a preferential manner at structural triple
junctions as relatively coarse (=0.5 pm) particles. Also,
the heavily faulted precipitates have not coarsened ap-
preciably during deformation and have maintained an ir-
regular, polygonal shape.

IV. DISCUSSION: THE
MICROSTRUCTURAL RESULTS

Qualitative information regarding the nature of the ob-
served boundaries may be obtained from the micro-
structural data. It has been suggested that the presence
of extinction contours at boundaries is indicative of a
lack of internal strain.?? Low-angle boundaries
(® = 5 deg) consist of regular arrays of individual dis-
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Fig. 6— The microstructures of the alloy in the grip section in (a) the
TMP IV condition (1.8 pm), and (b) the TMP VI condition (2.0 wm).

locations, each with an associated stress field. As the
boundary misorientation increases, the dislocations be-
come more closely spaced and the extent of the overall
stress field associated with the boundary decreases.!?)
Thus, it may be assumed that only high-angle boundaries
(® = 15 deg), in which dislocations have lost their in-
dividual nature and, hence, their associated stress fields,
exhibit extinction contours.?* It should be noted that the
information that can be obtained in this manner is strictly
limited, since the presence of contours is a strong func-
tion of the TEM imaging conditions.

On this basis, reexamination of the micrographs in
Figures 6(a) and (b) reveals that the TMP IV material,
which exhibited lower ductilities, also shows less evi-
dence of extinction contours (a) than is the case for the
TMP VI material (b). Thus, the TMP VI material, which
was processed with a reheating time of 30 minutes, has
a slightly coarser microstructure but contains boundaries
of greater misorientation compared with the TMP IV
material, which has experienced the 4-minute reheating
time. Likewise, the TMP III material, which shows no
evidence of extinction contours in the grip section

METALLURGICAL TRANSACTIONS A



Fig. 7—The microstructures of the alloy in the TMP V condition
after rolling at (a) 220 °C (1.4 pum) and (b) 300 °C (1.8 um).

(Figure 5(a)) does exhibit some extinction contours fol-
lowing deformation, as seen in the gage section
(Figure 5(b)). This is consistent with previous observa-
tions that there are substantial increases in boundary mis-
orientations accompanying superplastic deformation of
TMP 1l material.!'” Similarly, the gage sections for
TMP V material, as seen in Figures 7(a) and (b) for both
rolling temperatures, show contours but to a lesser extent
than the other process conditions, and this material ex-
hibited the low ductility. Thus, variations in the TMP
affect both the nature of the boundaries as well as the
grain size, and differences observed in mechanical be-
havior may be correlated with the nature of the bound-
aries in the microstructure.

The results of previously conducted misorientation
studies using convergent beam electron diffraction tech-
niques are summarized in Table IV for TMP V and
TMP VI material.!! The materials were annealed briefly
(4 minutes) following the final rolling pass to reduce ma-
trix distortion and to facilitate analysis using this
method."” The more ductile TMP VI material exhibited
a coarser structure but contained predominantly high-angle
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Table IV. Boundary Misorientation Data

Type of Boundary T™P V TMP VI
Low-angle:
(® < 15 deg) 71 pct 11 pct
High-angle:
Coincident site lattice 10 pct 22 pct
Random 19 pct 67 pct

(® = 15 deg) boundaries. In contrast, the less ductile
TMP V material contained predominantly low-angle
(® < 15 deg) boundaries. The cutoff value @ = 15 deg
was chosen, in keeping with recent assessment of the
role of boundaries in recrystallization.®! During subse-
quent tensile deformation, not all of the boundaries pres-
ent may be able to support grain-boundary sliding from
the onset of deformation. But, providing that sufficient
boundaries are capable of sliding, it is postulated that
grain-boundary sliding can be the rate-controlling defor-
mation mechanism. As a result, refined microstructures
consisting of predominantly moderate angle boundaries
may deform with m values of =0.5.

It is generally recognized that a refined grain struc-
ture, consisting of high-angle boundaries, is necessary
for a material to exhibit superplasticity,'?*?” and for this
reason, fine subgrain structures would not be satisfac-
tory. In the Al-Cu-Zr alloys discussed earlier, the de-
velopment of a well-defined substructure during the initial
heating following TMP is a prerequisite for dynamic CRX
during subsequent tensile deformation.!"” Subgrain co-
alescence is often cited as the primary mechanism of dy-
namic CRX. By this process, initially the lowest angle
boundaries are eliminated through emission of disloca-
tions followed subsequently by the elimination of bound-
aries progressively higher in misorientation.”® The net
result is a decrease in the number of boundaries and an
increase in misorientation of the remaining boundaries
by addition of dislocations.®! The progressive nature of
such processes makes it difficult to distinguish the point
when substructures become grain structures.3¢-34

V. A MODEL FOR TMP-INDUCED CRX

The results of this work suggest the existence of an
optimum TMP schedule to achieve a refined micro-
structure best suited for superplasticity. The objective here
is to describe the conditions necessary to achieve a sub-
structure which will readily undergo the reactions illus-
trated schematically in Figure 1. The desirable features
of the substructure are well-defined subgrains stabilized
by particles so that a high density of dislocations in sub-
boundary walls may be attained. This circumstance will
be superior to a very high but diffuse dislocation density
with only a few random sites suitable for nucleation. It
is proposed that, as such a refined substructure is pro-
gressively converted into a fine-grained microstructure
during processing, the net process constitutes CRX.

