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" Microstructural Characteristics of an

¢ Ultrafine Grain Metal Processed with
 Equal-Channel Angular Pressing

" Minoru Furukawa,* Zenji Horita, Minoru Nemoto,' Ruslan Z. Valiev;} |
"~ and Terence G. LangdonS$

*Department of Technology, Fukuoka University of Education, Munakata, Fukuoka 811-41, Japan;
tDepartment of Materials Science and Engineering, Faculty of Engineering, Kyushu University,
Fukuoka 812-81, Japan; *Institute of Physics of Advanced Materials, Ufa State Aviation Technical
University, Ufa 450000, Russia; and SDepartments of Materials Science and Mechanical

Engineering, University of Southern California, Los Angeles, CA 90089-1453

Equal-channel angular pressing is a procedure for producing a fully dense material with an
ultrafine grain size, typically in the submicrometer or nanometer range, by subjecting the
material to a very high plastic strain. This paper describes the principle of equal-channel
angular pressing and illustrates the capability of the technique by reference to a series of
detailed experiments conducted on an Al-3%Mg solid solution alloy in which the grain size
was successfully reduced by equal-channel angular pressing from an initial size of ~500p.m

in the hot-rolled condition to a final size of ~0.2um.. © Elsevier Science Inc., 1996

INTRODUCTION

Superplastic metallic alloys are capable of
exhibiting very high tensile elongations, often
>1000%, when tested at elevated tempera-
tures [1]. However, experimental evidence
suggests that a decrease in grain size into
the submicrometer or nanometer range will
make it possible to achieve superplastic
elongations at faster strain rates or at lower
testing temperatures or both. Each of these
effects is potentially beneficial for the utili-
zation of these materials in industrial forming
operations because it would decrease the to-
tal forming time while simultaneously min-
imizing the extent of tool wear.

The fabrication of ultrafine-grained (UFG)
materials was initially demonstrated by us-
ing a gas condensation technique [2]; sub-
sequently other procedures, such as high
energy ball milling [3] and sliding wear [4],
were developed. Nevertheless, without ex-
ception, all of these techniques have the dis-

MATERIALS CHARACTERIZATION 37:277-283 (1996)
© Elsevier Science Inc., 1996
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advantage that it is difficult, if not impossible,
to fabricate large, fully dense structures. An
alternative procedure is also available for
the fabrication of UFG microstructures by
subjecting the material to a very high plastic
strain, using a process such as equal-channel
angular (ECA) pressing [5-8]. The proce-
dure of ECA pressing has the capability of
producing large, fully dense UFG samples
suitable for use in forming operations.

Recently, experiments were undertaken
to evaluate the microstructural characteristics
of an Al-3%Mg solid solution alloy subjected
to ECA pressing. The present paper is an
overview of some of the experimental results
obtained in this program.

PRINCIPLE OF ECA PRESSING

The principle of ECA pressing is illustrated
by the section through the pressing die rep-
resented schematically in Fig. 1. Two chan-
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278

die

test material

_ FiG.1. Schematic representation of a die for ECA
pressing.

- nels of equal cross section intersect at an
- -angle ¢, and an angle ¥ is subtended by the

“arc of curvature at the outer point of contact
. between the two channels. The test material

is cut to fit within the die, and it is pressed
- through the die with the use of a plunger and
. aload, P. It can be shown that the strain,
e< accumulated in the material by a single
. passage through the die is given by [9]

¢ 1’) (43 y
2cot(2 + > + ycosec > + >

J3

_In practice, the pressings may be repeated
:-several times to attain the required level of
“i /strain. Typically, materials are subjected to
. ECA pressing to plastic strains of as much
. as ~A-8,

. ICROSTRUCTURE OF AN Al-Mg ALLOY
AFTER ECA PRESSING

xperiments were conducted with the use
-ahot-rolled Al-3%Mg solid solution alloy
ving an initial grain size of ~500pm.
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Samples were subjected to ECA pressing at
room temperature to an equivalent true plas-
tic strain of ~4, and they were then rolled
at room temperature to a final thickness of
~1mm. A detailed description of the micro-
structural stability of this alloy is given
elsewhere [10-13].

In the rolled condition, after ECA pressing
but without subsequent annealing, there
was a heterogeneous microstructure contain-
ing areas of equiaxed and elongated grains.
Examples are shown in Fig. 2 at three differ-
ent magnifications, including a selected
area diffraction pattern taken at the lowest

FIG. 2. Microstructures at three different magnifica-
tions of an Al-3%Mg alloy after ECA pressing. '



Ultrafine-Grain Metal Processed with ECAP

FiG. 3. Microstructures at two different magnifications
after annealing for 1 h at 443K.

magnification, using a diameter of 1.9um.
In this as-fabricated condition, inspection
showed that many of the grain boundaries
were poorly delineated, and it was concluded

_that the boundaries were in a high-energy

nonequilibrium configuration [14]. The
mean linear intercept grain size was esti-
mated as ~0.2um. Thus, it is demonstrated
that ECA pressing was successful in reduc-
ing the grain size of this alloy by more than
three orders of magnitude.

Static annealing of the samples led to grain
growth and an evolution in the microstruc-
ture into a more equilibrated configuration.
Figure 3 shows examples after annealing
for.1 h in a silicone oil bath at a temperature
of 443K. At this annealing temperature, a
comparison of Figs. 2(b) and 3(b) shows that
grain growth is very limited. However, there
was a very marked changed in the appear-
ance of the microstructure when the anneal-
ing was conducted for 1 h at a temperature of
503K, as shown by the microstructures in
Fig. 4. Close examination revealed that the

FIG. 4. Microstructures at two different magnifica-
tions after annealing for 1 h at 503K.

structure was divisible into regions of unre-
crystallized grains and adjacent regions
where recrystallization appeared to be essen-
tially complete. This duality in microstruc-
ture was especially apparent after annealing
for 1 h at 533K, as shown in Fig. 5 in which
can be seen a clear mixture of fairly large
(~2pm) and very small (~0.5um) grains.
At even higher annealing temperatures, the
material was in a fully recrystallized condi-
tion, and the grains were relatively uniform
and separated by high-angle grain bound-
aries having an equilibrium structure. An
example is shown in Fig. 6 after annealing
for 1 h in an argon atmosphere at 563K.

QUANTITATIVE MEASUREMENTS OF THE
GRAIN CONFIGURATION

After ECA pressing, samples were annealed
for 1 h at each of a series of temperatures,
with a maximum of 803K. After each anneal-
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FIG. 5. Microstructure after annealing for 1 h at 533K.

ing treatment, measurements were taken to
determine the mean linear intercept grain
size. Figure 7 is a plot of the grain size
against the annealing temperature, and it is
apparent that the grain size is initially fairly
stable up to ~450K; but, at higher tempera-
tures, the average grain size is >100pm. A
similar trend, but covering a series of tem-
peratures with a maximum of only 673K, was

FIG. 6. Microstructure after annealing for 1 h at 563K.

noted earlier for an Al-1.5%Mg alloy into
which a UFG microstructure was introduced
by torsion straining under high pressure [15].

The Vickers microhardness was measured
for each sample after static annealing, using
a diamond pyramidal indentor. Figure 8
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shows the variation in microhardness, Hv
(in kg mm~2), with annealing temperature
up to a maximum of 803K, where the error
bar on each experimental point represents
the total range of individual values re-
corded for Hv in seven separate measure-
ments. This plot shows a gradual decrease
in the values of Hv with increasing anneal-
ing temperature to a maximum of ~550K
and a subsequent leveling at even higher an-
nealing temperatures. There is no evidence
in Fig. 8 to support the trend, reported ear-
lier for a UFG Al-1.5%Mg alloy processed by
torsion straining [15] and samples of nano-
crystalline Pd produced by inert gas conden-
sation and compaction [16], of an initial in-
crease in microhardness at the lowest
annealing temperatures followed by a subse-
quent decrease.

The well-established Hall-Petch equation
relates the yield stress of a material, oy, to
the grain size, d, through the expression
Oy = O, +kyd 7, 2
where 0, is the friction stress and k, is a
constant of yielding. In the absence of ap-
preciable work hardening, the hardness,
Hv, is proportional to the yield stress

through an expression of the form
Hv=3c, ; @)

so Eq. (2) may be written as
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FIG. 9. Demonstration of the validity of the Hall-Petch
relation over the entire range of grain sizes,

Hv=H,+kyd?, @

where H,, and ky are appropriate constants.

To check the validity of Eq. (4), Fig. 9
shows a plot of Hv against d-1/2, It is appar-
ent that the Hall-Petch relation is obeyed in
this UFG material down to the initial grain
size of ~0.2um, with values of the con-
stants in Eq. (4) of H, = 46Hv and ky =
35Hvpum1/2,

It is usual to express the occurrence of
grain growth through a relation of the form

dz - dc2 (5)

where d and d, represent the instantaneous
and initial grain sizes, respectively, k; is a

n
=kgt,
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boundaries have an equilibrium structure
and the average grain size is >100pm.

* usually taken as equal to unity.
- The value of kg is usually given by a rela-

' tion of the form This work was supported in part by the Light

' Metal Educational Foundation of Japan and in

part by the National Science Foundation of the

United States under Grants No. INT-9404693

and DMR-9115443.

- k; = Aexp(-Q/RT), (6)

» " where Q is the appropriate activation energy
-for grain growth, R is the gas constant, and
" Ais a constant.
.. Figure 10 shows the experimental data
_plotted as (@2 — d.?) versus 1/T, where T is
- the absolute temperature of annealing and
" do was taken as the smallest grain size imme-
. diately after ECA pressing (0.2jum). As a re-
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This paper presents high-resolution electron microscopy studies of grain boundary struc-
tures in a submicrometer-grained Al-3%Mg solid solution alloy produced by an intense
plastic straining technique. The studies include the effect of static annealing on the grain
boundary structure. Many grain boundaries are in a high-energy nonequilibrium state in

the as-strained sample. The nonequilibrium character is retained on some grain boundaries
“in samples annealed at temperatures below the onset of significant grain growth. The effect
of electron irradiation on the grain boundary structure also is examined. © Elsevier Science

Inc., 1996

INTRODUCTION

Grain size refinement is an important pro-
cedure not only to improve the yield
strength at lower temperatures without re-
ducing ductility, but also to facilitate the
advent of superplasticity at faster strain
rates. The refinement is feasible by using an
intense plastic straining technique where
plastic strain of the order of several hun-
dreds of percent is imposed under quasi-
hydrostatic pressure [1-5]. With this tech-
nique, it is possible to reduce grain sizes to
the submicrometer level or, occasionally, to
the nanometer level [6]. The advantage of
the technique over other grain-size refining
techniques is that a large quantity of the
submicrometer-grained (SMG) material may
be produced without introducing residual
porosity.

The microstructures of SMG materials
produced by the intense plastic straining
technique are generally characterized by
highly deformed grains and poorly defined

MATERIALS CHARACTERIZATION 37:285-294 (1996)
© Elsevier Science Inc., 1996
655 Avenue of the Americas, New York, NY 10010

grain boundaries [4, 7]. High-resolution
electron microscopy has confirmed the
presence of regular or irregular arrange-
ments of facets and steps at grain bound-
aries as well as the presence of a region ad-
jacent to some grain boundaries containing
significant distortion or even missing lat-
tice fringes [8]. It has been concluded that
the grain boundaries of SMG materials are
in a high-energy and nonequilibrium state.
Static annealing experiments of the SMG
samples have led to a significant reduction
of dislocations within the grains and the
development of well-defined grain bound-
aries before significant grain growth takes
place [9]. However, preliminary observa-
tions using high-resolution electron micros-
copy, have revealed that the grain bound-
aries still retain a nonequilibrium character
[10]. In this study, high-resolution electron
microscopy observations are further con-
ducted to examine the evolution of grain
boundary structure accompanying static
annealing, and more evidence is provided

1044-5803/96/$15.00
PII 51044-5803(96)00178-7
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“to support the earlier conclusions from the
- high-resolution electron microscopy studies.

EXPERIMENTAL PROCEDURES

“-A total strain of ~7 was imposed at room
- temperature on an Al-3%Mg solid solution

Z. Horita et al.

alloy with an initial grain size of ~500pm
by using a torsion straining technique [4, 8,
11]. The strained alloy was in the form of
disks with diameters of ~15mm and thick-
nesses of ~0.3mm. These disks were reduced
to thicknesses of ~150-250um by polishing
on both surfaces, and then small disks, hav-
ing diameters of 3mm, were punched out.

FIG.1. Microstructures (a) in as-strained condition and after annealing at (b) 398K, (c) 448K, (d) 523K, (e) 623K,
and (f) 793K for 1 h.
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0
. 'Some of the small disks were annealed at
- temperatures up to 793K for 1 h in an argon
- atmosphere.
- The disks were thinned for transmission
- electron microscopy with a twin-jet polisher,
'thsing a solution of 10%HCIO4, 20%C3HgOs,
_.and 70%C,HsOH at a temperature of 278K.
“ The thinned specimens were examined by
using a JEM-1000D high-voltage electron
- microscope operating at 1000kV and a JEM-
4000EX high-resolution electron microscope
. operating at 400kV. The former microscope
“was used for observations of grains and
grain boundary configurations at lower mag-
. nifications; the latter microscope was used
" for atomic structure observations at and
. near the grain boundaries in the as-strained
-samples and those annealed at 448K, which
correspond to the onset of significant grain
growth. Lattice images were taken at the
optimum defocus condition, typically at a
‘magnification of 500,000 times. Since the
grain sizes were less than 1pum, individual
grains were not tilted during observation
but a sufficient number of grains oriented
close to <110> was found for lattice imaging.

RESULTS

EVOLUTION OF
GRAIN CONFIGURATION

Figure 1 shows the microstructure of the
sample in the as-strained condition with a
selected area electron diffraction (SAED)
pattern taken from a 0.55um diameter re-
gion (Fig. 1(a)) and in the annealed condi-
tions at temperatures up to 793K (Fig. 1(b-
f)), thereby demonstrating an evolution of
the SMG structure with respect to anneal-
ing temperature. In the as-strained condi-
tion, some grain boundaries are visible, and
these boundaries appear to be mostly curved
or wavy. There are also some grain bound-
aries that are poorly defined. The contrast
within the grains is not uniform but often
changes in a complex way. All of these ob-
servations suggest that the grains and the
grain boundaries are in a nonequilibrium
state. However, the SAED pattern with
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many diffracted beams around rings indi-
cates that there are many small grains with
multiple orientations in the selected field of
view. As the annealing temperature is in-
creased, the grain boundaries become straight
and well defined. The observations thus
suggest that there is a reduction in both the
nonequilibrium character of the grain bound-
aries and the level of the internal stress
within the grains.

The average grain sizes measured from
the micrographs are plotted in Fig. 2 with
respect to annealing temperature. Signifi-
cant grain growth begins to occur at a tem-
perature of about 450K.

AS-STRAINED STRUCTURE

Figure 3 shows the lattice image of the re-
gion containing a grain boundary in the as-
strained sample. Facets and steps are visi-
ble on the grain boundary with the facets
formed parallel to (111) in the grain on the
left, but there is no regularity in the forma-
tion of the facets. Close observation reveals
that there is distortion of the (111) lattice
fringes over a few layers near the boundary.

A grain boundary in the as-strained sam-
ple is also shown in Fig. 4(a—d), the parts
corresponding to the images recorded after
every few minutes at a current density of
5.5mA /m?2. Moiré fringes are visible on the
grain boundary because the lattice fringes
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FIG.2. Average grain size versus annealing tempera-
ture.
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~ of the two adjacent grains are superim-
- posed. Because the specimen is not tilted
and thus the specimen surface is perpen-
dicular to the beam direction, the presence
~of moiré fringes indicates that the grain
boundary plane is inclined to the surface
normal. The width of the moiré fringe zone
 becomes small along the grain boundary
from the bottom left to the top right, and
- the zone eventually disappears near the tri-
- ple point. The inclination angle is then di-
minished along the grain boundary, and
the boundary plane is perpendicular to the
«surface at the triple point. Inspection of Fig.
4(a-d) shows that the zone width decreases
with the observation of images in parts (a)
to (d), and thus it demonstrates that the
- grain boundary tended to be perpendicular
to the specimen surface after exposure to
high-energy electrons. The portion of the
grain boundary near the triple point, whieh
was perpendicular to the specimen surface
at the initial stage of the observation, became
smooth and straight and increased its length
during observation of the four images.

roossansopa

2nmm

FIG.3. Grain boundary lattice image in as-strained
condition.

Z. Horita et al,

In Fig. 4(c,d), planar defects are visible on
{111}, as indicated by arrows, but there are
no such defects in Fig. 4(a,b). The defects
were formed because of the exposure to
high-energy electrons. The critical voltage
for defect formation has been reported as
~170kV [12], which is well below 400kV, the
accelerating voltage adopted in the present
observation.

Figure 5 shows a general view of grains
taken after the series of images in Fig. 4: the
region corresponding to Fig. 4 is indicated
by a square. Most of the boundaries in the
micrograph are curved or wavy. There are
also many boundaries that are inclined to
the surface normal with the inclination an-
gle changing.

ANNEALED STRUCTURE

Figure 6 is a higher magnification image of
a grain in the sample annealed at 448K for

1 h. The grain boundaries marked A, B, C,

and D are smooth and straight without in-
clination to the surface normal, and thus
the boundaries appear to be in a more sta-
ble condition than those shown in Fig. 5.
However, the boundaries at E and F are in-
clined to the surface normal and have a zig-
zag nature. Thus, complete equilibrium has
not been reached in the grain of Fig. 6. The
region indicated by a square on grain
boundary D is further magnified in Fig. 7.
The portion of the grain boundary near the
triple point exhibits a stepwise arrange-
ment of facets but, with increasing distance
from the triple point, the boundary becomes
smooth and straight. This difference in the
grain boundary configuration is more clearly
demonstrated with the lattice images shown
in Fig. 8, in which parts (a) and (b) corre-
spond to the images near and away from
the triple point, respectively.

Figure 9 is another image of grains and
grain boundaries in the sample anncaled at
448K for 1 h. The grain boundaries marked
B, C, and D are smooth, but they are curved
and bowed out between two neighboring
triple points. The grain boundaries marked
A and E take an irregular or zigzag nature.
Thus, the grains shown in Fig. 9 have not



+ reached complete equilibrium, similar to
- the grain shown in Fig. 6. The lattice im-
..ages of the grain boundaries marked A, B,
-and C at the portions indicated by arrows

“are shown in parts (a), (b), and (c), respec-

" In Fig. 10(a), the grain boundary at the
portions marked A and B is parallel to (111)
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in the grain with two-dimensional lattice
fringes. Between the two portions, ledges
are formed on the boundary, but there is no
regularity in the formation of the ledges.
Close observation reveals that there is dis-
tortion of the lattice fringes adjacent to the
boundary, and the distortion extends to
about two layers of (111), corresponding to
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N

Fic.4. Images recorded from (a) to (d) after every few minutes at current density 5.5mA /m? showing change in

grain boundary configuration during observation.
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General view of grains taken after images in

Fig. 4(a~d). Region indicated by square corresponds to Fig. 4.
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FiG. 6. High-magnification view of grain after an-
“nealing at 448K for 1 h. Region indicated by square on
- grain boundary D is enlarged in Fig. 7.

FIG.7. Enlargement of region indicated by square on
grain boundary D in Fig. 6.
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FIG. 8. Grain boundary lattice images (a) near and (b) away from triple point shown in Fig. 7.

FiG. 9. . High-magnification view of grain after annealing at 448K for 1 h. Grain boundary portions indicated by
arrows on grain boundaries A, B, and C are enlarged in parts (a), (b), and (c), respectively, of Fig. 10.
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nealed at 448K.

éOI.Bnm, in the grain with two-dimensional

attice fringes. The grain boundary in Fig.

The lattice image in Fig. 10(b) reveals that
the (111) lattice fringes in the grain on the
right meet with those in the grain on the

0(a) appears to be in a high-energy state
espite the fact that the sample was an-

ary A, (b) grain

FIG.10. Grain boundary lattice images at portions

indicated by arrows on (a) grain bound
boundary B, and (c) grain boundary C.
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Grain Boundary Structure of Submicrometer Grains

ft at an angle of 3°. The grain boundary
' consists of an array of dislocations due to
“the terminations of (111) lattice fringes in
-the grain on the right at the points marked
“T. The grain boundary appears to be a low-
-angle grain boundary, but there must be a
7" rotation of one grain with respect to the
- other about the axis perpendicular to the
77 (111) lattice fringes of each grain because
I the one-dimensional fringes appear only in
. the grain on the left. The formation of a reg-
- ular arrangement of facets and steps sug-
. gests that the grain boundary is in a high-
- -energy state.
." InFig. 10(c), the (111) lattice fringes in the
i S‘gram on the right meet with those in the
" grain on the left at an angle of 5°, and there
are dislocations resulting from the termina-
* tions of (111) lattice fringes in the grain on
" the right at the points marked T. As in Fig.
10(b), grain rotation occurs about the axis
. perpendicular to the (111) lattice fringes of
: - each grain. However, the grain boundary is
“not straight, unlike the boundary in Fig.
~10(b). Thus, the grain boundary again ap-
pears to be in a high-energy state.

B e T TP

DISCUSSION

ELECTRON-IRRADIATION EFFECT

The formation of the planar defects shown
_ in Fig. 4(c,d) demonstrates that the effect of
electron irradiation is significant. However,
examination of Fig. 4(a-d) reveals that the
grain boundary structure tends to an equi-
librium condition during electron irradia-
tion. This indicates that the nonequilibrium
character of the grain boundary structure
observed at the initial stage of observation,
as in Fig. 4(a), represents the image inher-
ent or closer to the as-strained SMG struc-
ture. It also appears that the electron-irradi-
ation effect should be rather minor when
.image observations are made quickly. Thus,
whenever a nonequilibrium character of the
grain boundary structure is observed, it is
due not to electron irradiation but to the in-
herent nature of the SMG structures.
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IMPORTANCE OF HIGH-RESOLUTION
ELECTRON MICROSCOPY

The lower-magnification images shown in
Fig. 1 reveal that the grain boundaries be-
come smooth and well defined as the an-
nealing temperature is increased. There are
many smooth and well-defined grain bound-
aries visible in Fig. 1(c) of the sample an-
nealed at 448K, corresponding to the onset
of significant grain growth, However, the
sample also contains some grain bound-
aries with a zigzag nature or bowed out be-
tween two neighboring grams The present
high-resolution electron microscopy obser-
vations have confirmed that the grain bound-
aries with a zigzag nature always exhibit non-
equilibrium structures, but even those with a
smooth and well-defined nature occasionally
exhibit nonequilibrium structures when
they are observed at a magnification at the
atomic level, using high-resolution electron
microscopy. It is therefore emphasized that
high-resolution electron microscopy obser-
vations are important in evaluating the
equilibrium nature of the grain boundary.

CONCLUSIONS

The grain boundaries in an as-strained SMG
sample were generally curved, wavy, or in-
clined to the specimen surface normal and
were in a high-energy nonequilibrium state.
For the sample annealed at 448K for 1h,
corresponding to an onset of significant
grain growth, there were many grain bound-
aries that were smooth and well defined.
However, such grain boundaries did not al-
ways exhibit equilibrium structures when
observed at a magnification at the atomic
level.

Prolonged electron irradiation led to the
formation of planar defects on {111} planes
within the grains. However, during the
electron irradiation, the grain boundaries
changed to a more equilibrium condition,
becoming smooth and, when inclined to
the surface normal, becoming perpendicu-
lar to the surface. Thus, the nonequilibrium
nature of the grain boundaries observed by



h gh-fésolutlon electron microscopy repre-
sents the inherent structure of the bound-
' 'es in SMG materials.
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. ABSTRACT

B 1""Institute of Physics of Advanced Materials, Ufa State Aviation Technical University, Ufa

."”Departments of Materials Science and Mechanical Engineering, Umversuy of Southern

" It is now established that an ultrafine grain size may be achieved by subjecting a material to

intense plastic straining through procedures such as equal-channel angular pressing and torsion
straining. However, the grain boundaries in these materials are often in a high energy non-
equilibrium configuration. This paper describes experiments conducted to examine the role of
microstructural evolution in an Al-3% Mg solid solution alloy after the introduction of an
ultrafine grain size. The results show that grain evolution occurs with two distinct activation
energies depending upon whether the material is in an unrecrystallized or recrystallized

. condition.

INTRODUCTION

There is considerable current interest in the development of materials with ultrafine grain sizes
in the submicrometer or nanometer range. These materials have a potential for numerous
industrial applications including superplastic forming at relatively high strain rates [1]. Several
techniques are now available for fabricating materials with ultrafine grain sizes but the use of
intense plastic straining provides the opportunity of attaining large bulk samples without the
presence of any residual porosity. This paper reviews some recent observations on the structure
and microstructural stability of an ultrafine-grained Al-Mg alloy where it was possible to achieve

grain sizes as small as ~90 nm.
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| TECHNIQUES FOR INTENSE PLASTIC STRAINING

Two techniques were used to produce samples having an ultrafine grain size: these techniques
are illustrated schematically in Fig. 1. Figure 1(a) depicts the process of equal-channel angular
(ECA) pressing [2], in which a polycrystalline material is pressed, under a load P, through a die
consisting of two channels of equal cross-section intersecting at an angle of & and subtending
an angle of ¥ at the outer arc of curvature where the two channels intersect. The test material,
‘shown shaded in Fig. 1(a), is machined so that it fits tightly within the die, and the die is
‘designed so that repetitive pressings of a single sample can be used to attain a high level of
strain, It can be shown that a total strain of &y is accumulated after N separate pressings
. through the die, where ey is given by [3]

on = L fpoot(3 >3 wweoses(3 ) (1)
| Figure 1(b) illustrates the principle of torsion straining [4], where a small sample in the form
~of a disk, typically having a diameter of ~ 15 mm, is subjected to intense. plastic deformation
- by torsion straining under a high pressure. For this procedure, the imposed strain is equal to

In(¢r/¢), where ¢ is the angle of rotation in radians and r and ¢ are the diameter and thickness
- of the disk, respectively.

—

plunger

4
i
e
Wi

die

[ ———]

test material

support
test material
(@ - (b)

Flg 1 Schematic illustration of the procedures of (a) equal-channel angular (ECA) pressing
and (b) torsion straining under high pressure.
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.AS-FABRICATED MATERIAL

‘The experiments were conducted using a hot-rolled Al-3% Mg solid solution alloy with an initial
grain size of ~500 um. Samples of the alloy were subjected to ECA pressing or torsion
straining at room temperature to total strains in the range from ~4 to ~7. Full details are
given elsewhere of the procedures employed for ECA pressing [S] and torsion straining [6].

Figure 2 shows an example of the microstructure in the Al-Mg alloy after ECA pressing,
together with selected area electron diffraction patterns taken from regions A, B and C using a
diameter of 1.9 um [7]. Inspection showed that the microstructure after ECA pressing was very
heterogeneous, with areas of reasonably equiaxed grains (as at A) and areas of elongated grains
(as at C) separated by transition regions (as at B). It is apparent from inspection of the selected
area electron diffraction patterns that there are large misorientations between the individual
grains and the pronounced azimuth spreading is evidence for the presence of large internal
stresses in the as-fabricated material. Detailed measurements gave an average grain size of
~0.2 pm: further information on the microstructural measurements were given earlier [8].

Figure 3 shows the typical microstructure achieved after torsion straining, plus selected area
electron diffraction patterns taken from areas A, B and C using a diameter of 1.3 um [7]. For
these conditions, the as-fabricated microstructure was reasonably uniform and there were large
~ misorientations across the grain boundaries. The average grain size of the microstructure shown
in Fig. 3 is ~90 nm.

Fig. 2 As-fabricated condition after ECA pressing: (a) microstructure and
(b) selected area electron diffraction patterns from regions A, B and C.
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Fig. 3 As-fabricated condition after torsion straining: (a) microstructure and
(b) selected area electron diffraction patterns from regions A, B and C.

Detailed microstructural inspection of the Al-3% Mg alloy subjected to intense plastic straining
by ECA pressing revealed that many of the grain boundaries are poorly defined and appear
essentially as diffuse transitign zones between highly deformed grains [8]. These observations
suggest that the grain boundaries are in a non-equilibrium configuration. Therefore, to
investigate the grain boundary structure in more detail, extensive observations were conducted
- with high resolution electron microscopy and using Al-Mg alloys prepared with the torsion
_straining technique: full details of these observations are given elsewhere [6].

Figure 4 shows a transmission electron micrograph of a typical grain in the Al-3% Mg alloy
after torsion straining to a strain of ~ 7: the selected area electron diffraction pattern corresponds
to a [110] grain orientation. The grain boundaries surrounding this grain appear to be curved
or wavy along their lengths and there is evidence for corrugations of the boundaries in the
regions labelled A and B. These corrugations are more evident in the higher magnification
micrographs shown in Figs 5 (a) and (b), representing boundary regions A and B in Fig. 4,
respectively. In Fig. 5, there are two-dimensional lattice fringes corresponding to the [011]
orientation on the left and one-dimensional lattice fringes from the (200) systematic reflections
on the right. In Fig. 5(a), the grain boundary exhibits a periodic and stepwise arrangement of
facets parallel to (100), with each facet consisting of four or five layers of (111) planes. Close
inspection of Fig. 5(a) revealed a region adjacent to the grain boundary, having a thickness of
~5 nm, where there was significant lattice distortion and evidence for the presence of
dislocations: some examples of terminated lattice fringes are designated by the letter T on the
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Fig. 4 A typical grain in the as-fabricated
condition after torsion straining: selected
area electron diffraction pattern corresponds
to a [110] grain orientation.
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Fig. S Enlargements of grain boundaries at (a) region A and (b) region B in Fig 4,
showing wavy and facetted nature of the boundaries.
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left of the grain boundary in Fig. 5(a). It is important to note that the presence of some lattice
dilatation adjacent to the grain boundaries appears to be a consistent feature of ultrafine-grained
materials produced by intense plastic straining techniques [9]. In Fig. 5(b), taken from region
B of Fig. 4, it is apparent that the grain boundary has a distinct zigzag configuration.
Measurements of the facet densities in the boundary regions at A and B of Fig. 4 gave values
of ~10° and ~2 X 10® m’!, respectively.

From these observations, it is concluded that the grain boundaries of the ultrafine-grained Al-3%
Mg alloy ‘produced by intense plastic straining are in a high-energy non-equilibrium
configuration when examined in the as-fabricated condition. Furthermore, narrow regions
adjacent to the grain boundaries show significant distortions and the presence of many lattice
dislocations. It is therefore appropriate to examine the role of static annealing in promoting
microstructural evolution and the development of a more equilibrated structure,

THE INFLUENCE OF STATIC ANNEALING

Static annealing experiments were conducted in which samples of the ultrafine-grained Al-3%
Mg alloy were held at the selected annealing temperature for 1 hour and then quenched in iced
water: further information on the results of these experiments are given elsewhere for samples
processed by ECA pressing [5,10] and torsion straining [7].

Figure 6 shows examples of the microstructures visible after static annealing at different
temperatures for samples processed by (a) ECA pressing and (b) torsion straining. For both
processing procedures, it is apparent that (i) there is significant grain growth at the higher
annealing temperatures and (ii) there is an evolution into a more equilibrated microstructure as
the annealing temperature is increased. In the samples subjected to ECA pressing, shown in
Fig. 6(a), there is a gradual increase in grain size such that, at an annealing temperature of 503
K, there is a duplex structure consisting of areas of unrecrystallized grains and areas where
recrystallization appears to be essentially complete. This duplex structure is visible also at 533
K, but at higher annealing temperatures the material was fully recrystallized and the
microstructure consisted of a uniform distribution of grains separated by high angle equilibrated
grain boundaries. A similar microstructural evolution occurred also in the material subjected
to torsion straining, as shown in Fig. 6(b), except that the structure in the as-fabricated condition
was more uniform, as shown in Fig. 3, and there was no temperature range where there was
evidence of a duplex structure of recrystallized and unrecrystallized grains. For both processing
routes, the effect of static annealing is an evolution in microstructure from an array of grains
containing large internal stresses delineated by non-equilibrium boundaries to an equilibrated
structure of reasonably large and relatively dislocation-free grains surrounded by high angle
grain boundaries having an equilibrium configuration. Figure 7 shows the growth of the average
grain size as a function of the annealing temperature, demonstrating that growth occurs rapidly
at temperatures above ~ 500 K.

The microstructural evolution visible in this work has characteristics, including grain growth and
dislocation annihilation, which are similar to the observations of continuous dynamic
recrystallization reported during the straining of, for example, a pre-worked superplastic 7075
aluminum alloy [11] and a microduplex stainless steel [12]. However, the present evolution is
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Fig. 6 Microstructures after static annealing for 1 hour after (a) ECA pressing
and (b) torsion straining.
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ANNEALING TEMPERATURE (°C)

0 100 200 300 400 500 600
103 E | N I ! 1 M J v 1 ' ' M )

—O— Al-3Mg (Torsion straining)
~--0—— Al-3Mg (ECA pressing)

102 |

-d

(=]
-
1

GRAIN SIZE (ym)
°

10 F

10 2 1 . 1 R 1 . L N 1 . ! .
300 400 500 600 700 800 900

ANNEALING TEMPERATURE (K)

Fig. 7 Variation of grain size with annealing temperature for Al-3% Mg
processed by torsion straining or ECA pressing.

different because it occurs under static conditions and it is a direct consequence of thermal
activation and the initial non-equilibrium microstructure of the material. Therefore, it is
appropriate to designate this process continuous static recrystallization.

MICROHARDNESS MEASUREMENTS

The Vickers microhardness, Hv, was measured for each sample after static annealing and Fig.
8 shows the variation of Hv (in kg mm?) with the annealing temperature for the samples
processed using torsion straining or ECA pressing: the error bars denote the total range on seven
separate measurements recorded for Hv under each condition. Inspection shows that both
materials exhibit a similar trend except only that the individual values of Hv are significantly
higher at the lower annealing temperatures for the material subjected to torsion straining because
of the smaller grain size in this material (i.e. grain sizes of ~0.09 um after torsion straining and
~0.2 um after ECA pressing). Contrary to earlier reports for an ultrafine-grained Al-1.5% Mg
alloy [13] and nanocrystalline Pd [14], there is no evidence for an initial increase in the
microhardness at the lower annealing temperatures. Instead, Hv remains reasonably constant
up to an annealing temperature of ~400 K, and then it decreases to ~600 K and remains
essentially constant up to the highest annealing temperature of ~ 800 K.

The yield stress of a material is generally related to the grain size, d, through the Hall-Petch
equation, and this approach can be extended to the hardness of a material through the expression
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Fig. 8 Variation of Vickers microhardness with annealing temperature for Al-3% Mg
processed by torsion straining and ECA pressing.

Hv = Hy+kyd™1/2 (2)

where H,, and ky are constants associated with the hardness measurements.

Figure 9 shows a plot of Hv versus d''/ for the samples processed by torsion straining or ECA
pressing, respectively, with the datum points for the torsion strained material extending to the
smallest grain size of ~0.09 um. After ECA pressing, all datum points lie along a single line
which is given by equation (2) with H, = 46 Hv and ky = 35 Hv um'2, After torsion
straining, the datum points also approximate to a straight line with H, = 47.5 Hv and k;; = 41
Hv pm'2 and with the lines of minimum and maximum slope giving values for H, of 44.5 Hv
and 52 Hv and values for ky of 32.5 Hv um'2 and 52 Hv um'?, respectively.

Closer examination of the experimental datum points for the material processed by torsion
straining suggests that, although there is no evidence for the occurrence of a negative slope in
the Hall-Petch plot at the smallest grain sizes developed in this investigation, nevertheless the
data suggest a possible decrease in slope at grain sizes below ~0.15 um. This possibility is
examined in more detail elsewhere and it is proposed that the slope may decrease in the Hall-
Petch plot at very small grain sizes because of the movement of extrinsic dislocations in the non-
equilibrium grain boundaries during the impingement of the hardness indenter [7]. Thus, it is
concluded that there will be a tendency to underestimate the matrix hardness in ultrafine-grained
materials if the grain boundaries are in a non-equilibrium configuration.
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Fig. 9 Vickers microhardness versus the reciprocal of the square root of the grain size
for Al-3% Mg processed by torsion straining and ECA pressing.

Grain growth data are usually represented by a relationship of the form

d?-dy? = kgt® (3)

where d and d, are the instantaneous and initial grain sizes, respectively, t is the time, nis a
constant which is usually taken as unity and k, incorporates the dependence on temperature
through an activation energy, Q. Taking the values of d, as the smallest grain sizes observed
experimentally, Fig. 10 shows plots of (d® - d,%) versus the reciprocal of the absolute
temperature for samples processed using either (a) ECA pressing or (b) torsion straining,
respectively.

In plotting the data after ECA pressing, a clear distinction is made between the unrecrystallized
and recrystallized areas occurring in the duplex structure observed at temperatures of ~ 500 -
550 K: as noted earlier, no duplex structure was visible in the material processed by torsion
straining where the microstructure was more uniform. In both materials, the activation energy
is ~85 - 90 kJ mol! in the recrystallized condition and this is consistent with the value
anticipated for grain boundary diffusion in pure Al (~86 kJ mol'! [15]). However, the
activation energies in the unrecrystallized condition are ~25 kJ mol™!, and these low values are
of the order of ~0.2 Q, where Q, is the activation energy for lattice self-diffusion in pure Al
[15]. These very low values for the activation energy are attributed to the occurrence of high
atomic mobility in the non-equilibrium grain boundaries which make up the microstructure at
these smallest grain sizes [16,17].
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Fig. 10 Semi-logarithmic plot of (d* - d,2) versus the reciprocal of absolute temperature
for Al-3% Mg processed by (a) ECA pressing and (b) torsion straining.
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SUMMARY AND CONCLUSIONS

. Ultrafine grain sizes, down to ~90 nm, were produced in an Al-3% Mg alloy using two
" different intense plastic straining techniques. Inspection showed that the grain boundaries in the
. as-fabricated materials were in a high energy non-equilibrium configuration. The microstructure
" evolved into an equilibrated structure during static annealing in a process designated continuous
.Static recrystallization.  Grain evolution occurred with two different activation energies
- depending upon whether the material was in an unrecrystallized or recrystallized condition.
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Abstract—Experiments were conducted on an Al-5.5% Mg-2.2% Li-0.12% Zr alloy to investigate the
feasibility of intreducing an ultra-fine grain size using equal-channel angular (ECA) pressing and of

© retaining an ultra-fine grain size at elevated temperatures. It is shown that ECA pressing is capable of
reducing the grain size from an initial value of ~ 400 pum to a value of ~ 1.2 um. However, the
microstructure after ECA pressing is heterogeneous, with many areas of equiaxed grains having high angle
grain boundaries and some regions of subgrains with boundaries having low angles of misorientation.
Unlike earlier experiments on Al-Mg binary alloys, it is demonstrated that the grain size of the
Al-Mg-Li—Zr alloy is reasonably stable up to temperatures as high as ~ 700 K because of the presence
in the matrix of a fine dispersion of f’-AlLZr precipitates. Microhardness data confirm the Hall-Petch
relationship for grain sizes above ~ 2 um produced by annealing at temperatures above ~ 673 K, but
the Hall-Petch relationship breaks down at smaller grain sizes because of variations in the volume fraction
of the 6’-ALLi precipitates. © 1997 Acta Metallurgica Inc.

1. INTRODUCTION

Equal-channel angular (ECA) pressing is an estab-
lished processing technique in which a polycrystalline
metal is pressed through a die to achieve a very high
plastic strain [1], thereby providing the capability of
producing an ultra-fine grain size in the material
[2,3]. This procedure has several advantages over
more conventional techniques for the fabrication of
materials with ultra-fine grain sizes, such as inert gas
condensation [4], high energy ball milling [5] or
sliding wear [6], because it is capable of yielding large
samples which are free from any residual porosity
and readily amenable for mechanical testing and
forming operations.