The effect of using 30-minute reheating intervals be-
tween passes of 10 pct nominal reduction is to facilitate
static recovery processes starting with the initial cycle.
As illustrated in Figure 8, it is presumed that there is
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Fig. 8 — A schematic representation of microstructural evolution through a sequence of rolling passes with reheating intervals of 30 min duration
at 300 °C. Following the initial pass, reheating (A) results in the initiation of substructure development. Reheating intervals (B and C), after an
intermediate pass and the penultimate pass, respectively, allow for a continued buildup in boundary misorientation as dislocations are incorporated
into the subboundary walls. Precipitation of the 3 phase stabilizes the evolving structure.

adequate time for subgrain formation and enlargement
during reheating, A, after the first rolling pass and that
precipitation commences on the nodes of the sub-
structure (ii). In subsequent passes, a high dislocation
density again results (iii), and during the following an-
nealing cycles, B, recovery of some of the dislocations
generated to the preexisting ‘subboundaries takes place
(iv). As processing continues to completion, there will
be a buildup of misorientation (vi) through the repeated
cycles of rolling deformation (v) and static annealing in-
tervals, C, assuming that precipitated particles retard the
moving apart of dislocations within the arrays which
constitute the boundaries. In this manner, a large pro-
portion of the dislocations generated will be incorporated
into the initially established subboundaries, thereby re-
ducing the effective dislocation spacing in the bound-
aries. In turn, this will raise the misorientation and
facilitate conversion to grain boundaries.

The microstructural changes occurring during 4-minute
reheating intervals between rolling passes are shown
schematically in Figure 9. The initial rolling pass will
generate the same high dislocation density (i) and as de-
picted in Figure 8 (i). However, the 4-minute anneal, A,
provides insufficient time for a well-defined substructure
to develop, and there is only a reduction in dislocation
density (ii). Precipitation barely commences and is very
diffuse in the absence of a well-defined substructure.
Following a later pass (iii), a high dislocation density is
again present. Again with 4 minutes of annealing, B,
recovery processes eliminate many internal dislocations
but result only in minimal buildup of subboundaries (iv).
Also, precipitation is not as effective in stabilizing the
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evolving structure. As a result of the entire schedule, a
subgrain structure (vi) evolves which is smaller but more
diffuse and less stabilized and with boundaries of lower
misorientation than resulted with 30 minutes of annealing.

The evolution of the microstructure through cycles of
deformation and annealing is also reflected in the resis-
tance of the material to warm rolling. The flow stress
increases with strain during the initial pass and decreases
as recovery takes place in the ensuing reheating interval.
As illustrated in Figure 10(a), the 30-minute reheating
interval produces a greater extent of recovery. A gradual
increase in the flow stress envelope over several cycles
of straining and annealing is likely and, in the absence
of strengthening due to precipitation of the 8 phase, would
reach a plateau lower than the flow stress for continuous
deformation as a result of the static recovery. However,
the precipitation of the B phase stabilizes the sub-
structure so that much higher dislocation densities, and
hence, maximum flow stress values, can be attained
compared to continuous deformation.

The extent of softening is more limited with 4-minute
reheating intervals between rolling passes so that the flow
stress envelope lies closer to the continuous curve as a
result of a finer, more diffuse substructure compared to
that produced with 30-minute reheating intervals. As a
result of the decrease in overall time at temperature, pre-
cipitation of the B8 phase will also not be complete until
a larger rolling strain is attained. During the early part
of the schedule, there will be fewer B-phase precipitates
present for stabilization so that the evolving substructure
is less well-defined. Continuous deformation at the same
temperature would result inherently in more extensive
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Fig. 9— Schematic representation of microstructural evolution through a sequence of rolling passes with reheating intervals of 4 min duration.
Reheating (A) following the initial pass is insufficient for substructure formation. Reheating intervals (B and C) after subsequent passes allow
for a gradual development of a subgrain structure with smaller cells having a lower wall density but higher interior density of dislocations than
in Fig. 8. In comparison with Fig. 8, only the length of the reheating interval has changed.

hardening through an even finer and more diffuse sub-
structure, with some strengthening due to precipitation
of fine B phase concurrent with substructure formation.