Earlier reports described the fabrication of an
ultra-fine-grain size in an Al~3% Mg solid solution
alloy using ECA pressing [7], and it was demon-
strated that, in an alloy with an initial grain size of
~ 400 um, it was possible to attain an ultra-fine grain
size of ~ 0.2 um. Subsequent reports on this alloy
described the microstructural stability during static
annealing [8), the role of grain growth [9] and the
variation of the microhardness with grain size
through the Hall-Petch relationship [10].

An important limitation associated with the
development of ultra-fine grain sizes in materials such
as the Al-3% Mg solid solution. alloy is the
occurrence of grain growth at elevated temperatures.
Specifically, experiments over a wide range of
temperatures led to the conclusion that a temperature
of the order of 500K, close to one-half of the
absolute melting temperature, represented essentially
an upper limit for any utilization of the ultra-fine
grained Al-3% Mg alloy in, for example, superplastic
forming operations [8]. As a result of these difficulties,
the retention of an ultra-fine grain size at superplastic
forming temperatures has been identified as the major
challenge in any future attempts to commercially
utilize the ECA pressing technique [11].

The present investigation was initiated in an
attempt to overcome this limitation by using a
representative commercial alloy where it may be
possible to retain an ultra-fine grain size at elevated
temperatures because of the presence of precipitates.
Experiments were conducted to investigate the
microstructural characteristics associated with. the
ECA pressipg of an Al-Mg-Li-Zr alloy containing a

" fine dispersion of 6’-ALLi and p’-Al,Zr. This alloy
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cted because of the well-established need to
a superplastic forming capability in Al-Li
elatively low temperatures, of the order of
700 K, in order to avoid problems associated
i or Mg depletion [12]. As will be
nistrated, the results from this investigation
‘m-that it is possible to retain an ultra-fine grain
his alloy, within the micrometer range, up to
tures as high as ~ 700 K (equivalent to
T.; where T, is the absolute melling
ture) thereby establishing the utility of thns

Eived grain size of ~ 400 um. A cylindrical
ple was cut from the plate for ECA pressing with

V73'K using a facility similar to that described
i'e’r’_’[8] and with an angle of intersection between

ollowmg ECA pressing, small samples, having
dimensions of 3 x 3 x 4.7 mm’, were cut from near
the center of the pressed material and these samples
were annealed in an argon atmosphere for | h at
‘various temperatures in the range from 323 to 833 K
and then quenched in iced water. After annealing,
small discs with a thickness of ~ 200 pm were cut
from the annealed samples for examination by
transmission electron microscopy (TEM). These discs
were ground mechanically to a thickness of
~ 150-180 #m and then thinned to perforation using
a twin-jet electropolishing unit and a solution of
10% HC104, 20% C)HxOJ and 70% CszOH at a
temperature of 278 K. Specimens were examined
using an Hitachi H-8100 electron microscope
operating at 200 kV. Selected area electron diffrac-
tion (SAED) patterns were obtained from different
regions having diameiers of 13 um. Average grain
sizes were measured from TEM photomicrographs by
separately identifying and measuring the dimensions
of at leasi 50 different grains. The volume fractions
of grains with high and low angle boundaries were
estxmalcd by taking SAED patterns along linear
traverses in the TEM over total distances of
>'100 yum.

ULTRA-FINE GRAIN SIZE

The Vickers microhardness, He (in kg/mm ?), was
measured on each sample after the anncaling
treatment using an Akashi MVK-E3 microhardness
tester with a diamond pyramidal indentor. The values
reported for Hvr represent the average of seven
separale measurements taken at randomly selected
points using a load of 50 g for 15s.

3. RESULTS
3.1. Microstructure initially and after ECA pressing

In the as-received hot rolled condition, the average
grain size was very large, of the order of ~ 400 um,
and inspection showed that the grains were elongated
along the rolling direction and contained heavily
strained subgrains having an average size of
~ 2-4 ym. After annealing samples of the hot rolled
material for 1h at 743K (corresponding to
~ 0.8 T;;), the grains remained elongated along the
rolling direction, there was no clear evidence for any
grain growth but the measured average subgrain size
increased to ~ 3-7 um.

By contrast, Fig. 1(a) shows an example of the
microstructure of the Al-Mg-Li—Zr alloy after ECA
pressing and Fig. 1(b) demonstrates that the selected
area electron diffraction patterns taken from regions
A and B do not exhibit the net patterns indicative of
low angle boundaries but rather the spots are
distributed around circles showing the presence of
high angle grain boundaries. Examination of Fig. 1(a)
therefore reveals an essentially homogeneous micro-
structure consisting of an array of reasonably
equiaxed grains, separated by high angle boundaries,
with an average grain size which was measured as
~ 1.2 ym.

Fig.
selected arca electron diffraction patterns from areas A
and B.

1. (a) Microstructure after ECA pressing and (b)
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Close inspection revealed two important differ-
es in the present alloy by comparison with the
earlier- investigation of the Al-3% Mg alloy. First,
‘following ECA pressing the grain size in the
Al-Mg-Li-Zr alloy (~ 1.2um) is slightly but
'significantly larger than in the Al-3% Mg alloy
('~ 0.2 um) [7]. Second, the grain boundaries in the
" Al-Mg-Li-Zr alloy, as evident in Fig. 1(a), are more
clearly defined than in the Al-3% Mg alloy where the
‘boundaries were rather diffuse [7]. It was shown
earlier that the diffuse boundaries introduced by
plastic straining in AI-Mg binary alloys are in a high
", energy non-equilibrium condition with the presence
.of many extrinsic dislocations [14], therecby suggesting
ithat the grain boundaries in the Al-Mg-Li-Zr alloy
are closer to an equilibrium configuration. Although
no detailed experiments were conducted to determine
the precise influence of temperature on the micro-
structures produced in Al-based alloys by ECA
S ~pressing, it is reasonable to conclude that this
difference in the nature of the grain boundaries arises
because the Al-Mg-~Li-Zr alloy was pressed at 673 K
- whereas the Al-3% Mg alloy was pressed at room
temperature. It was shown earlier, using a Zn-
22% Al alloy, that intensc plastic straining at a
reasonably high homologous temperature permits a
relaxation of the high internal stresses introduced
“into the ultra-fine grained structure during process-
ing, thereby favoring the development of an array of
grain boundaries in a quasi-equilibripm condition
- 15}
o Figurc 1 suggests the presence of a homogencous
microstructure throughout the alloy but more
extensive observations revealed the presence of some

ULTRA-FINE GRAIN SIZE

Flg 2. (a) An example of heterogencity after ECA pressing with a rcgion of sub-grains and (b) selected
area electron diffraction patterns from areas A, B, C and D.

areas of heterogeneity where there were arrays of
sub-grain boundaries having low angles of misorien-
tation. An example is shown in Fig. 2 where region
D, as revealed by the SAED pattern, is similar to the
microstructure in Fig. 1 but regions A, B and C
contain arrays of sub-grain boundaries. Careful and
extensive microstructural observations after ECA
pressing led to estimates of volume fractions of
~ 60-70% for grains with high angle boundaries and
~ 30-40% for grains with low angle boundaries.
Generally, these subgrains were contained within
regions having diameters of the order of 10-20 yum
and the measured average subgrain size ( ~ 1.2 pm)
was identical to the mecasured grain size.

An additional example of the ECA pressed
microstructure is provided by the dark field image in
Fig. 3(a) showing a uniform distribution of very fine
&’-AlsLi precipitates: Fig. 3(b) is the [110] net pattern

Fig. 3. (0) Dark ficld image showing uniform distribution of
very finc do’-ALLi precipitates and (b) [110] net paticrn
containing Ll superlattice reflection.
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'ﬁ”pltatesduring cooling as a metastable é’-Al;Li
with the L], structure [16, 18]. In addition, it

pﬁ‘d state and subsequent ageing at ~ 673K
[:20]: the latter phase has the same L, structure as

etween the ’-Al,Zr phase and the §’-AL;Li phase in
lark field images using a superlattice reflection.f

Microstructural evolution during static annealing

Samples were annealed for 1h at various
mperatures up to 833K and examples of the
crostructures are shown in Fig. 4(a) after ECA
ressing but without annealing and (b)-(d) after
annealing at 573, 673 and 793 K, respectively.
Inspection shows that the grain size after annealing
at ;573K is almost identical to the ECA pressed
condition [Fig. 4(b)], and this effect continues at
73K but with a slight additional increase in the
verage grain size to ~ 1.6 pym and with some
“ smoothing of many of the grain boundaries [Fig.
(c)): However, there is a very obvious change after
nnealing at 793 K where the microstructre consists
f both recrystallized and unrecrystallized grains
ig. 4(d)).

his difficulty arises not only because the i and 8’ phases
both have the same Ll structure but also becausc their
lattice constants are very similar and the Zr content was

only 0.12% for the Al-Mg-Li-Zr alloy used in the present
‘investigation.

ULTRA-FINE GRAIN SIZE

tructures (a) after ECA pressing and (b)-(d) after annealing for 1 h at 573, 673 and 793 K,
respectively.

The average grain size was measured after each
annealing condition and Fig. 5 shows the variation of
the grain size with annealing temperature for the
Al-Mg-Li~Zr alloy subjected to ECA pressing in this
investigation and for the Al-3% Mg solid solution
alloy investigated ealier after ECA pressing [8)
together with experimental data reported for
Al-3% Mg [10] and Al-1.5% Mg [21] alloys where an
ultra-fine grain size was introduced by torsion
straining. It is clear from this plot that the
Al-Mg-Li-Zr alloy behaves very differently from the
Al-Mg binary alloys: whereas grain growth occurs
fairly rapidly in the binary alloys at temperatures in
the vicinity of ~ 500 K, the grains of the Al-Mg-Li-
Zr alloy are stable up to temperatures of the order of

ANNEALING TEMPERATURE (°C)
100 0 100 200 300 400 §60 600
0 = Al3Mg (Toralon stratiing) ! !
- Al3Mg (ECA proasing)
—=0-—  Al-1.5Mg (Toralon straining;
102 | Vallav of 21.1992) 9
—_ —o—  Al-5.5Mg-2.2L1-0,12Zr
5 (ECA pressing) /
w 10! | -i
N -
m .
% 100 | F——g—— . 4
(L]
10} 1
102 2 1 I i 1 I
300 400 500 600 700 800 900
ANNEALING TEMPERATURE (K)

Fig. 5. Variation of average grain size with annealing

temperature, including data for an Al-3% Mg alloy after

ECA pressing [8] and Al-3% Mg [10] and Al-1.5% Mg [21]
ulloys afler torsion straining.
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" ANNEALING TEMPERATURE (°C)

100 200 300 400 500 600
1 T M T ) M ) v )
—o0— Al3Mg (Torslan straining) |
—e-- AlSMg (ECA pressing)
---g0— Al-1.5Mg (Torslen straining; -
Vailev et 1.1892)
TN —o— AVE5Mg-2.2L10.12Zr 1
Vil (ECA prassing)
¥
\: -
4C0 500 600 700 800 900

ANNEALING TEMPERATURE (K)

ling for 1h at a temperature of 743K
T.): this temperature was selected because, as
in Fig. 5, it is close to the apparent upper
temperature for a grain size within the

s with low angle boundaries having average sizes
e range of ~ 3-7 um and two-thirds by volume
ins with large angle boundaries having an
ge sizz of ~3um. By contrast, detailed
ion of a specimen annealed for 1h at the
st annealing temperature of 833 K revealed a

defined and homogeneous microstructure con-
ting of large equiaxed grains with high angle grain
tindaries and with no evidence for the presence of
bgrains: the average grain size in this latter
ition was ~ 60 um.

Microhardness measurements

re 6 plots the Vickers microhardness against
nnealing temperature for the Al-Mg-Li—Zr alloy
for the other three materials documented ealier
Yig. 5 [10,21]. Inspection shows that the
ohardness of the Al-Mg-Li-Zr alloy is lower
n for the Al-Mg binary alloys at temperatures up
400 K and this difference is due to the higher
g temperature for the Al-Mg-Li~Zr alloy

ich leads to a larger initial grain size. Nevertheless,
lite-is only a very small decrease in the hardness of
-Mg-Li-Zr alloy up to ~ 700 K but thereafter
ecrease is more rapid because of the associated
ncrease in grain size (Fig. 5). The values of Hv for

ULTRA-FINE GRAIN SIZE
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the Al-Mg-Li-Zr alloy are higher than for the
Al-Mg alloys at all annealing temperatures above
~ 500 K because of the very rapid increase in grain
size in the binary alloys.

3.4. Validity of the Hall-Petch relationship

The hardness of a material is generally related to
the grain size through a Hall-Petch equation of the
form (22, 23]

Hy = Ho + kud™'?, (M
where d is the grain size and H, and ky are constants
associated with the hardness measurements.

In practice, however, care must be exercised in
making use of equation (1) for the present data
because the alloy was cooled in air after ECA
pressing so that §’-AL;Li precipitates are present in
the ECA pressed material, as revealed in Fig. 3(a). It
is anticipated that these precipitates are lost when
annealing at high temperatures, above ~ 673 K, and
the subsequent quench in iced water will permit only
a very minor reprecipitation of the §° phase. By
contrast, there will be a change in the volume fraction
of &’ precipitates at annealing temperatures below
~ 673 K because at these lower temperatures the &’
precipitates are only partially dissolved [24]. The
effect on Hv of a variation in the volume fraction of
8’-ALLi is revealed by the experimental data in
Table 1 where, for increasing annealing temperatures
up to 623 K, there is clear evidence for a systematic
decrease in the values of Hv but with no
corresponding increase in the measured grain size.

It is anticipated the the 6’ precipitates will be fully
dissolved into the Al matrix when annealing at
temperatures above ~ 673 K and, in addition, the
amount of &’ reprecipitating on quenching will be
small and essentially identical for all specimens. Thus,
at annealing temperatures above ~ 673 K, corre-
sponding to grain sizes above ~ 2pum, all of the
specimens are in a similar structural state and the
Hall-Petch relationship should apply. This con-
clusion is confirmed in ‘Fig. 7 which shows a plot of
Hv vs d-"* for the Al-Mg-Li-Zr alloy plus the three
additional materials documented in Figs 5 and 6
[10, 21}: the error bars on each experimental point
denote the range in the measured individual values of
Hv and d, respectively. Although the datum points
for the Al-Mg-Li-Zr alloy extend over a smaller
range of grain sizes than for the binary alloys, the

Table 1. Microhardness, Hv, and measurcd grain
size, d, after annealing for | h at temperatures up to

623K
Annealing temperature (K) Hy d (pm)
After ECA pressing
with no anncal 113.3 1.24
373 107.0 1.16
473 104.7
573 101.5 .
623 97.6 1.10
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GRAIN SIZE d (pym)
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Flg 7. Vickers microhardness vs 4-'? for the Al-Mg-Li-Zr
‘ alloy and Al-Mg binary alloys [10, 21].

limited data are consistent with equation (1) with
o275 Hv and kg =~ 27 Hy um'2,

4. DISCUSSION

Aluminium-lithium alloys are attractive for struc-
tural applications, especially in the aerospace
industry, because of their low density and high
stiffness [235, 26], but the lack of significant ductility
was generally considered a major disadvantage in the
- early development of the alloys [27]. A considerable
effort was therefore initiated in order to improve the
deformation characteristics of these alloys and this
~work has shown that, with appropriate processing
_treatments, it is possible to achieve high, and even
" :superplastic, ductilities in several Al-Li alloys [28]. As
a result of these findings, much attention has been
devoted to developing methods of attaining very fine
' grain sizes in Al-Li alloys which may be amenable for
- superplastic forming operations.
Fine grain sizes, up to ~ 10um in size, are
- generally obtained in Al-Li alloys either by static
+ ' recrystallization prior to superplastic deformation
[29, 30] or by the occurrence of dynamic recrystalliza-
. tion during deformation under superplastic con-
-+ ' ditions [31, 32]. More recently, major attempts have
‘been made to develop appropriate thermo-mechan-
ical treatments which will give fine-grained structures
capable of producing superplastic ductilities
12, 33, 34]. In practice, a very significant difficulty
associated with these studies is the ultimate
attainment of an array of high angle grain boundaries
rather than an array of low angle sub-boundaries
[12, 34]. The presence of boundaries with high angles
of misorientation is generally considered an import-
ant prerequisite for high tensile ductility because
grain boundary sliding, which requires high angle
boundaries, is the dominant flow process during
superplastic deformation [35).

ULTRA-FINE GRAIN SIZE

In the present work, it is shown that the
microstructure in the ECA pressed condition. is
heterogeneous and contains, in addition to arrays of
grains with high angle boundaries, a volume fraction
of ~ 30-40% of grains with low angle sub-bound-
aries. Experiments on Al-based alloys have estab-
lished that the presence of a majority of boundaries
with low angles of misorientation (or the order of
~ 60% of all boundaries) limits the ability to achieve
high tensile ductility [36]. Nevertheless, three
observations suggest that the microstructure attained
by ECA pressing in the present investigation may be
capable of providing material which will exhibit
reasonably high tensile ductilities. First, there are
reports of elongations of up to > 1000% in an
Al-8.0% Mg— .0% Li-0.15% Zr alloy containing a
fine gram size with a mixture of both high and low
angle boundaries [37]. Second, there is experimental
evidence in an AlCu-Li-Mg-Zr alloy for an
evolution during superplastic deformation from very
fine sub-grains, having sizes of ~ 0.5-1.0 um, into
fine grains with high angle grain boundaries and sizes
of ~ 6-7 um [33]. Third, results reported recently for
an Al-10% Mg-0.1% Zr alloy show high elongations
to failure in a material in which ~ 22% of all
boundaries have low angles of misorientation
( < 15°) [38].

An important observation in the present work is
that it is possible not only to reduce the grain size
from ~ 400 ym initially to ~ 1.2 gm through ECA
pressing at a temperature of 673 K but also to retain
an extremely small grain size even after annealing for
1 h at temperatures as high as ~ 700 K. This grain
stability is attributed to the presence of f-ALZr
precipitates which are stable at high temperatues
because, by contrast, it is anticipated that the
relatively fine 8’-Al;Li precipitates visible in Fig. 3(a)
will dissolve at these temperatures. The retention of
a very fine grain size at temperatures up to ~ 700 K
is an especially attractive feature of this alloy because
of the need to avoid Li [39, 40] or Mg [41] depletion
at even higher temperatures.

In practice, the grain size attained in any Al-Li
alloy is critically dependent upon the precise alloying
elements so that a meaningful appraisal of the
significance of the present results requires that these
data are compared with other reports using the same
commercial alloy. In two independent attempts to
obtain a fine and superplastic grain size in this
Al-Mg-Li-Zr alloy through appropriate processing,
the results were reported to give a distribution of high
angle boundaries and measured grain sizes in the
range of ~ 15-45 um [42] and an average grain size
of ~ 5-8 um with boundaries of unspecified misori-
entations [43]. Thus, the present results demonstrate
the exceptional microstructure which may be
introduced into this alloy by ECA pressing and they
confirm the potential utility of this approach for the
fabrication of materials for use in superplastic
forming operations,
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5. SUMMARY AND CONCLUSIONS

I. An ultra-fine grain size of ~ 1.2 um was

introduced into a commercial Al-5.5% Mg-2.2% Li-
0.12% Zr alloy using equal-channel angular (ECA)
pressing. The initial microstructure after pressing was
 heterogeneous, with many areas of equiaxed grains
having high angle grain boundaries ( ~ 60-70% by

. volume) and some regions where there were arrays of

~ sub-grains having low angle boundaries ( ~ 30-40%
" by volume).

2. The grain size remained reasonably constarit in

this alloy after annealing for 1 h at temperatures as

high as ~ 700 K (equivalent to ~ 0.75 T, where T,

s

the absolute melting temperature). This grain

stability, which contrasts with an earlier investigation
of an Al-3% Mg solid solution alloy, is attributed to
the presence of a fine dispersion of f’-AlLZr
. precipitates. At the highest annealing temperature of
' 833K, there was a distribution of equiaxed grains
with an average size of ~ 60 um.

3. The Vickers microhardness shows only a small

- decrease up to annealing temperatures of ~ 700 K
but thereafter the decrease is more rapid. The
microhardness data are consistent with the Hall-
Petch relationship .for specimens annealed at tem-
peratures above ~ 700K but at lower annealing
temperatures the Hall-Petch relationship breaks
down because of the presence of different volume
fractions of 8’-Al;Li precipitates in each specimen.
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- Abstract

Submicrometer grain sizes were introduced into a Zn-22% Al eutectoid alloy using two different procedures: torsion straining

" and equal-channel angular (ECA) pressing. Microstructural examination showed that torsion straining gives an essentially
. equiaxed grain configuration with some mixing of the two separate phases. After BCA pressing to a strain of ~ 8 at a temperature

of 373 K, there is a submicrometer grain size but with agglomerates of ultrafine Al-rich and Zn-rich grains which are formed by

. 'the separate division of the original grains into smaller submicrometer grains with only very limited mixing of the two phases.
- Tensile testing of the ECA pressed material gave neck-free superplastic flow but, except only at 473 K at the fastest strain rate

of ~10~"' s~ where the elongation was unusually high, the elongations to failure were similar to those reported earlier for a

- commercial alloy with a grain size of ~ 2.5 um. The results demonstrate the need to develop an ECA pressing procedure which

' -avoids the formation of agglomerates of the two phases. © 1998 Elsevier Science S.A.

Keywords: Equal-channe! angular pressing; Submicrometer grains; Superplasticity; Torsion straining; Zn-22% Al alloy

N I Introduction

High tensile or superplastic ductilities may be ob-

served in metals when the grain size is very small,

typically < 10 um, and when the testing is conducted at
a relatively high homologous temperature of the order
of at least 0.57T,,, where T, is the melting point of the
material in degrees Kelvin [1]. Experiments show that
superplastic ductilities are achieved over a limited range

"~ of strain rates, typically in the vicinity of ~10-3-10""

s~!, and there is a diminution in the superplastic effect
at both faster and slower strain rates [2]. This loss in
the superplastic capability at the faster strain rates is

: “especially important when attempts are made to use

these materials in superplastic forming operations.

- * Corresponding author. E-mail: Jangdon@usc.edu
' Present address: AEM, Inc., 11525 Sorrento Valley Road, San

- Diego, CA 92121, USA.

0921-5093/98/819.00 © 1998 Elsevier Science S.A. All rights reserved.
"PII §0921-5093(97)00481-4

Grain boundary sliding is the dominant flow process
in superplasticity [3] and there is experimental evidence
showing that a decrease in the grain size leads not only
to an increase in the overall ductility of the material
under optimum superplastic conditions but also to the
occurrence of these higher elongations at faster strain
rates: for example, a decrease in grain size from 4.2 to
2.5 pm in the Zn-22% Al eutectoid alloy increased the
ductility at 473 K from a maximum of ~ 2000% to a
value of ~2800% [4]. There are also experimental

" results on an Al-Cu-Zr [5] and a Mg alloy [6] showing

that a reduction in grain size reduces the temperature
for optimum superplastic flow. Both of these trends
would be beneficial for industrial forming processes
because there is the potential for fabricating pieces
more rapidly and at a lower forming temperature where
tool wear is reduced.

The Zn-22% Al eutectoid alloy is a classic superplas-
tic material which has been subjected to extensive me-
chanical testing in laboratory experiments [7]. The
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Fig. 1. Principles of (a) ECA pressing and (b) torsion straining.

“ utility of the Zn-22% Al eutectoid for sheet thermo-
- forming processes was first recognized more than 30
. years ago [8] and the alloy is now well-established as a
- material for use in industrial forming operations [9].
However, normal grain refining of the Zn-22% Al eu-
" tectoid alloy generally gives a minimum grain size of
* the order of ~ 1-2 pm.
~ - Recent experiments have shown that it is feasible to
" introduce a submicrometer grain size into the Zn-22%
. Al alloy by subjecting the material to a very high plastic
strain using a torsion straining procedure [10] but the
- material processed in this way was in the form of small
~ disks which precluded the possibility of simple tensile
testing. It has been established that ultrafine grain sizes
may be induced in bulk samples using the process of
equal-channel angular (ECA) pressing and this proce-
dure has been used with a wide range of materials
. [11-14). Therefore, the purpose of the present investi-
- gation was two-fold. First, to investigate the possibility
of using ECA pressing to attain a submicrometer grain
‘size in the Zn-22% Al alloy and to compare the resul-

tant microstructure with that obtained using torsion
straining. Second, to conduct tensile tests on material
prepared by ECA pressing to determine the potential
for superplastic flow.

2. Experimental material and procedures

A commercial Zn-22% Al binary alloy was obtained
in a superplastic condition with an as-received grain
size of ~1 pm. Samples were prepared for intense
plastic straining using the procedures of either ECA
pressing or torsion straining as illustrated schematically
in Fig. 1(a) and (b), respectively.

In ECA pressing, illustrated in Fig. 1(a), a sample is
pressed through a die with a plunger under an imposed
load P. The die consists of two channels of equal
cross-section intersecting at an angle ® and with an
angle ¥ defining the outer arc of curvature at the point

“where the two channels intersect. Samples for ECA

pressing were prepared in the form of cylinders with



of 20 mm and total lengths of ~70 mm.
jere pressed ‘at a temperature of 373 K using
aving ® =90°. When a sample is pressed
e die, it can be shown that a strain, e, is

()

ngp P, of 5.5 GPa and they were strained in
at room temperature. In this procedure, the

(2

H;O; and 70% C,H;OH and samples were
“to perforation at a temperature of 278 K.
ns were examined by TEM at 200 kV using
Hitachi H-8100 electron microscope or a

g at a constant rate of' cross-head dlsplacement
h the specimens immersed in a bath of silicone
.with bubbling argon, to give selected temper-
rom 373 to 473 K.

: -using a focused ion beam facility (Hitachi
.in which a very small area of the specimen
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(typically ~ 30 x 40 um?) is thinned with a Ga ion
beam oriented parallel to the specimen surface. In the
present investigation, areas near to the fracture tips
having thicknesses of ~ 45 pm were thinned to thick-
nesses of ~ 500 nm and then these samples were exam-
ined using TEM.

3. Experimental results

3.1, Microstructival characteristics

Fig. 2 shows an example of the microstructure in the
as-received condition prior to straining. It is apparent
that there is essentially 4 random distribution of
equiaxed Al and Zn grains with an average size of ~ 1
pm. Analytical electron microscopy revealed that the
bright and dark grains correspond to the Al-rich and
the Zn-rich grains, respectively. In this condition, al-
most no dislocations are visible in the individual grains.
Some white areas in Fig. 2 and the subsequent photo-
micrographs are holes in the foil where the Zn-rich
phase was preferentially dissolved during electropolish-
ing. The use of the focused ion beam method avoids the
problem of preferential dissolution and produces a foil
of essentially uniform thickness. _

The microstructure after ECA pressing to a strain of
~ 8 at 373 K is shown in Fig. 3. In this condition, the
grain size is in the range of 0.4-0.8 uym and the
structure is heterogeneous with arcas of relatively fine
grains (shown on the left in Fig. 3) and areas of coarser
grains (shown on the right in Fig. 3). In addition, the
grains are elongated and there are agglomerates of
Al-rich and Zn-rich grains, suggesting that the ultrafine
grain size is achieved not through a true mixing of the
two phases but rather by the division of existing grains

Fig. 2. Microstructure in the as-received condition: the bright and
dark grains are Al-rich and Zn-rich. respectively.



ontain relatively few dislocations and the grain
yundaries are reasonably smooth.

‘Fig. 4 shows the microstructure after torsion strain-
. where the grain size is ~0.1-0.5 pm, the grains are
n equiaxed array and there appears to be only
iited agglomeration suggesting that the processing
method has led to some mixing of the two separate
phiases. As with the samples strained by ECA pressing,
ﬁ\’éf ‘are few intragranular dislocations and the grain
boundaries have a smooth appearance. These observa-
s suggest that torsion straining may be preferable
1 producing an ultrafine equiaxed and fully mixed
fhicrostructure but nevertheless there is again a hetero-
geneity with areas of coarser grains (~ 0.5 pm) co-ex-
ng with areas of finer grains (~0.1 pm): this

nt in Fig. 4.

‘As noted earlier for specimens processed by torsion
, &training [10], there was also evidence that processing,
Liither by torsion straining or by ECA pressing, led to a

Fig. 4. Microstructure after torsion straining.

M. Furnkawa et al. / Materials Science and Engineering A241 (1998) 122 128 125

the stable hep Zn which are visible within the Al-rich
grains in the as-received material. These observations
suggest that the Zn precipitates are absorbed by the
Zn-rich grains during the intense straining procedure.

3.2, Mechanical testing after ECA pressing

Because of problems associated with cracking during
rolling, it was possible to obtain only a small number of
tensile specimens. These specimens were pulled to fail-
ure under different conditions and the results, including
the flow stresses and elongations to failure, are summa-
rized in Table 1. In addition, Fig. 5 shows the appear-
ance of the two specimens exhibiting the highest
elongations to failure after testing at 473 K.

Inspection of Fig. 5 shows that the specimens tested
at 473 K pull out in a quasi-uniform manner, without
any significant necking, and ultimately they break with
a very small cross-sectional arca: this flow behavior is
characteristic of superplasticity and was described ear-
lier for Zn-22% Al specimens tested without ECA
pressing and with a grain size of ~ 2.5 um [18]. Never-
theless, the overall elongations to failure, as docu-
mented in Table 1, are fairly similar to those reported
for the same eutectoid alloy without ECA pressing [4]
suggesting that, at least for the present experiments,
there has been little significant improvement in the
superplastic properties through ECA pressing.

Fig. 6 shows the microstructure in the vicinity of the
fracture tip for a sample prepared using the focused ion
beam method and taken at a point ~ | mm from the
tip of the specimen, shown in Fig. 5, pulled to an
elongation of 1970% at 473 K using an initial strain
rate of 3.3 x 10 ~? s '. It is apparent that grain growth
has occurred during testing, to a grain size of ~ 1.5-
2.0 pm, and the grains are now randomly distributed
with no evidence for any agglomeration. The direction
of the tensile axis is indicated in Fig. 6 and it is
apparent also that the grains are equiaxed with no
significant elongation in the direction of tensile, strain-
ing. As with other materials deformed superplastically
[19]. the grain boundaries are smooth and very few
dislocations are visible within the grains.

4. Discussion

In order to examine the ductility of the ECA pressed
specimens in more detail, it is necessary to make a
direct comparison with earlier and more extensive data
obtained for specimens of a similar commercial alloy
which was not subjected to pressing [4]. The earlicr
results are shown as the open points in Fig. 7 for
specimens having a spatial grain size, d, of 2.5 um
tested at dilferent absolute temperatures, 7 the upper
plot gives the percentage clongation at fracture, AL/
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Strain rate (s~') Flow stress (MPa) Elongation to failure
33x10* 17.0 450%
33x10-¢ 11.0 700%
33x107? 259 940%
33x10-? 26.8 1970%
33x107! 66.3 1540%

iul:at the slower strain rates.

jon to failure at 473 K.

s an increase in the elongation by a factor of
st 1.5 x . The advent of a higher ductility at the
st strain rate is consistent with the anticipated
-for a material with an ultrafine grain size but
theless it is important to examine the reason for
irelatively poor ductility of the ECA pressed mate-

nof the initial strain rate, é, where AL is the
crease in length at the point of failure and L, is
fal gauge length These resu]ts show the division

mparison shows that the flow stresses documented
able 1 are similar in magnitude to those plotted in
7-and reported earlier with a grain size of 2.5 pum.

‘the as-received condition, Fig. 2 shows that the
ms are equiaxed and there is a random distribution
‘the two phases. However, the microstructure after
A pressing consists of agglomerates of Al-rich and
n-rich grains with only a very limited mixing of the

. Specimens subjected to ECA pressing and then tested in

two phases. It is probable that the presence of these
agglomerates after ECA pressing, and the absence of a
uniform and random array of Al-rich and Zn-rich
grains, accounts for the failure to observe a very sub-
stantial improvement in the overall ductility when the
grain size is reduced to the submicrometer level.

It has been well established through experiments that
the different types of interfaces in superplastic microdu-
plex alloys behave differently in their susceptibility to
exhibiting grain boundary sliding [20). In the Zn-22%
Al eutectoid alloy, for example, maximum sliding oc-
curs on the Zn-Zn intercrystalline boundaries, there is
less sliding at the Zn-Al interphase boundaries and
sliding is a minimum at the AIl-Al intercrystalline
boundaries [21]. Thus, the development of a microstruc-
ture consisting of Al-rich and Zn-rich agglomerates, as
after ECA pressing in the present experiments, leads to
an excess of intercrystalline boundaries, and the pres-
ence of a large number of Al-Al intercrystalline inter-
faces has little significant benefit in promoting easy
sliding. It appears that easy sliding may be achieved
under these conditions only when the testing tempera-
ture is sufficiently high that these Al-Al boundaries are
removed through grain growth, as in the tests con-
ducted in these experiments at 473 K. It is therefore
concluded from these observations that it is important
to develop an alternative processing route for ECA

Fig. 6. Microstructure in the vicinity of the fracture tip of a specimen
pulled to failure at an elongation of 1970% at 473 K using an initial
strain rate of 3.3 x 1072 s~ .
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initial strain rate for Zn-22% Al specimens with a grain size of 2.5 pm
(open points) [4] and for four specimens with an average grain size of
~0.6 pm after ECA pressing (closed points).

pressing to avoid the formation of any agglomerates.
For example, it is possible that an improved mi-
crostructure may be obtained by performing the
ECA pressing at a higher temperature and following
the pressing with a rapid quench or by performing
the pressing on an alloy following rapid quenching
from a high temperature.

An earlier report examined the grain boundaries in

"~ Al-Mg solid solution alloys subjected to torsion

straining and it was shown that these boundaries
were in a high-energy non-equilibrium configuration,
they contained a large number of extrinsic disloca-
tions, and there were also many dislocations within
the grains [17]. This observation contrasts with the
present report where, after both ECA pressing (Fig.
3) and torsion straining (Fig. 4), the grain
boundaries are reasonably smooth, they appear to be
closer to an essentially equilibrium configuration and,
in addition, there are very few intragranular disloca-
tions. This difference is attributed to the low melting
temperature of the Zn-22% Al alloy which leads to
an easier relaxation of the high internal stresses in-
troduced by intense plastic straining.

M. Furukawa et al. f Materials Science and Engincering A241 (1998) 122128 127

5. Summary and conclusions

A submicrometer grain size may be introduced
into a Zn-22% Al eutectoid alloy by equal-channel
angular (ECA) pressing or by torsion straining.

After ECA pressing to a strain of ~8 at a tem-
perature of 373 K, the grains are elongated and
there are agglomerates of Al-rich and Zn-rich grains.
After torsion straining at room temperature to a
strain of ~ 7, the grains are equiaxed and there is
some mixing of the two phases.

Tensile testing of samples subjected to ECA press-
ing gave superplastic flow but the elongations were
not as high as anticipated for a material containing
a submicrometer grain size. It is concluded that the
failure to obtain a substantial increase in overall
ductility after ECA pressing is due to the presence of
agglomerates and the absence of a uniform and ran-
dom array of Al-rich and Zn-rich grains.
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4.

Grained Al-Mg-Li-Zr Alloy

I. INTRODUCTION

IT is well established that the addition of lithium to alu-
‘minum-based alloys simultaneously decreases the density
-and increases the elastic modulus, thereby providing light-
‘weight alloys for potential use in structural applications.('?)
-This article describes a series of experiments conducted on
a commercial Al-5.5 pct Mg-2.2 pct Li-0.12 pet Zr alloy in
which hardening is achieved through the presence of -
'AlLi precipitates and Zr is added to improve the overall
ductility.4
An earlier investigation showed that it was possible to
attain a very fine grain size in this alloy, on the order of
~1.2 um, by introducing an intense plastic strain through
~ the process of equal-channel angular (ECA) pressing.”! By
conducting static annealing tests for 1 hour over a range of
temperatures on specimens subjected to ECA pressing, it
was demonstrated that, because of the presence of metasta-
ble B-Al,Zr precipitates, a very fine grain size was retained
up to temperatures as high as ~700 K, equivalent to ~0.75
T, where T, is the absolute melting temperature of the ma-
i terial. These earlier results suggest two significant possi-
<" bilities. First, it may be feasible to age harden the alloy to
" obtain a high strength and good ductility at low tempera-
tures. Second, high tensile and superplastic-like ductilities
may be achieved at elevated temperatures, making the alloy
suitable for consideration as a candidate material for use in
superplastic forming operations.
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ge Hardening and the Potential for Superplastlcny in a Fine-
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Experiments were conducted to determine the age-hardening characteristics and the mechanical prop-
erties of an Al-5.5 pct Mg-2.2 pct Li-0.12 pet Zr alloy processed by equal-channel angular (ECA)
pressing to give a very fine grain size of ~1.2 gm. The results show that peak aging occurs more
rapidly when the grain size is very fine, and this effect is interpreted in terms of the higher volume
of precipitate-free zones in the fine-grained material. Mechanical testing demonstrates that the ECA-
pressed material exhibits high strength and good ductility at room temperature compared to conven-
tional Al alloys containing Li. Elongations of up to ~550 pct may be achieved at an elevated
temperature of 603 K in the ECA-pressed condition, thereby confirming that, in this condition, the
alloy may be a suitable candidate material for use in superplastic forming operations.

Accordingly, this article describes a series of experiments
designed to investigate the age-hardening characteristics
and the mechanical properties of the Al-Mg-Li-Zr alloy af-
ter ECA pressing. Some tests were also conducted using
the same alloy in a hot-rolled condition without ECA press-
ing. As will be demonstrated, peak aging of the ECA-
pressed material leads to excellent strength and good
ductility at room temperature. In addition, high tensile elon-
gations may be achieved at elevated temperatures, including
elongations of up to >500 pct at a testing temperature of
603 K.

II. EXPERIMENTAL MATERIAL AND
PROCEDURES

The experiments were conducted using the same Al-5.5
pet Mg-2.2 pet Li-0.12 pet Zr alloy as in the earlier inves-
tigation;!*! this is a commercial Russian alloy with the des-
ignation 01420.1" The alloy was received in the hot-rolled
condition with an initial grain size of ~400 pum. The ECA
pressing was conducted in air at a temperature of 673 K
using a cylindrical sample with a diameter of 50 mm and
a length of ~100 mm. The ECA pressing facility is illus-
trated schematically in Figure 1, and a detailed description
of the principles of ECA pressing was given earlier.!”
Briefly, samples are pressed through a die in which there
are two channels, equal in cross section, intersecting at an
angle of ®. A second angle, ¥, defines the arc of curvature
at the outer point of the intersection of the two channels.
The strain introduced into the sample from a single pressing
through the die may be calculated using the procedure de-
scribed elsewhere.®®! In the present investigation, repetitive
pressings of the same sample were conducted to achieve a
total strain of ~3.7, with the sample cooled in air after each
separate pressing.

To investigate the age-hardening behavior after ECA
pressing, samples having dimensions of 3 X 3 X 4.7 mm?
were cut from near to the center of the ECA-pressed ma-
terial, and these samples were solution treated in an argon
atmosphere for either 3 hours at 673 K or 1 hour at 818 K
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Plunger

\:Fig, I—Schematic illustration of the facility for ECA pressing.

'fol!owed by quenching in iced water.* Aging was con-

*These temperatures were selected because it has been established that
2.2 pet of Li will be in solution in Al matrix alloys at these two
i*temperatures.***l In practice, a temperature of 673 K is essentially the
4 lowest possible temperature for dissolution of all of the Li atoms and
 therefore, as shown earlier, it is close to the upper limiting temperature
i for retention of an extremely fine grain size. The higher temperature of
.818 K was selected in order to examine the effect of a combination of Li
.- dissolution with some concurrent grain growth.