The influence of rolling temperature with 4-minute re-
heating intervals is illustrated schematically in
Figure 10(b). At lower rolling temperatures (220 °C),
recovery and precipitation are much slower, which leads
to a finer substructure characterized by boundaries which
are more diffuse in nature.!'>!8! Such a microstructure
will not support superplastic deformation mecha-
nisms.'#?9 At 350 °C, the development of a well-defined
subgrain structure occurs more readily. However, the
volume fraction and number of 8-phase precipitates will
be reduced, leading ultimately to a coarser microstructure.

Several features of this model deserve further atten-
tion. The strain in each rolling pass should be sufficient
to produce a cellular substructure in order to ensure for-
mation of subgrain boundaries during the subsequent re-
heating. The interval duration should permit recovery to
progress through annihilation and rearrangement onward
into coalescence and amalgamation via subgrain bound-
ary migration. This will result in enlargement of the sub-
grains but also will leave the walls more regular and
dense.%! The reheating time must also permit suffi-
cient B-phase precipitation on substructure nodes. The
microstructure at the end of each reheating interval will
thus be stable enough that it does not disintegrate in the
dislocation flux of the next pass and, instead, will be
able to serve as the framework for later dislocation inter-
actions.? In each successive annealing stage, the newly
introduced dislocations interact with each other and with
the preexisting subgrain boundaries. This reduces the
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dislocation density in subgrain interiors as some of the
dislocations integrate into existing arrays, thereby aug-
menting their misorientation and stability.

The precipitation of the B phase is an integral part of
this process, since it may form heterogeneously on sin-
gle dislocations or preferentially on networks.!" Thus,
a well-defined substructure will give rise to fewer but
more stable particles which reside at nodes. Once formed,
the particles stabilize the substructure by restricting the
tendency of the dislocations within the subboundary walls
to move apart. As the boundaries persist through many
cycles of deformation and annealing, they will increase
in stability and misorientation. On one side of optimum
processing conditions, e.g., too little strain, too short a
time, or too low a temperature, the result is a diffuse
dislocation structure with insufficient particle stabiliza-
tion. On the other hand, too long a time or too high a
temperature gives rise to widely dispersed, large parti-
cles and coarse subgrains with boundaries of low density
and misorientation.

Concurrent deformation accelerates CRX by a factor
of 107 to 10°">' by assisting the conversion of subgrain
boundaries, where individual dislocations may be re-
solved, into grain boundaries, where dislocations have
lost their identity. During the elevated temperature de-
formation stages of the TMP, shear stresses result in dis-
location motion and in boundary sliding accompanied by
some grain rotation. In the initial stages of processing,
sliding would happen only on the original grain bound-
aries. As the microstructure evolves, sliding may begin
to occur on boundaries as they reach =7 deg misorien-
tation.®®! As this may arise randomly throughout the
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Fig. 10— The effect of (a) reheating time and (b) rolling temperature
on the resistance of the material to straining during rolling. Both in-
creased reheating interval and higher temperature lead to greater soft-
ening between rolling passes as a result of recovery. With a balance
between deformation, recovery, and precipitation, a refined structure
of moderate-angle grain boundaries may be achieved.

material, high misorientation subboundaries are progres-
sively converted into grain boundaries. Since static CRX
likely would require much greater times than afforded
by the TMP, it is postulated that this conversion takes
place in the final rolling passes. Such a process is un-
likely during continuous deformation, because dynamic
recovery would maintain subboundaries at a lower dis-
location density.!!>161 At the lower deformation rates of
superplastic flow, sliding will predominate and accel-
erate this progressive conversion of the sub-
boundaries,!"!”! but only if prior processing has supplied
enough sufficiently misoriented boundaries.

VI. CONCLUSIONS

1. The texture and microscopy data demonstrate that re-
crystallization by nucleation and boundary migration
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does not occur during TMP of this Al-Mg-Zr alloy.

However, the mechanical property data show that the

resultant structure is capable of sustaining a super-

plastic response from the onset of straining with a

sufficient balance between deformation and recovery

during the processing.

2. Existing concepts of static and dynamic CRX have
been combined to describe the progressive conver-
sion of a heavily deformed condition into a refined
grain structure. Static and dynamic recovery of dis-
locations to a particle-stabilized substructure leads to
a fine-grained microstructure during repeated cycles
of deformation and annealing at 300 °C. The B-phase
precipitates stabilize the substructure, and this leads
to the development by CRX of a grain size on the
order of the interparticle spacing.

3. The complex sequence occurring during TMP in-
cludes as central features the following:

a. processing temperature, strain per pass, and re-
heating interval, permitting sufficient recovery to
form well-defined subboundaries;

b. dislocation accumulation in boundaries whose re-
covery or migration is restricted by the precipi-
tation of B8 phase at triple junctions;

c. boundary dislocation density increase such that
misorientations develop sufficiently to facilitate
conversion into grain boundaries.

4. Enhanced superplastic response in this alloy is ob-
tained by selection of thermomechanical processing
variables to induce the generation of well-defined
subgrains so stabilized by B particles that the bound-
ary dislocation density promotes dynamic CRX.
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