“ducted in an Ar atmosphere for periods of time varying

" from 0.1 to 300 hours at a temperature of 448 K, with

. subsequent quenching in iced water; it should be noted that
- 448 K is the standard temperature for aging in a T6 heat
treatment.

The Vickers microhardness, Hv (in kg mm~?), was de-
.termined using an Akashi MVK-E3 microhardness tester
-with a diamond pyramidal indenter. A load of 50 g was
applied for 15 seconds and the reported values of Hv are
the-average of seven separate measurements,

The 0.2 pct proof stress was determined by tensile testing
using specimens solution treated for 1 hour at either 673
or 818 K followed by quenching in iced water. For com-
parison purposes, some additional tests were conducted us-
ing the hot-rolled alloy in the as-received condition without
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any ECA pressing. All of the tests in tension used miniature
specimens having gage lengths of 6.4 mm and gage thick-
nesses of 2.5 mm, and the tests were performed at 298 K
in air under an initial strain rate of 3.3 X 10-4 s~', Each
specimen was pulled to failure to determine the total elon-
gation for each testing condition.

The superplastic characteristics of the alloy were inves-
tigated by conducting tests in tension at 298 and 603 K and
using initial strain rates from 3.3 X 10-4t0 3.3 X 10-2s-',
Tests were performed on samples in both the ECA-pressed
and the hot-rolled conditions, and in order to simplify the.
processing route for any potential forming application, all
samples were tested without any prior solution treatment or
aging.

Specimens were prepared for examination by transmis-
sion electron microscopy (TEM) using the procedure de-
scribed earlier.i¥! All TEM photomicrographs were obtained
with a Hitachi H-8100 electron microscope operating at 200
kV. Selected-area electron diffraction (SAED) patterns
were taken from different regions with diameters of 13 pum.
Grain sizes were estimated directly from the photomicro-
graphs by identifying and measuring at least 50 different
grains.

III. EXPERIMENTAL RESULTS
A. Microstructures after Solution Annealing

As described in the earlier report,”® the microstructure of
the alloy after ECA pressing consists both of homogeneous
regions of equiaxed grains with high-angle grain boundaries
and an average grain size of ~1.2 um and of areas of
heterogeneity where there are arrays of subgrains with an
average size of ~1.2 um and with boundaries having low
angles of misorientation. There is also evidence, after ECA
pressing, of a uniform distribution of very fine 8'-Al;Li pre-
cipitates which are formed upon cooling in air from the
ECA pressing temperature of 673 K.*

*In practice, the cooling rate following ECA pressing is not critical,
because experiments show that there is a precipitation of §-AlLi in Al-
Li alloys even after extremely rapid quenching.i*t2)

Figures 2 and 3 give examples of the microstructures
after solution annealing for either 3 hours at 673 K or 1
hour at 818 K, respectively; for each photomicrograph, the
SAED patterns were taken from the regions marked A, B,
and C. After a solution treatment for 3 hours at the lower
temperature of 673 K, inspection of Figure 2 shows that
the microstructure consists of an array of fine grains with
the presence of some subgrain boundaries. The average
grain size in this condition was measured as ~1.5 to 2.0
pm, thereby confirming that there is only very limited grain
growth during this solution treatment. At the higher tem-
perature of 818 K, shown in Figure 3, the grains are rela-
tively coarse, with an average size of ~40 to 50 um, and
the grain boundaries have high angles of misorientation.
Thus, significant grain growth occurs after annealing at this
higher temperature.

B. Influence of Aging on Hardness

Several specimens were prepared using the two solution
treatments established in Section 111-A, and these speci-
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"2-—{a)‘Microstrucmre in the ECA-pressed material after solution annealing for 3 h at 673 K, and (b) SAED patterns taken from the regions marked
A, B, and C.

mens were then aged at 448 K for different periods of time
.up-to:a maximum of 300 hours. Figure 4 shows a plot of
the Vickers microhardness as a function of the aging time
‘for these two sets of experimental conditions.

' 'Examining the two data points for the as-quenched con-
-dition prior to aging, it is apparent from Figure 4 that Hv
- is higher after solution annealing at 673 K. As will be dem-
onstrated, there is no obvious difference in the distribution
*  -of & particles for these two conditions and, therefore, it is
"« reasonable to conclude that this difference in hardness is a
- "direct consequence of the finer grain size after solution an-

" nealing at the lower temperature. In addition, this higher

hardness persists in the finer-grained material up to an ag-
ing time of ~3 hours, but thereafter, the fine-grained ma-
terial is weaker than the relatively coarse-grained material
‘aged at 818 K. Both materials exhibit an initial age hard-
ening due to the further precipitation of metastable &'-Al,Li
particles but, subsequently, there is overaging and a
consequent softening due, in part, to the growth of the -
Al Li particles beyond a critical size for maximum strength-
- ening.'" Since the two curves in Figure 4 intersect at an
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aging time of ~3 hours, it is apparent that an overaged
condition is reached more rapidly in the fine-grained ma-
terial.

In order to obtain an understanding of these results, Fig-
ure 5 shows a series of (100) dark-field images which sum-
marize the microstructural characteristics under the two
different aging conditions: the top four photomicrographs
relate to samples solution treated at 673 K for 3 hours and
quenched in iced water, with subsequent aging at 448 K
for (a) 0 hours, (b) 0.3 hours, (c) 3 hours, and (d) 300 hours,
respectively; the lower four photomicrographs are for sam-
ples solution treated at 818 K for 1 hour and quenched in
iced water, with subsequent ageing at 448 K for (e) 0 hours,
(f) 0.3 hours, (g) 30 hours, and (h) 300 hours, respectively.
Careful inspection of the samples by TEM revealed an es-
sentially identical and uniform distribution of &'-Al,Li par-
ticles in the two as-quenched samples (Figures 5(a) and
(€)), but in both sets of samples there was an increase with
increasing annealing time in the volume fraction of the &
phase combined with a tendency for greater spheroidization
of the & particles. It was also apparent that there were no
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cant differences in the volume fraction, shape, and/or
the &' particles for the two sets of samples after any
dlécted time of aging. Thus, the morphology of the &'-
E’g{f)ﬁ particles is not a sufficient parameter to provide an
explanation for the more rapid attainment of an overaged
ndition in the finer-grained material, as documented in
re 4.
practice, it is anticipated that some B'-Al,Zr particles
will form in this material even in the as-quenched condi-
m: However, age hardening due to precipitation of the
etastable B' particles is unlikely because the alloy contains
itonly 0.12 pet of Zr, and it has been shown that age hard-
g from B' particles requires 0.2 pct Zr and a rapid
ing from the liquid state.'*'%) Since the B' phase has
g:same LI, structure as the & phase, the B particles are
ot easily distinguishable from the & particles in dark-field
ges in the as-quenched condition, but they are visible
‘the bright field, as shown in Figure 6(a) for a sample
Jution treated at 818 K for 1 hour and subsequently aged
8 K for 0.3 hours, corresponding to an underaged con-
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Al-5.5Mp-2.2L1-0.12Zr (ECA pressed)
—o0— 3hrat 673K,WQ+aging at 448K
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Fig. 4—Vickers microhardness vs aging time for the ECA-pressed
material after two different solution treatments.
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dition. The same area is shown in Figure 6(b) as a (100)
-dark-field image, and it is apparent that the ' particles are
now visible due, it has been suggested,!'¥ to the growth
during aging of a shell of &' around each particle.

With progressive aging for longer times, there is a
growth of the §'-Al,Li particles, but some of these particles
are also lost to the stable 8-AlLi phase which precipitates,
‘together with the T-Al,MgLi phase, along the grain bound-
aries and within the grains. An example of this effect is
shown in Figure 7 for a sample solution treated at 673 K
for 3 hours and subsequently aged at 448 K for 300 hours
into the overaged condition. Figure 7(a) shows a bright-
. field image with a grain boundary (marked GB) at the upper
right of the photomicrograph and with & and/or T phase
precipitation (marked); the same area is shown in Figure
--7(b) in a (100) dark-field image. It is clear from inspection
of Figure 7(a) that the § and T phases are surrounded by
precipitate-free zones (PFZ) where there are few or no &
particles. Thus, it is concluded that a peak is attained more
rapidly in the aging curve for the finer-grained material, as
- shown in Figure 4, because the grain size is very small and
there is a larger volume of grain boundaries and, conse-
quently, more precipitation sites for the & and T phases,
leading to a higher volume of PFZ.

It was shown earlier that the hardness of this alloy after

METALLURGICAL AND MATERIALS TRANSACTIONS A

ECA pressing varies with the instantaneous grain size, at
grain sizes above ~2 pm, through a Hall-Petch relation-
ship of the form

H = H, + k,d—" [

where d is the grain size and H, and £,, are constants de-
termined experimentally as ~75 Hv and ~32 Hv um'?,
respectively.l** This plot and the associated data points are

*The Hall-Petch relationship breaks down at smaller grain sizes
because of variations in the volume fractions of §-Al,Li precipitates.!s}

shown in Figure 8 together with lines representing the best
fit and the upper and lower limits. Superimposed in the
upper portion of the plot are two points representing the
peak aged conditions from Figure 4; these points are for
samples either solution treated for 3 hours at 673 K and
aged for 3 hours at 448 K or solution treated for | hour at
818 K and aged for 30 hours at 448 K. Both of these ex-
perimental points, when plotted for their appropriate grain
sizes, exhibit a considerable deviation from the single Hall—-
Petch relationship reported earlier from static annealing ex-
periments./! Thus, the hardness or strength of the alloy is
a strong function not only of the instantaneous grain size
but also, because of changes in the precipitate morphology
with temperature and time, of the precise aging condition.
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hanical Properties at Low and Elevated
ratures

er to obtain information on the strength and plas-
this alloy after ECA pressing, tests were conducted
e:different sets of samples: (1) the as-received hot-
alloy without ECA pressing but with a solution treat-
f 1 hour at 673 K and quenching in iced water, (2)

2 to 1.5 um) because of the shorter time at tempera-
igure 9 shows the microstructure of the as-received

‘themicrostructural characteristics for these three condi-

ecimens tested at room temperature (298 K) at a strain
fe'(€) of 3.3 X 10~ s~ and following different aging
conditions. Three conclusions may be reached from inspec-
tion.of Figure 10. First, aging of the material after quench-

VOLUME 29A, JANUARY 1998

ning a slightly elongated array of subgrains. Full details

Fig. 7—(a) Bright-field and (b) dark-field images of the same area of the ECA-
pressed material after solution treatment at 673 K and overaging at 448 K.

GRAIN SIZE d (m)
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160 [ J

140

8

100

-]
(=]

Hv=71423d-12
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VICKERS MICROHARDNESS (Hv)

40 L
Al-5.5Mg-2.2L1-0.12Zr (ECA pressed)
< annealed for 1hr at different temperatures
20 O 3hr at 673K,WQ+3hr at 448K E
©® 1hr at 818K,WQ+30hr at 448K
o 1 '} 1 |
0.00 0.25 0.50 0.75 1.00 125

dv2 (pm-2)

Fig. 8—Variation of Vickers microhardness with o 2 for the ECA-pressed
material aficr static anncaling (lower points) and after the peak aged condition
following solution treatments at 673 or 818 K (two upper points).
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from a solution treatment at 673 K leads both to an
crease in the 0.2-pct proof stress because of the hardening
troduced by precipitation of &'-Al,Li particles and to an
sociated decrease in the measured elongation to failure.

decreasing grain or subgrain size. Third, the ECA-pressed
material with the very fine grain size exhibits the highest

Sécond, there is a consistent increase in the values of the
0.2-pct proof stresses and the elongations to failure with

Tab!e L Microstructures of the Samples Used for Proof
‘Stress and Elongation Measurements in Figure 10

 Experimental Condition

Microstructure

Hot-rolled (without ECA

“at 818 K + WQ*

very large grains (~400 pm)
containing elongated subgrains
(length ~4 um and width
~2 pm)

fine grains (~1.2 to 1.5 um)
surrounded by boundaries
having both high and low
angles of misorientation

coarse grains (~40 to 50 um)
with boundaries having high
angles of misorientation

2 *WQ = iced water quench.
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Al-5.5Mg-2.2L1-0.12Zr
ST1s1hr at 673KsWQ %&“’%
500 [ Sr2:theataieKewa Nan-ECAP; 2338 4
= ATzaging at 448K Rot rollod4STI4ATO V b q
g ECAP;
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E . . £=3.3x1045"
@ .
» 300 lo . J
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' . *. Hetrolted S,
o 200 | o “a ]
£ ‘a,
o ECA pressed *.. .
100 | +argograins |
0 L L . \
] 10 20 30 40 50
ELONGATION TO FAILURE (%)

Fig. 10—Values of the 0.2 pct proof stress vs elongation to failure for
specimens tested at room temperature with and without ECA pressing and
following different aging conditions.
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. Fig. 11—Schematic illustration of the elongation to failure as a percentage
-vs the initial strain rate for tests conducted on the alloy without ECA
- pressing (front) and with ECA pressing (rear) at temperatures of (a) 298
K and (b) 603 K; the initial strain rates are designated as (1) 3.3 X 10~
s7,(2)3.3 X 1072 s, and (3) 3.3 X 10~25~".

- strength and, by comparison with other similar alloys,!*167)
;. .exceptionally good ductility at room temperature.
*. To check on the potential for utilization of the ECA-
. pressed alloy in superplastic forming applications, tests

- were conducted at 298 and 603 K using specimens either
in the ECA-pressed or in the hot-rolled condition without
any solution treatment; a detailed description of the micro-
structural condition after ECA pressing was given earlier,
and a testing temperature of 603 K was selected because
i the earlier results demonstrated that the grain size remained
~“at ~1.2 um up to this temperature.®) The results are illus-
- trated schematically in Figure 11, where the elongation to
. failure as a percentage is plotted for three different initial
- strain rates designated as (1) 3.3 X 1074, (2) 3.3 X 1073,
and (3) 3.3 X 1072 s~! for tests conducted at (a) 298 K
(top) and (b) 603 K (bottom); data are shown for the ma-
. terial without ECA pressing (front) and with ECA pressing
.. (rear). Inspection shows that the ECA-pressed material
- gives substantially higher elongations to failure for each
testing condition: at 298 K, the maximum elongations are
~13 and ~6 pct for the ECA-pressed and hot-rolled con-
ditions, respectively, whereas at 603 K, the maximum elon-

gations are ~550 pct at 3.3 X 1073 s~' and ~210 pct at
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3.3 X 1074 5! for these two conditions, respectively. Thus,
the total elongation to failure is not only substantially in-
creased for the fine-grained material but, as anticipated
from experimental data on typical superplastic alloys,!'8} a
reduction in grain size also leads to the occurrence of the
maximum elongation at a faster strain rate. This increase in
strain rate is especially attractive because it brings the su-
perplastic capability of the alloy closer to the strain rate
range utilized in commercial hot-working processes (~10-!
to 102 s=1).1"9

IV. DISCUSSION

Earlier experiments demonstrated that it was possible to
use ECA pressing to reduce the grain size of a commercial
Al-Mg-Li-Zr alloy from an initial size of ~400 um to a
size of ~1.2 um and, in addition, to retain a grain size of
<2 pm up to temperatures as high as ~700 K because of
the presence of B'-Al,Zr precipitates.s) The present exper-
iments extend these results by showing that the ECA-
pressed material exhibits good strength and ductility at
room temperature as compared to conventional Al-based
alloys containing Li. Furthermore, as illustrated in Figure
10, the strength and elongation to failure may be manipu-
lated through appropriate heat treatments.

An important objective of these experiments was to de-
termine whether the ECA-pressed material was capable of
exhibiting high tensile and superplastic-like ductility at el-
evated temperatures. Insufficient material was available in
the ECA-pressed condition for extensive testing; but, nev-
ertheless, the present limited results provide very clear ev-
idence for the occurrence of superplastic flow at 603 X in
the fine-grained material processed by ECA pressing. It
should be noted that the maximum tensile ductility of ~550
pet obtained at a strain rate of ~10-2 s~! exceeds the true
effective strain of ~150 pct which has been recommended
for the design of candidate parts in superplastic forming
operations,”?” and it also exceeds the strains of up to ~200
to 300 pct which have been cited as the maximum strains
incurred in the superplastic forming of sheet metal struc-
tures in aerospace and other applications, /22

It is instructive to make a direct comparison between the
tensile capability reported for the present alloy in the ECA-
pressed condition and the superplastic Al-5083 alloy which
has become well established as one of the two major alloys
currently in use in the superplastic forming industry.R!*

*The Al-5083 alloy contains, typically, 4.5 pct Mg, 0.7 pct Mn, and
0.1 pet Cr.

Experiments on high-purity samples of the Al-5083 alloy,
with low Fe and Si contents, gave maximum elongations
of ~450 pct at a temperature of 783 K using a strain rate
of ~2 X 10~% 57" and ~700 pct at 798 K with a strain
rate of 2 X [0~ s, respectively. However, subsequent
experiments on a commercial Al-5083 alloy suggested a
maximum elongation only slightly in excess of 300 pct
when testing at 783 K at a strain rate of ~4 X 107+ s~'.29
This is consistent with, although a little lower than, the
results documented in a detailed discussion of the properties
and applications of the commercial superplastic Al-5083
alloy, where a potential maximum elongation of up to
~460 pct was reported at 783 K under a strain rate of ~2
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X 10~¢ s~1.6* By comparison with the present very lim-

. - *Elongations of up to 700 pct have also been reported in a modified
}\If5083 alloy where 0.6 pct Cu was added as a grain refiner.??

ted results for the ECA-pressed Al-Mg-Li-Zr alloy, it is

‘apparent that the commercial Al-5083 alloy yields lower
wvalues for the maximum elongations to failure and, also,
that these maximum values occur in the Al-5083 alloy both
‘at higher testing temperatures and at lower strain rates. For
Jindustrial applications, lower forming temperatures are fa-
ored because they lead to a minimization of tool wear,
and faster strain rates are beneficial because they increase
the potential uses for the formed parts by facilitating an
extension of the production runs to larger numbers of
units.?®! It is therefore concluded that the present data on
an ECA-pressed commercial Al-Mg-Li-Zr alloy serve to es-
tablish this Li-bearing alloy as a potential and attractive
candidate material for use in superplastic forming applica-
tions.

V. SUMMARY AND CONCLUSIONS

. Experiments were conducted on an Al-5.5 pct Mg-2.2
pet Li-0.12 pct Zr alloy subjected to ECA pressing to
give a grain size of ~1.2 um.
. Following solution treatments at 673 or 818 K, aging
was conducted for various times at a temperature of 448
K. Microhardness measurements afier aging show that
the peak aging is reached more rapidly when the grain
size is very fine. This is attributed to the higher volume
of PFZs around the 8-AlLi and/or 7-Al,MgLi phases in
this condition.
. Mechanical testing shows that the ECA-pressed material
exhibits good ductility at room temperature, especially
as compared to conventional Al-based alloys containing
- Li

. Elongations to fracture of up to ~550 pct may be
achieved in the ECA-pressed material at 603 K when
testing at an initial strain rate of ~10-* s-!, These re-
sults, therefore, confirm the potential for use of the
ECA-pressed alloy in superplastic forming operations.
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Abstract

Numerous investigations have demonstrated the superplastic properties of the Zn-22% Al
.eutectoid alloy. It is possible to retain a very small grain size in this two-phase material, of
the order of ~1 - 2 um, and tensile testing gives superplastic elongations up to >2000% at
‘elevated temperatures.

Experiments were conducted to investigate the feasibility of introducing an ultra-fine
submicrometer grain size into the Zn-22% Al alloy. A reduction in grain size is potentially
beneficial both for increasing the elongations to failure and for increasing the strain rates
associated with superplastic flow. Two different procedures were used to obtain a
submicrometer grain size. First, samples were prepared in the form of disks and they were
subjected to torsion straining under a high pressure at room temperature up to a maximum
strain of ~7. Examination showed these samples had an equiaxed grain size in the range of
0.1 - 0.5 um. Second, bulk samples were deformed to a strain of ~ 8 using the procedure of
- equal-channel angular (ECA) pressing. Inspection showed that these samples contained
elongated grains with sizes of the order of 0.4 - 0.8 um and tensile testing gave a maximum
: elongation of ~1970% at a testing temperature of 473 K using an initial strain rate of 3.3 X
102 s, The significance of the microstructure in optimizing the superplastic characteristics
is discussed.
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Introduction

Superplasticity has been defined as "the ability of a polycrystalline material to exhibit, in a
generally isotropic manner, very high tensile elongations prior to failure” [1]. It is now well
‘established that there are two major requirements in order to achieve superplasticity in metals
‘[2). First, the grain size must be very small and typically <10 um. Second, the testing
'".’temperature must be reasonably high and typically at least 0.5T,,, where T,, is the absolute
" ‘melting temperature of the material.

“The Zn-22% Al eutectoid alloy is a classic superplastic material in which a very fine and stable

grain size may be attained because of the presence of two separate phases Typically,
-superplasticity is achieved in the Zn-22% Al alloy when the grain size is in the range of ~1 -
.5 um: for example, there are reports of tensile elongations in this alloy in excess of 2000%
over almost two orders of magnitude of strain rate [3] although the precme elongatlons to
failure are dependent upon the testing temperature and the specimen grain size [4].
Expenmental evidence with the Zn-22% Al alloy suggests that a decrease in grain size will
‘lead to an increase in the elongations to failure and, in addition, the maximum elongations will
occur at faster strain rates [4]. There is also evidence from experiments on an Al-Cu-Zr alloy
_that a reduction in grain size will reduce the temperature associated with optimum
. superplasticity [5]. In practice, both of these trends would be beneficial for superplastic
-forming processes. However, normal grain refining of the Zn-22% Al eutectoid alloy leads
‘generally to a minimum grain size of ~1 -2 um.

It was shown recently that a submicrometer grain size may be introduced into the alloy by
‘imposing intense plastic straining using a torsion technique [6] but the samples thus fabricated
were too small for normal tensile testing. Therefore, the purpose of the present paper is to
_extend these earlier results by examining the microstructural development and the tensile
_properties of a submicrometer-grained Zn-22% Al alloy produced using an alternative
. processing method.

Experimental materi I

- The material used in this investigation was a commercial Zn-22% Al binary alloy received in
-+ the superplastic condition in the form of as-rolled sheet with a grain size of the order of ~1
. pm. The microstructure in the as-received condition is shown in Fig. 1, and it consists of an
i - essentially random distribution of equiaxed Al and Zn grains; these two phases are revealed
.. as bright and dark grains in Fig. 1, respectively. Chemical analysis of the as-received material
. revealed the following impurities in ppm: Cr < 10, Cu 45, Fe 390, Mg 2, Mn < 10 and Si
75. Two different procedures were used to introduce a submicrometer grain size into this alloy
"¢, and these procedures are illustrated schematically in Fig. 2.

+ Equal-channel angular (ECA) pressing is a procedure, described elsewhere [7], in which a
' sample is pressed with a plunger through a die consisting of two channels of equal cross-section
- which intersect at an angle $. In the present work, the samples used for ECA pressing were
cut from the as-rolled sheet in the form of cylinders with diameters of 20 mm and a total length

of ~70 mm. The experimental facility is illustrated on the left in Fig. 2 where P is the
imposed load and the angle ¥ defines the outer arc of curvature at the point where the two
channels intersect. In practice, the same sample can be pressed repetitively through the die in

.- order to accumulate a large total strain. It can be shown that a single passage through a die
- of this form leads to a strain, &, which is given by [8]
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Figure 2 - Schematic illustration of ECA pressing (on left) and
torsion straining (on right).
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so that, for N repetitive pressings, the total strain is Ne. In the present experiments, the ECA
~pressing was conducted at 373 K using a facility with & = 90° and each sample was pressed
-through the die for 8 passes to give a total strain of ~ 8.

(1)

The principle of torsion straining was described earlier [9] and it is illustrated schematically
on the right in Fig. 2. The samples, in the form of disks of diameter 15 mm and thickness 0.3
.mm, were held in place in a torsion straining facility under a pressure, P, of 5.5 GPa and then
they were strained in torsion at room temperature. In this procedure, the strain is given by
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g = ln(ﬂ) ' (2)

re ¢ is the rotation angle in radians and r and ¢ are the diameter and thickness of the disk,
ectively. Samples were strained in these experiments to give a maximum strain of ~7 at
erimeters of the disks.

crostructures were examined after straining using transmission electron microscopy (TEM)
selected area electron diffraction patterns were obtained from regions having diameters of
pm. Samples prepared using ECA pressing were rolled into sheets at room temperature
tensile specimens were machined with a gauge length of 7 mm and gauge cross-section of
5 mm?, Tensile tests were conducted at temperatures from 373 to 473 K by immersing
specimens in an oil bath and using an Instron testing machme operating at constant rates
ross-head displacement from 3.3 X 104t03.3 x 10 5

i

resul i

he typical microstructure after ECA pressing is shown in Fig. 3. The grain size measured

m TEM photomicrographs was in the range of 0.4 - 0.8 um and inspection showed the
grains were elongated and there was a co-existence of areas with relatively fine grams (on the
ft in Fig. 3) and areas with coarser grains (on the right in Fig. 3). The grains after ECA
ressing showed only minor evidence for a mixing of the two phases but rather there were
glomerates of Al-rich and Zn-rich grains which were divided into smaller grains through the
rmation of additional grain boundaries within each grain. There appeared to be less
gglomeranon after torsion stralmng, as shown in Fig. 4 where the grains are essentially
uiaxed and they have average sizes varying from ~0.1 um (on the left in Fig. 4) to ~0.5
m (on the right in Fig. 4). The higher magnification photomicrographs shown in Fig. 5
onstrate that the Al-rich grains contain (a) rod-shaped precipitates of stable hcp Zn in the
received material and (b) very little evidence for these Zn precipitates after torsion straining.

ese observations suggest that the Zn preclpltates are absorbed by Zn-rich grains during the
tense plastic straining.

éble 1 summarizes the data obtained from the tensile testing of samples of the ECA pressed

‘ \. i ' .";' » i -
Figure 3 - Microstructure after ECA pressing.
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after torsion straining.

crostructure

Figure 4 - Mi

Figure 5 - Aluminum-rich grains (a) in as-received condition
and (b) after torsion straining.

Table 1 - Elongations and flow stresses for ECA pressed samples.

Temperature (K) Strain rate (s') Flow stress (MPa) Elongation to
' failure
3.3 x 10*
3.3 x 10 11.0 700%
423 3.3 x 107 25.9 940% |
3.3 x 10?2 26.8 1970%

3.3 x 10

1540%



i Ultra Fine Graiaed Z0-22% Al
T K

N 1.3 102

Figure 6 - Tensile testing after ECA pressing at 373 K (upper),
423 K (center) and 473 K (lower).

erial where specimens were pulled to failure in the temperature range from 373 to 473 K
4nd Fig. 6 shows the appearance of the speclmens after testing at temperatures of 373 K
(upper), 423 K (center) and 473 K (lower). Itis apparent from Flg 6 that all specimens pull
out in a manner which is typical of superplastic materials tested in or close to the optimum
conditions for maximum ductility, and in particular the two specimens tested at 473 K exhibit
the quasi-uniform and neck-free deformation reported in the Zn-22% Al alloy without ECA
pressing [10]. Figure 7 shows the appearance of the microstructure at a distance of ~1 mm
from the fracture tip of the specnmen pulled to a strain of 1970% at 473 K using an initial
strain rate of 3.3 X 102 s°!: there is evidence for the growth of grains to ~1.5-2.0 ym and
there is no longer any agglomeratxon.

Th“e elongations to failure observed in these experiments are fairly similar to those reported
earlier in the same eutectoid alloy without ECA pressing and with a grain size of 2.5 um [3,4].
However, it is significant to note that the elongation of 1540% observed at 473 K at the fastest
train rate of ~ 10! s! is higher than the value of ~1100% achieved earlier and suggests a
potential for attaining high elongations at reasonably rapid strain rates. The failure to observe
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Figure 7 - Appearance of grains near the fracture tip of a specimen
pulled to failure at 1970% at 473 K with an initial strain rate of 3.3 X 102 s,

even higher elongations after ECA pressing in these experiments is probably due to the
formation of agglomerates of submicrometer-sized Al-rich and Zn-rich phases rather than the
creation of a true mixture of the two phases. Thus, it appears important to produce a uniform
and random array of Al-rich and Zn-rich grains without significant agglomeration.
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Abstract

It is well established that superplasticity occurs by the process of grain boundary sliding and it
" requires a very small grain size, typically in the range of ~1-10 um. It is anticipated that further
reduction of grain size, especially below 1um, will lead to superplasticity at high strain rates or
~low temperatures, which is clearly beneficial for superplastic forming processes.

‘Several methods are available for reducing the grain size of polycrystalline samples based on
~ subjecting the materials to intense plastic straining. Of these procedures, torsion straining under
= high pressure leads to small disks, with diameter of ~15 mm, which can be easily prepared for
,examination by transmission electron microscopy.

This paper describes the synthesis and characterizations of three different materials (Al-3%Mg,

Y Cu and Ni) prepared in a submicrometer condition using the torsion straining technique.

 Specimens were examined using high-resolution electron microscopy and it is demonstrated that

- the grain boundaries of these materials are in a high-energy and non-equilibrium configuration

- and contain regular and irregular arrangements of facets and steps. This paper describes the

nature of the boundaries in these three materials and the significance of processing at different
fractions of the melting temperatures.
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Introduction

.High-strain-rate superplasticity or low-temperature superplasticity may be achieved by reducing
the grain size to the submicrometer range [1]. However, the grain boundary structure
significantly affects the overall ductility as grain boundary sliding is a dominant process in the
‘superplasticity regime [2]. The cavitation accompanying grain boundary sliding may be
detrimental to the ductility [3]. The control of grain boundary structure as well as the reduction
“of grain size is therefore important in order to attain superplasticity at high strain rates or low
temperatures.

It was shown that metallic materials with submicrometer grains can be produced by imposing
-intense plastic strain under quasi-hydrostatic pressure [4-6]. With this technique, the grain size
‘can be reduced to the submicron level or, occasionally, to the nanometer level. The technique is
now gaining popularity because it is capable of producing a large quantity of the submicrometer-
grained (SMG) materials without introducing any porosity.

‘Microstructural observations using transmission electron microscopy showed that many grain
‘boundaries, after being subjected to intense plastic straining, are curved, wavy or poorly defined
[7,8]. Such observations suggest that the grain boundaries are in a high-energy non-equilibrium
~ configuration. This conclusion has been confirmed by recent studies using high-resolution
electron microscopy (HREM) where atomic structures of the grain boundaries and their vicinities
were examined [9]. In this paper, the results of the HREM observations are reviewed with three
different materials, Al-3%Mg, Cu and Ni. The fabrication of SMG structures usually creates an
array of non-equilibrium grain boundaries which may be partially relaxed into a more
equilibrated structure [10]. Therefore, the present review with three different materials having
- different melting points should be significant in order to deduce the grain boundary structures of
the SMG samples produced by the intense plastic straining technique.

Experimental materials and procedures

- The SMG structure was produced in samples of Al-3%Mg, high purity (99.98%) Cu and high
~ purity (99.99%) Ni using a torsion straining technique. The details of the technique were

" described elsewhere [4,5,9]. The initial grain size of Al-3%Mg was ~500 pm and those of Cu
and Ni were both ~S0 um. Each sample was cut to disks with dimensions of ~15 mm diameter
and ~0.3 mm thickness and subjected to torsion straining up to a strain of ~7. The straining was
~ conducted at room temperature which corresponds to ~0.32 T, for Al-3%Mg, ~0.22 T _ for Cu
and ~0.17 T_ for Ni. The disks after straining were cut and ground to small disks having
~ diameters of 3 mm and thicknesses of ~(0.15 mm. The small disks were then thinned for
transmission electron microscopy using a twin-jet electropolishing technique in solutions of
10%HCIO,, 20%C,H 0, plus 70%C,H;OH for Al-3%Mg, 30%HNO, plus 70%C;H,0, for
Cu and IO%H 804, IO%CH OH plus 80%C H,OH for Ni at a temperature of 278 K The
thinned specimens were exammed using an I-I 81()() electron microscope and a JEM-2000FX
electron microscope, both operating at 200 kV and a JEM-4000EX high-resolution electron
microscope operating at 400 kV. The former microscopes were used for observations of grains
and grain boundary configurations at lower magnification, and the latter microscope was used
for higher magnification and lattice image observations at and near the grain boundaries. Lattice
images were taken at close to the optimum defocus condition, typically at magnifications of

500,000 times. Since the grain sizes were much less than 1 pm, individual grains could not
1,938



! ’thays be tilted during observation. However, a sufficient number of grains oriented close to
- <110> was found for lattice imaging.

Experimental results and discussion

Typical microstructures after torsion straining are shown in Figs. 1, 2 and 3 for Al-3%Mg, Cu
" and Ni, respectively. The selected-area electron diffraction (SAED) patterns are also included,
taken from regions of 1.9 um for Al-3%Mg and of 1.3 um for Cu and Ni. Each SAED pattern
. consists of rings with many diffracted beams and thus demonstrates that there are many grains
‘with multiple orientation within the selected field of view. The average grain sizes measured
from the electron micrographs were ~0.09 um for Al-3%Mg, ~0.17 pm for Cu and ~0.13 um
. for Ni. The image contrast within the grains is not uniform but changes in a complex way. There
are many grain boundaries which are wavy, curved or not well defined. All of these
observations suggest that the grains and grain boundaries after the torsion straining are in a high-
energy and non-equilibrium state.

: Figures 4, S and 6 are higher magnification images of grains in the as-strained structures for Al-
3%Mg, Cu and Ni, respectively. Common features to all three images are that the grain
boundaries are wavy, curved or corrugated along their length and some portions of the
~ boundaries are inclined to the surface normal. Dislocations are also visible within the grains.

A lattice image of the region marked A in Fig.4 of the SMG Al-3%Myg is shown in Fig.7. The
boundary exhibits a periodic, stepwise arrangement of facets parallel to {111} planes and each
 facet consists of about 10 layers of {111} planes. The facet density is estimated to be ~5x108 m-
1, Regular arrangements of facets and steps were also observed on other boundaries in the SMG
Al-3%Mg. Figure 8 shows a lattice image of the boundary region indicated by A in Fig.5 of the
- SMG Cu. The boundary exhibits an irregular nature consisting of facets and steps without any
defined periodicity. There is a region marked B, with a width of ~4 nm, where one dimensional
& {111} lattice fringes from the lower grain are bent at ~9°. The region B appears to be fragmented
from the lower grain. Some lattice fringes terminated at points marked T, suggesting the
presence of dislocations. The region indicated by A in Fig 6 of the SMG Ni is enlarged in Fig. 9
to provide a close examination of the grain boundary structure. The boundary exhibits a zigzag
- . configuration but there is no periodicity in the zigzag nature.

The HREM observations reveal that the grain boundaries in the three different SMG samples are

% . not smooth but they have a zigzag nature, which then demonstrates that they are in high-energy

- and non-equilibrium configuration. Furthermore, the boundaries have high angles of
misorientation and narrow width. In earlier reports, it was shown that the grain boundary
structures of an SMG Al-3%Mg alloy evolved into more stable configuration as a result of
irradiation by high-energy electrons during HREM observations [9,11,12]. It is then concluded
that the non-equilibrium nature of the grain boundaries observed by HREM is representative of
the structures inherent in or very close to the as-strained condition.

The structural features of the grain boundary are essentially similar in all three samples.

However, the steps and facets observed in the boundaries of the SMG Al-3%Mg alloy are more

: ordered and uniformly distributed by comparison with the SMG Cu and Ni. This suggests that

- some relaxation of the grain boundary structure has occurred in the SMG Al-3%Mg during

intense straining. It is reasonable that a partial relaxation of the grain boundary structure may be
1,939



Figure 1 (top) - Low magnification image of Al-37%Myg with SAED pattern inset.
Figure 2 (center) - Low magnification image of Cu with SAED pattern inset.
Figure 3 (bottom) - Low magnification image of Ni with SAED pattern inset.
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'~, introduced in the Al-3%Mg because the room temperature where intense straining has been

performed corresponds to ~0.32 T for Al-3%Mg and this homologous temperature is

. significantly higher than those of ~0.22 T for Cu and ~0.17 T_ for Ni.

Summary and conclusions

* 1, Submicrometer grain (SMG) sizes were introduced into samples of polycrystalline Al-3%Mg,
- Cu and Ni using intense plastic plastic straining in torsion at room temperature.

‘2. High-resolution electron microscopy (HREM) showed that the grain boundaries in all three
. SMG samples exhibit zigzag configurations, indicating that they were in high-energy and non-

. equilibrium state. The boundaries also have high angles of misorientation with a narrow width.

3. Close observations by HREM suggested that a partial relaxation of the grain boundary

structure occurs during straining process in the SMG Al-3%Mg but there is less in the SMG Cu

- and Ni.
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Abstract

.. Equal-channel angular (ECA) pressing was used to produce ultra-fine grain sizes in two
- commercial Al alloys: an Al-Mg-Li-Zr alloy and an Al-Cu-Zr alloy. The results demonstrate
. the potential for using this procedure in order to achieve high strain rate superplasticity (HSR
- SP). In the present experiments, elongations up to and above 1000% were obtained at strain
<o rates 2102 s,
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Introduction

Superplastic materials have the capability of exhibiting very high elongations when pulled in
tension under optimum conditions [1]. In general, there are two important requirements in
order to achieve superplasticity in metals [2]. First, superplasticity occurs through the relative
displacements of adjacent grains and it requires a very small grain size, typically of the order
of ~1 - 10 um. Second, the superplastic process is diffusion-controlled and therefore it is
necessary that the temperature is sufficiently high that deformation occurs within the diffusion
regime. In practice, this means a temperature of at least ~0.5 T,,, where T,, is the absolute
-~ . melting temperature of the material. These two requirements are generally incompatible
_ because of the ease-of grain growth at elevated temperatures. Therefore, metals exhibiting high
- tensile ductility usually either incorporate a fine dispersion of a second phase or they are two- -
' phase eutectic or eutectoid alloys.
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Superplastic forming has become an established production technique for the fabrication of parts-
within the aerospace, transportation and architectural industries under conditions where the
number of parts is limited to <10,000 units [3]. This limitation arises because of the slow
strain rates generally associated with the optimization of the superplastic forming process.
Thus, forming is usually conducted at strain rates of the order of ~ 10 - 102 s! where the
superplastic ductility is maximized but in practice these strain rates require forming times of,
typically, ~20 - 30 minutes. The current technology is therefore not readily amenable for the
mass production of very large numbers of identical components.
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There is experimental evidence suggesting that a decrease in grain size will lead both to an
increase in the maximum elongations to failure and to the occurrence of these higher
elongations at faster testing strain rates: for example, this effect is apparent from tests
conducted on the Zn-22% Al eutectoid alloy with grain sizes of 2.5 and 4.2 um [4]. However,
conventional superplastic metal alloys have grain sizes larger than ~1 pm and it is difficult to
reduce the grain size to the submicrometer level. There is considerable current interest in
fabricating ultrafine-grained materials, with grain sizes in the nanometer range, using an inert
gas condensation technique [5] but this procedure has the disadvantage that there remains some
residual porosity, of the order of ~2%, even when using improved compaction techniques [6].
As a result of these problems the possibility has been suggested of using an intense plastic
straining technique in order to achieve an ultrafine grain size for subsequent superplastic
forming operations [7]. This suggestlon was put forward because of the well-established ability
to produce submicrometer grain sizes using intense plastic straining in procedures such as
torsion straining under pressure [8] and pressing through a special die in the procedure known
as equal-channel angular (ECA) pressing [9,10]. The present investigation was therefore .
initiated to investigate the ECA pressing of Al-based alloys with two specific objectives. First,

to determine the feasibility of introducing an ultrafine grain size into selected alloys and of

retaining these small grain sizes at reasonably high temperatures. Second, to examine the
potential for attaining high strain rate superplasticity (HSR SP) after pressing.

Experimental materials and procedures

The experiments were conducted using two different conventional commercial alloys produced
by casting. First, the Russian alloy 01420 is a light-weight high strength material described
by Fridlyander et al. [11] and having a chemical composition of Al-5.5% Mg-2.2% Li-0.12%
Zr. Second, the British Supral 100 alloy is an Al1-2004 alloy which is very widely used in the
superplastic forming industry [3] and with a chemical composition close to Al-6% Cu-0.4% Zr.
This latter alloy contains a dispersion of coarse CuAl, and fine AL Zr particles which serve to

128



die

test material

Figure 1 - Principle of ECA pressing through a die: P is the imposed load.

‘retain the very small grain size introduced by dynamic recrystallization in the.early stages of
deformation [12].

Samples of both alloys were prepared for ECA pressing in the form of cylinders with diameters
‘of ~20 mm and total lengths of ~70 mm. These samples were subjected to ECA pressing
using a die shown schematically in Fig. 1. The die contained two channels, equal in cross-
section, which intersected at an angle of ¢ and with an angle ¥ defining the outer arc of
.curvature at the point of intersection. In the present experiments, the pressing was performed
in air using a facility with & = 90° and ¥ = 0°. As indicated in Fig. 1, the test material was
.pressed through the die with a plunger operating under a load P. It has been shown that the
‘total strain, &, accumulated on each passage through the die is given by [13]

g = % [2 cot(.;+%')+‘lfcosec(;;l+%)l (1)

‘where N is the number of passes through the die. For a die with & = 90°, eqn. (1) leads to
-a strain which is close to ~ 1 on each passage through the die regardless of the value of ¥, and
in the present investigation consecutive pressings of the same sample were performed in order
to achieve high total strains. Model experiments have confirmed the validity of eqn. (1) except
when there are friction effects at the channel walls [14].

'Following ECA pressing, tensile specimens having gauge lengths of 4 mm were machined from
- the pressed samples and tested in air using a machine operating at a constant rate of cross-head
. displacement. Testing temperatures were maintained constant to within £2°C. Transmission
‘electron microscopy was conducted on some samples and selected area electron diffraction
'(SAED) patterns were taken from areas having diameters of 13 um.
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Experimental results

Al-Mp-Li-Zr alloy (0142

- Initial experiments were conducted in which the sample was subjected to ECA pressing for a
" total of 4 passes at a temperature of 673 K: further details concerning the microstructural
characteristics of this material after ECA pressing are given elsewhere [15]. Figure 2 shows
(a) an example of the microstructure in the pressed condition together with (b) two SAED
patterns taken from the regions A and B. It is apparent from Fig. 2(a) that the grain size is
very small and measurements gave an average grain size of ~ 1.2 um. The SAED patterns in
Fig. 2(b) demonstrate that the boundaries have high angles of misorientation. Nevertheless,
more extensive inspections showed that there were also areas where there were arrays of low .
angle sub-boundaries, with the sub-grains occupying an estimated total volume fraction of ~ 30
... -40% [15]. Testing showed that this material was fairly ductile with elongations to failure up
! to >500% [16]. Furthermore, the grain size of this alloy is reasonably stable up to high,
temperatures of ~700 K, as shown in Fig. 3 where the average grain size was measured in
samples annealed for 1 hour at different selected temperatures. Figure 3 also includes data
- reported earlier for ultra-fine grained Al-3% Mg solid solution alloys prepared by torsion
*+ - straining [17] or ECA pressing [18] where the grain size increases rapidly at temperatures
=+ above ~550 K. The stability of the grains in the Al-Mg-Li-Zr alloy is due to the presence of
: B'-AlyZr precipitates which are stable at these high temperatures [15].

: In an attempt to improve on the superplastic properties after ECA pressing, samples were
- pressed through 8 passes at 673 K and 4 passes at 473 K, giving a total strain of ~12.
- Inspection showed that the grain size of this material was again close to ~ 1.2 um and all of
 the boundaries were now in a high angle configuration. Tensile testing revealed high
" superplastic ductilities in this material: Fig. 4 shows an example of the variation of true stress
~ with strain for tests conducted at a temperature of 623 K and Fig. 5 compares the tensile
. elongations at 623 K with those obtained on the unpressed alloy at a similar testing temperature
- of 603 K. Thus, a reduction in the grain size from an initial value of ~400 to ~ 1.2 um has
 avery significant effect on the overall ductility, leading to elongations of close to 400% even
"' at a testing strain rate as hlgh as 1 s''. Figure 6 shows the appearance of the two specimens
“tested at 102 and 10" §°'; it should be noted that the test at 102 5! was discontinued without
failure at a total elongatlon of 1180%. It is apparent from the appearance of the tested
specimens in Fig. 6 that, as in true superplasticity at lower strain rates, these samples gradually
-pull out without the development of necking within the gauge length. Thus, this is a clear
example of the achievement of HSR SP after ECA pressing.

Al-Cu-Zr alloy (Supral 1

'The Supral alloy was also subjected to 8 passes at 673 K and 4 additional passes at 473 K,
giving a total strain of ~12. After ECA pressing, the measured grain size was ~0.5 um. An '’
example of the true stress-strain curves is shown in Fig. 7 for two tests conducted at 573 K and
a single test at 623 K. It is apparent that these specimens also exhibit very high tensile
“ductility, with elongations up to a maximum of 970% at 573 K when testmg with a strain rate
of 1 X 102 s’!. The appearance of these three specimens after testing is shown in Fig. 8.
These results are significant because they demonstrate not only the potential for HSR SP but
also that very high ductilities may be achieved at relatively low testing temperatures. For
example, a detailed investigation of the Supral 100 alloy revealed elongations of up to > 1000%
but these occurred at the much higher testing temperatures of ~700 - 750 K and at the low
strain rates of ~ 10 to 102 5! [19]. .
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Figure 2 - (a) Microstructure after ECA pressing
and (b) SAED patterns from regions A and B.
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Figure 3 - Variation of grain size with annealing temperature, including data
for Al-3% Mg after torsion straining [17] and ECA pressing [18].

131



¥ I T l T l L] I ) I L)

Al-5.5%Mg-2.2%L.i-0.12%Zr -
d=12um )
T=623K _._e—l((s;.‘zl ]

—— -1 _ . .
10 Figure 4 - True stress versus strain for

— ] tensile tests conducted at 623 K.

0 200 400 600 800 1000 1200
€ (%)

mﬁmﬂm

Al-5.5%Mg-2.2%Li-0.12%Zr |
T (K)d (um)
- O  Unpressed 603 400

r ® ECApressed 623 1.2

Figure 5 - Elongation versus strain rate
for ECA pressed and unpressed samples.

O——o—— T
104 10% 102 10! 10° 10!

£

oa
= @ m»~--—-—--—~ﬂ om exm

Figure 6 - Samples of the Al-Mg-Li-Zr alloy after tensile testing:
the upper specimen is untested.
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Figure 7 - True stress versus strain for

—®— 573 10 tensile tests on the Al-Cu-Zr alloy.

—— 623 10

Figure 8 - Samples of the Al-Cu-Zr alloy after tensile testing:
the upper specimen is untested.

Conclusions

. Equal-channel angular (ECA) pressing is an effective tool for producing an ultra-fine grain size
¢+ in metals. These small grain sizes may be retained to high temperatures when precipitates are
). available to retard grain growth. The results from this investigation demonstrate that high
strain rate superplasticity (HSR SP) may be achieved in two commercial cast aluminum alloys
(the 01420 alloy and Supral 100). Very high elongations to failure were recorded at strain
ratesup to 1 s,
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Abstract

. Samples of high purity aluminum were deformed to different levels of strain using the

rocedure of equal-channel angular (ECA) pressing in which an intense plastic strain is
troduced by pressing a sample through a special die. The results demonstrate the potential
or using the ECA pressing technique to reduce the grain size from ~ 1 mm initially to a final

equiaxed array of grains having a size close to ~1 um.
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‘Equal-channel angular (ECA) pressing is a processing procedure developed several years ago ™
by Segal and co-workers [1]. The principle of this procedure is based on the observation that
‘metal working by simple shear provides close to an ideal method for structure and texture
formation [2]. An important advantage of the process is that the intense plastic straining
introduced using ECA pressing is capable of producing an ultra-fine grain size at the
submicrometer or even nanometer level [3-5].

'Although there have been several reports to date of the properties developed in materials after
ECA pressing, there are relatively few reports dealing with the microstructural development
‘during the pressing process [6-8]. Therefore, this report describes some of the results obtained
‘in a detailed investigation designed to examine the nature of the formation and development of
arrays of ultra-fine grains during the ECA pressing of samples of high purity aluminum.

E i ri T T

"\ The experiments were conducted using aluminum of 99.99% purity. The material was received
in the form of an ingot which was subjected to cold rolling and subsequent annealing for 1 hour
at 773 K. Metallographic inspection revealed a large initial grain size of ~1.0 mm.

The ECA pressing was performed using a die of the type described earlier [9]. Briefly, two
blocks of tool steel were bolted together such that an internal channel, of square cross-section,
was continuous through the block and formed an L-shape configuration subtending an angle of
90° between the two channels. There was also an angle of 20° defining the outer arc of
curvature at the point where the two channels intersected. A relationship was derived earlier
[10] giving the magnitude of the strain introduced into a sample when it is pressed through the
die: the validity of this relationship has been confirmed in a series of model experiments using
plasticine layers contained within a plexiglass pressing facility [11]. In the present
investigation, a single pressing through the die gave a strain of the order of ~1.

The ECA pressing was conducted using Al samples having dimensions of 10 X 10 mm? and
lengths of the order of ~75 mm. Specimens were polished on the longitudinal faces prior to
i . pressing at room temperature using an MoS, lubricant and specimens were pressed up to
several times through the die to give a high cumulative strain. In practice, it is possible to
define three distinct processing routes, as illustrated in Fig. 1: route A refers to the situation
‘where the repetitive pressings are conducted without any rotation of ‘the sample, route B
denotes pressings where there is a rotation of the sample by 90° in the same direction between
- each separate pressing and route C denotes repetitive pressings with a rotation between
‘i pressings of 180°. Samples were pressed using routes A, B or C for up to 4 passes through
- the die.

After pressing to a selected total strain, samples were thinned for inspection by transmission
electron microscopy (TEM). Observations were made by TEM using samples oriented in three
mutually perpendicular planes as defined in Fig. 2, where x, y and z are the planes
perpendicular to the longitudinal axis of the sample, parallel to the side face at the point of exit
from the die or parallel to the top face at the point of exit, respectively. The procedure for
preparation of the TEM samples was described earlier [8]. Representative microstructures were
recorded by TEM and selected area electron diffraction (SAED) patterns were taken from
regions having diameters of 12.3 um. Subgrain and grain sizes were measured directly from
the TEM photomicrographs using the standard linear intercept method.
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Figure 1 - Processing routes A, B and C in ECA pressing.
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Figure 2 - Definitions of planes x, y and z.
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Figure 3 - Microstructure and SAED patterns after a single passage through the die.
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igure 3 shows the microstructures in the x, y and z planes after a single pressing, together
with the corresponding SAED patterns for each plane. Inspection shows that a single passage
through the die, giving a total strain of ~1, leads to the formation of bands of subgrains

here, based on the SAED patterns, the boundaries have low angles of misorientation. These
ubgrain bands lie essentially at 45° to the top and bottom edges of the y plane and therefore
e bands are oriented in the direction of shearing as the sample proceeds through the die.
hese bands are also parallel to the top and bottom edges of the x plane and perpendicular to
e pressing direction in the z plane. The marker for 2 um serves to illustrate the very small
ubgrain size which is achieved on a single passage through the die. Thus, one pass and a
train of ~1 gives an array of subgrains having an average size of <1 um. Detailed
microstructural measurements are given elsewhere [8] for routes A and C up to 10 pressings.

-Figures 4 - 6 illustrate the effect of 4 pressings through the die to a total strain of ~4 for
samples processed using routes A, B and C, respectively. A comparison of these three sets of
_photomicrographs shows that microstructural evolution is most rapid when using route B
‘whereby the sample is rotated in the same direction by 90° between each separate pressing.
In Fig. 5, illustrating route B, the subgrain bands are no longer visible after 4 pressings and
“instead there are arrays of grains in the x, y and z planes which appear to be reasonably
‘equiaxed. The SAED patterns for each plane in Fig. 5 show diffracted beams scattered around
-rings, thereby demonstrating that the boundaries are now in high angle misorientations. By
‘contrast, there is very clear evidence for the continued presence of subgrain bands after 4
ressings when using route A, as illustrated in Fig. 4, and some subgrain bands are also visible
.when using route C, as illustrated in Fig. 6.
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- Figure 5 - Microstructure and SAED patterns after 4 pressings through the die using route B.
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Figure 6 - Microstructure and SAED patterns after 4 pressings through the die using route C.

It is apparent from these observations that ECA pressing of high purity aluminum leads rapidly
to the formation of arrays of subgrain bands within each grain and these subgrain boundaries
evolve with further pressings into high angle grain boundaries. Measurements were taken of
- the subgrain sizes and grain sizes after 1, 2, 3 and 4 pressings and the results are shown in Fig.
-7 for ECA pressing conducted using (a) route A, (b) route B and (c) route C, respectively.
- Separate points are shown in Fig. 7 for the x, y and z planes, and the open, half-closed and
~ closed symbols are used to differentiate between microstructures consisting only of subgrains,
of a mixture of subgrains and grains and of fully developed grains separated by high angle
grain boundaries, respectively: where the subgrains were elongated, as in the early stages of
ECA pressing, the sizes reported in Fig. 7 are the average lengths of the short axis, equivalent
to the widths of the subgrain bands visible in Fig. 4.

Inspection of Fig. 7 confirms that an array of grains with high angle boundaries is achieved
most rapidly when using processing route B and least rapidly with route A. With route B,
there is an evolution after 4 pressings to a reasonably equiaxed structure with a grain size of
~ 1.3 um in each plane of sectioning. Therefore, the grain size has been reduced from ~ 1.0
mm to ~ 1.3 um in only 4 pressings through the die but with a rotation of 90° between each
pressing. The results suggest that an evolution to a similar final grain size will occur also
. when using routes A and C but more pressings are then required to attain an array of high
#- angle grain boundaries. These results are therefore consistent with those described earlier when
using routes A and C [8]. Close inspection of Fig. 7 suggests also a difference between the
three different planes of observation. In general, the smallest subgrains tend to be observed
in the y plane where the subgrain bands are most clearly delineated, and these subgrains remain
. essentially unchanged in size at ~0.6 pm when using routes A and C but they increase in size

‘with route B to the final equiaxed grain size of ~1.3 um.
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Figure 7 - Grain size measurements for routes A, B and C.

The results obtained in this investigation after small strains have similarities with earlier reports
of microstructural evolution in pure Al after cold rolling, where it has been shown that
reductions of ~15% - 30% lead to the formation of bands of elongated subgrains with sizes
of, typically, ~1 - 2 um [12-14]. However, a more detailed analysis of ECA pressing is
required, including inspection by optical microscopy, in order to develop a complete
understanding of the nature of grain refinement in the ECA pressing procedure.

- Conclusions

Samples of high purity aluminum were subjected to equal-channel angular (ECA) pressing up
to total strains of ~ 4 and using three different processing procedures: route A without rotation
of the sample between consecutive pressings and routes B and C with rotations of 90° and 180°
between each pressing. Microstructural observations show that subgrain bands are formed after
a single pressing through the die, and these bands evolve after 4 pressings into an array of
equiaxed grains with an average size of ~1.3 um when using processing route B.
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Introduction

High ductilities have been observed in some coarse-grained materials [1] but by far the most
common phenomenon for very high ductilities is superplasticity. Among the most stringent
requirement for superplasticity is the necessity to have a very small grain size [2]. In industry, this
translates into additional preparation steps and additional cost and it has given rise to an extensive
search for ways to reduce the grain size of a material. Several powder metallugy techniques have
emerged but their optimization is a long task and the shortcomings of residual porosity, very small
- sample size and the introduction of oxide particles remain [3]. Other techniques are based on the
" mechanical alloying method but again the shortcomings are numerous [4]. Thus, the most
promising path may be the introduction of severe plastic deformation inside the material [5]. The
2 . strain introduced often gives rise to the appearance of small subgrains or grains. The two leading
# - techniques for introducing a high strain are torsion straining (TS) and equal-channel angular
. (ECA) pressing [6]. TS uses a combination of compression and rotation whereas ECA pressing
introduces strain through simple shear by forcing the material through an angled die [7]. In this
study, several Al alloys were processed following different procedures in order to observe the
. effect of the various ECA parameters. The first goal was the production of a fine grained
¥ structure and the second goal was the introduction of superplastic behavior.

Experimental materials and procedures

Experiments were conducted using two different Al-based alloys: an Al-5%Zn solid solution alloy
and a commercial Russian aluminum alloy known as Al-1420 and containing 5.5%Mg, 2.2%Li
and 0.12%Zr [8]. All ECA pressing was performed using dies in which the two channels
intersected at an angle of 90°. In this condition, each pass introduced a strain of ~ 1 inside the
deformed piece [9] and therefore the total strain is equal to the number of passes.

The various ECA pressing procedures used for the Al-5%Zn are summarized in Table 1. The
number of passes through the die was varied from 4 to 8 and the specimen was rotated by 90° in
the same direction between each pass in a procedure designated route B. The material was
prepared for observation by transmission electron microscopy (TEM) by polishing to 300 pum
thickness, trimming to 3 mm diameter, polishing to 150 pm, and electropolishing at -15 °C in a
mixture of 20% nitric acid and 80% methyl alcohol. All TEM specimens were prepared from

. within the grip sections. The observations were performed using a Hitachi H8100 operating at
200 kV.

The various ECA pressing procedures used for the Al-5.5%Mg-2.2%Li-0.12%Zr alloy are
summarized in Table II. For this material, the number of passes through the die and the pressing
temperature were varied and there was no rotation of the piece between passes in the procedure
designated route A. The initial grain size of this material was ~ 400 pum. The material was
prepared for TEM observations following the same technique as for the Al-5%Zn alloy with an
electrolyte of 10% perchloric acid, 20% glycerin and 70% ethyl alcohol at ~ 5 °C. Rectangular
tensile specimens with a gauge length of 4 mm, a gauge section of 2 x 3 mm?, and a total length
of 24 mm were machined from the pressed samples and tested in an Instron machine operating at
a constant cross-head displacement. The testing temperatures were from 298 to 673 K controlled

to within + 2 K and the testing strain rates were from 10 to 1 5.
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Table I: The three procedures used for Al-5%Zn

Procedure | Route | Processing procedure (strain and temperature)
4====.F===n.

Al B 4 @298 K
A2 B 6 @298 K
A3 B 8 @298 K

Table II: The three procedures used for the Al-1420 alloy

Procedure | Route | Processin ocedure (strain and temperature
B1 A 4@673K
B2 A 8@673K+4@473K
B3 A 8 @573K

Results and discussion

- Al-5%Zn

'~ The evolution of the microstructure with the number of passes (i.e. with the amount of strain

introduced) is apparent from the photomicrographs in Fig. 1 after 4, 6 and 8 passes through the
die. The photomicrographs are very similar in these three cases, with the grain size decreasing

- slightly from Fig. 1(a) to (c). However, important differences can be observed in the selected area
~ electron diffraction (SAED) patterns. In fig. 1(a), the SAED pattern consists of a slightly

elongated net pattern, showing the importance of subgrains. Misorientation angles lower than 10°
dominate the structure. In Fig. 1(b), a mixture of grains and subgrains is observed. The pattern is

" not close to a net pattern but it is also not random. In Fig. 1(c), the structure consists of large
- angle grain boundaries as is evident from the random pattern.

This result gives an interesting insight into the mechanism leading to grain refinement via ECA
pressing of Al alloys, and it is in agreement with the conclusions of Ferrasse et al. [10]. It appears
that subgrains form first, followed by evolution into large-angled grain boundaries. It is likely that
this sequence of events can be generalized to all cell-forming materials [11,12]. Therefore, ECA

. pressing represents a serious candidate procedure for the processing of all cell-forming alloys and

for the introduction of small grains separated by large angle boundaries.

* On the other hand, if the processed alloy contains appropriate particulates to hinder grain growth

at high temperature it will be expected to exhibit a superplastic behavior [13]. No attempt has
been made in this investigation to examine the precise structure of the grain boundaries in the Al-
5%Zn alloy after ECA pressing. This is important to determine if they have a non-equilibrium
character of the type described by Nazarov et al. [14].
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Figure 1: TEM photomicrographs and SAED patterns for Al-5%Zn after (a) 4, (b) 6
and (c) 8 passes, respectively
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:-and a mixture of grains and subgrains [16]. Figure 2 shows the material processed via procedure
32 which has a similar grain size but all areas consisted of large-angled grain boundaries. This is
n agreement with the preceding result on Al-5%Zn. It should be noted that the numerous white

Figure 3: Al-1420 processed via procedure B2, aftér testing at 623 K
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Figure 4: Al-1420 processed via procedure B2, after testing at 673 K

The mechanical tests performed on-the Al-1420 alloy are summarized in Table III where they are
compared to the results for the initial unpressed material. It can be seen that the ductility of the
material processed via procedure Bl is already greatly enhanced, and the elongation before
fracture of 550% at 603 K demonstrates the possibility of limited superplasticity.

* The properties of the material processed via procedure B2 show excellent elongations, reaching
“more than 1180% at 623K with a strain rate of 102 s, The values at the strain rates of 10" and 1
s demonstrate that this material can deform in the range of high strain rate superplasticity (HSR
“ 8P) [17]. These strain rates are more than two orders of magnitude higher than the conventional
superplastic forming strain rates. It is of interest to note that, due to the low testing temperatures,
the presence of a liquid phase is impossible in this material, therefore constituing evidence for the
- occurrence of HSR SP without an interboundary or triple junction liquid phase. Previous results
~ on metal matrix composites and mechanically alloyed alloys showed that the presence of a thin
“liquid layer at triple junctions may enhance the superplastic characteristics through the
phenomenon of stress relief inside the liquid [18, 19]. The present result is more likely. to be
. evidence of normal superplasticity which takes place at a high strain rate. This is in agreement
. with the expected shift in optimum strain rate for superplasticity with decreasing grain size [20].
“ Tests at higher temperatures led to a decrease in superplastic behavior, in agreement with the
- advent of grain growth observed in the TEM analysis. This suggests a possible shortcoming of
this result because higher temperatures are necessary in order to reduce the yield stresses. Table
III shows that the yield stresses may be too high to use the material in conventional superplastic
forming presses, where stresses lower than 10 MPa are preferable.

- The preliminary results on the material processed via procedure B3 show that the superplastic
state is also achieved after introducing a strain of 8. This is of interest for further development of
- the ECA procedure. It is a reasonable result since the TEM analysis of the material processed via
route B1 (4 passes) already contained 60 to 70 % of regions with large angle boundaries. More
ests need to be performed on this material to verify the evolution of the percentage high angle
boundaries with strain. : ~ :
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Table III: Mechanical results on Al-1420

ECA preparation | T (K)| strain rate (s™") | EF (%) | YS (MPa)

initial material | 603 3.3x10* 210 21
3.3x107 180 62
3.3x10° 140 95
procedure B1 | 603 3.3x10* 416 9

3.3x10° 550 39
3.3x10° | 341 75
procedure B2 | 573 1x10* 1041 | 19

1x10°! 383 43
1 197 113
o 623 1x102 . [>1180] 5
. 1x10” 807 20
1 339 61
B 673 1x10° 209 ()
- 1 109 77
b procedure B3 | 623 1x10* 1160 10
; ~ Conclusions

1. Aninvestigation of equal-channel angular (ECA) pressing of Al-5%Zn gives insight into
the mechanism responsible for grain refinement through the introduction of strain in the
material: the formation of subgrains followed by the evolution of low angle sub-
boundaries into large angle grain boundaries.

2. An investigation of Al-5.5%Mg-2.2%Li-0.12%Zr shows that the ECA pressing
technique emerges as a viable method to produce superplastic Al alloys.

: 3. The introduction of a true strain of 8 in the Al-1420 alloy appears to be sufficient to

'q . produce a structure consisting entirely of high angle boundaries.

K 4.  Superplastic behavior was achieved at a high strain rate, more than one order of
magnitude higher than the usual strain rates for commercial Al alloys.

5. Superplasticity was achieved at a temperature of ~ 0.7 Ty, where Ty is the absolute
melting temperature, therefore incipient melting cannot occur at triple junctions or grain
boundaries. This is evidence for normal superplasticity occurring at a high strain rate.
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Using Intense Plastic Straining
for High-Strain-Rate Superplasticity

Terence G. Langdon, Minoru Furukawa, Zenji Horita, and Minoru Nemoto

INTRODUCTION

Superplasticity refers to the ability of a material to pull out uniformly to a very high
elongation when tested in tension.! This process is important because it provides the
potential for the fabrication of complex shapes from sheet metals using superplastic
forming (SPF).? However, an important limiting characteristic of SPF is that the
optimum superplastic conditions, and therefore the maximum ductilities, are gener-
ally attained at relatively low strain rates,® typically of the order of ~10°-10-?s"%, so that
the forming times are consequently very long. These long production times, which
may extend up to ~30 minutes, severely restrict the utilization of SPF to the fabrication
of high-value components associated with limited applications in industries such as
aerospace and construction,

Detailed experiments by Nieh et al.* conducted just over a decade ago, demon-
strated the potential for achieving high-strain-rate superplasticity (HSR SP) in at least
some metallic systems. Specifically, their experiments revealed that a maximum
elongation of up to ~300 percent may be achieved at the very high strain rate of 3.3 x
10-' s using a metal-matrix composite consisting of an Al-2124 matrix alloy with a
reinforcement of SiC whiskers. Furthermore, it was shown also that the elongations to
failure decreased by only a minor extent at even faster strain rates.

These early results generated much interest and led to the initiation of numerous
investigations that were designed primarily to quantify the properties and character-

istics associated with the HSR SP process. Much of this work was summarized ina

recent review,® and HSR SP has now become established as an important and
reproducible feature of a number of metal-matrix composites, mechanically alloyed
materials, and alloys produced using powder-metallurgy techniques Very recently,
the Japanese Standards Association produced a standard, which was designated JIS
H7007, formally defining HSR SP as the occurrence of high superplastic-like elonga-
tions at strain rates at or above 10-2 s,

The introduction of HSR SP provides the potential for increasing the utility of the
SPF procedure by substantially increasing the rates associated with the forming
process. It is instructive, therefore, to examine the possible methods that may be
employed in order to increase the strain rates associated with optimum superplastic
flow. Early laboratory experiments showed that a reduction in specimen grain size in

. conventional superplastic alloys may lead both to an increase in the optimum elonga-

tions to failure and a displacement of these higher elongations to faster strain rates.”
Results of this type led to the suggestion that HSR SP may be achieved in conventional
alloys through a significant reduction in the grain size® For example, superplastic
metals generally have grain sizes of ~2-5 pm so that it appears advisable to reduce
these sizes to within the submicrometer level. o

There is considerable interest in developing methods for the processing of materials
with ultrafine grain sizes; methods under current investigation include inert gas
condensation,® high-energy ball milling,!"*? and sliding wear. However, these
various procedures are not yet capable of producing large fully dense bulk materials,
and, therefore, they appear inappropriate for the development of metals for subse-
quent use in SPF. Because of these limitations, attention has been directed instead
toward the possibility of refining the microstructure in bulk samples using intense
plastic straining techniques. .

Two major methods are available for refining the microstructure using intense
plastic straining: torsion straining under high pressure'>'# and equal-channel angular
(ECA) pressing.'$4715-2 Of these two procedures, ECA pressing is especially attractive
because it has the ability to provide large bulk samples in a fully dense condition.

The preceding article by Mabuchi and Higashi® on page 34 of this issue gives a
broad overview of the general characteristics of HSR SP; this article summarizes the
recent developments associated with attaining HSR SP using intense plasticstraining.
Specifically, experiments are described thatled to a refinement of the microstructures
of an Al-Mg solid-solution alloy and a commercial Al-Mg-Li-Zr alloy, ECA pressing
is capable of producing an ultrafine grain size in these materials, but in practice grain
stability at elevated temperatures is an important additional requirement in order to
achieve HSR SP in these materials. R

. ¥

1998 June ¢ JOM

Ultrafine grain sizes may be introduced
into bulk samples by using the intense plas-
tic straining technique equal-channel angu-
lar pressing. This article describes the prin-
ciples of equal-channel angular pressing and
demonstrates the application of this proce-
dure to attain ultrafine grain sizes in an Al-
3Mg solid-solution alloy and a commercial
cast Al-Mg-Li-Zr alloy. Provided there is
stability of these ultrafine grains at elevated
temperatures, as in the Al-Mg-Li-Zr alloy,
equal-channel angular pressing may be used
as a processing tool to achieve high-strain-
rate superplasticity in materials that are not
potentially superplastic. These results have
important implications for reducing the long
production times that are associated with the
Jabrication of complex parts using super-
plastic forming.

/

Figure 1. A schematic of ECA pressing.
41



plunger

" Flgure 2. A section through the ECA pressing
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Table . Rotations Associated with ECA Pressing through Routes

Number of Pressings
Route Two Three Four Five Six Seven Eight
A 0° 0° 0° 0° 0° 0° 0°
B, -90°CCW  90°CW  S0°CCW 90°CW  90°CCW  90°CCW 90° CCW

Be 90°CCW 90°CCW 90°CCW 90°CCW  90° CCW 90° CCW 90° CCW
C 180° 180° 180° 180° 180° 180° 180°

CW—clockwise; CCW—counterclockwise.

ECA PRESSING

Intense plastic straining is introduced into a sample by pressing it through a die
withinachannel, whichisbent ata selected angle in order toimpose the requisitestrain
by shear. Figure 1 is a schematic of the principle of ECA pressing. A test sample is
machined to fit within the die and is pressed through the die using a plunger. Since the
two sections of the channel within the die are equal in cross section, it follows that,
neglecting any end effects, the pressed sample has the same dimensions as the original
sample. Thus, repetitive pressings may be easily undertaken in order to achieve a very
high total strain.

Two angles may be used to specify the strain imposed on each passage through the
die. These angles, illustrated in Figure 2, represent the angle of intersection of the two
channels, ¢, and the angle subtended by the outer arc of curvature at the point of
intersection of the two channels, . The strain imposed on asingle passage through the
dieis determined exclusively by the valuesof ¢ and y, and in practiceithas been shown
that the total strain, &,, accrued from N passages through the die is given by the

relationship® ‘
ey = %[2‘30((.‘_22 + -\-;‘-) +W¥ cosec(% + -\5-)]

Model experiments have confirmed the validity of this relationship with the exception
only of the sample edges where the strain may be affected by frictional effects,?
The implications of this relationship can be illustrated by plotting the strain accrued
on a single passage through the die, £, against the intersection angle, ¢, for a range of
values of Y from 0° to 90° (Figure 3). The value of \ has a relatively minor influence on
the total strain. In practice, a strain of ~1 is achieved on a single pass when ¢ =90°, so
thata total of ten passes will givea strain close to ~10. Ithas been shown experimentally
that an ultrafine grain size is attained most readily when the strain imposed is very
intense;* therefore, the present experiments were conducted using dies having ¢ =90°.
When repetitive pressings are made on the same sample, different processing routes
may be followed for the second and subsequent pressings. Three separate possibilities
are illustrated schematically in Figure 4.
In route A, the sample is pressed each
Route A "no rotation; in
\

time with no rotation; in route B the
sample is rotated by 90° between each
pressing, and in route C the sample is
rotated by 180° between each pressing.
In practice, route B may be further dif-
ferentiated. into route B,, where the
sample is rotated alternately by 90° in
forward and backward directions be-
tweeneach pressing,and route B, where
the sample is rotated by 90° in the same
direction between each pressing. These
designations are given because of the
similarities in the shearing patterns be-
tweenroutes A and B, and routes C and
B, respectively. The principles of these
four routes areillustrated in Table I fora
total of eight pressings. Experiments
have shown that an ultrafine grain size
with high-angle boundaries is achieved
most rapidly when using route B..2¥
Theexperimentsreported here werecon-
ducted using route A with no rotation
between consecutive pressings.

EXPERIMENTAL RESULTS

The ability to substantially refine the
microstructure by intense plastic strain-
ing may be illustrated by the photomi-

Flgure 4. Three processing routes for ECA
pressing.
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graph in Figure 5 for a specimen of the Al-3Mg alloy following ECA pressing to a
ain of ~4; the selected-area electron diffraction (SAED) pattern was obtained from
region having a diameter of 1.9 um. Following ECA pressing, the microstructure was
essentially homogeneous, and it is apparent from the SAED pattern that the grain
oundaries have high angles of misorientation. Measurements showed that the mean
near intercept grain size in this condition was ~0.23 m, thereby demonstrating a
ery substantial reduction from the initial grain size of ~500 pm., Careful inspection of
ie microstructure in this condition showed that, as observed also in Al-Mg alloys!®
id in copper and nickel samples® after intense straining in torsion, the grain
youndaries were generally poorly delineated and are characteristic of a high-energy
n-equilibrium configuration.¥
ieeffect of staticannealing of the as-pressed Al-3Mg alloy at selected temperatures
one hour is illustrated in Figure 6 for annealing temperatures of 443 K, 503 K,
K, and 563 K, respectively, The average grain size increases with increasing
perature; at intermediate temperatures (e.g., 533 K), there is a duplex structure
isting of areas of recrystallized and unrecrystallized grains. In addition, it is
parent that the grain boundary structures also evolve into more equilibrated
gurations with increasing temperature. This recrystallization has been desig-

@é:mal activation and of the initial non-equilibrium nature of the microstructure
llowing the ECA pressing. - .
Substantial grain growth is evidentin Figure 6 at the highest annealing temperature.
iis:growth may be illustrated directly by plotting the equilibrium grain size after
aticannealing asa function of theannealing temperature, as given by the solid points
{Figure 7; the open points are for the Al-Mg-Li-Zr alloy that is discussed later. It is
parent that the ultrafine grain size intrcduced into the Al-3Mg alloy is not stable at
ated temperatures, and in practice there is rapid grain growth at temperatures
ve ~500 K. Since superplasticity is a diffusion-controlled process® requiring a
nperature of the order of ~0.5 T or higher, where T_ is the absolute melting
femperature, these results show that the Al-3Mg alloy is not a suitable candidate
erial for the development of HSR SP :
“high temperatures,
The commercial Al-Mg-Li-Zr alloy
as subjected to two different ECA pro-
ssing conditions. Figures 8 and 9show
pical microstructuresin theas-pressed
aterial and the associated SAED pat-
itetns after pressing through routes one
and two, respectively.
Careful inspection of a large area of
'the sample processed via route one re-
Vealed a heterogeneous microstructure
nsisting of areas of ultrafine grains
ith grain boundaries having high
igles of misorientation (Figure 8) and
reas of subgrains where theboundaries
ere in low angles of misorientation.
easurements showed that the volume
daction of material having high-angle
pundaries in this as-pressed condition
as of the order of ~60-70 percent, and
eremaining volume of ~30-40 percent
ntained subgrains with low-angle
oundaries. The average grain size and
subgrain size were essentially identical
~1.2um. This equilibriumsizeishigher
an in the Al-3Mg alloy, but it again
‘demonstrates substantial grain refine-
ment through ECA pressing from the
‘Initial grain size of ~400 pum.
‘Although these observations confirm
e occurrence of grain refinement, the
ominant deformation processin super-
‘plasticity is nevertheless grain bound-
ry sliding.**¥' Thisnecessitates the pres-
ce of an array of high-angle grain
undaries that can slide easily. For ex-
ample, it is well established that tensile
ductility is substantially inhibited in
terials having large numbers of ¢ Tum
undaries with low angles of mis-
jorientation.® Since it has been estab-
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dted continuous static recrystallization® and is a consequence both of the advent of -

0.3 um

Figure 8. The microstructure of the Al-3Mp
alloy after ECA pressing and tha SAED pat-
tern (inset).

d Sum
Figure 6. Microstructures In the Al-8Mg alloy after annealing for one hour at (a) 443 K, (b) 503 K,
(c) 633 K, and (d) 563 K.
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. (@) The microstructure of the Al-Mg-
Zr alloy after ECA pressing through route
o:and (b) the SAED pattern.

2pum

29, () The microstructure of the Al-Mg-
oy after ECA pressing thfough route
énd (b) the SAED pattern,

Intenso plastic stralning procedures have been used
with a number of ditferent materials but, for simpticity,

ducted on an Al-Mg soild-solutlon alloy and a commer-
clalAMg-Li-Zralloy. Asnotedby Mabuchiand Higashi®
most reports of HSR SP to date have concentrated on
aluminum-based materials.

An Al-3Mg sofid-solutien alloy was obtained In ahot-
rolled condition with a grain slze of ~500 pm. it was
‘sublected to ECA pressinginairatrocmtemperature for
atotalof four passes through thedis to give a total strain
of ~4. Mgra datalled information conceming thematerial
and tha exparimental observations are given else-
where.®-2 .

Acommercial castfightwelght Al-5,.5Mg-2,2L1-0.12Zr
alloy, with the Russian designation of 01420,8 was
obtained in a hot-rolled condition with a grain size of
~400 um and was subjected to ECA pressing In alr
undertwodifierentcendtiions defined asroutesoneand
two, raspectively. Route one denotes a total of four
passes at a temperatura of 673 K o give a strain of ~4;
route two denates a total of elght passes at 673 K and
an additional four passes at 473 K to give a total strain
of ~12, whera tha lower temperature of 473 K was

this article deals exclusively with expsriments con-

EXPERIMENTAL METHODS

employed for the final pressings in an attempt to mini-
mize grain growth. For each processing route, the
samples were cooled [n alr batween consacutive
pressings. Further detalls regarding this materlal and
the experimental resulls are also provided else-
where 32435

Static annealing experiments wera conducted on
both materials after ECA pressing by cutting small
samples and annealing for one hour over a selected
range of tsmperatures up lo ~800 K, with the tsmpera-
ture hield constant during anneafing to within 1 K,
Selected samples ware examined after pressing by
transmissionelectronmicroscopy using the preparation
precedure describsd sarlier.® To chack an the ductility
introduced by the ECA prassing, tensile specimens
were prepared with gauge lengths cut paralle! to the
longitudinal axes after pressing. These samples were
pulled ineir at selected elevated temperatures using an
Instron testing machine operating at a constant rate of
cross-head displacement with the {femperatures con-
trolled to within +:2 K during eachtest, Inaddition, some
samples of the Al-Mg-LI-Zr alloy were also tested in
tension in the as-received condition withgut any subse-
quent ECA pressing.

lished also in ECA pressing that the boundaries developed in the ultrafine grain
structure evolve with increasing strain,®? it is reasonable to anticipate that the
microstructure may be less heterogeneous after pressing through route two to a total
strain of ~12, »

Figure 9 shows the as-pressed microstructure after ECA pressing via route two. In
this condition, the microstructure is homogeneous, and essentially all of the bound-
aries have high angles of misorientation. In addition, the measured average grain size
was ~1.2 um, whichisidentical to the grain size recorded after processing via route one
toa total strain of ~4. Thus, it is apparent that additional pressings of the same sample
through the ECA die and, hence, the introduction of higher strains have no significant
effect on the measured grain size, but rather serve primarily to increase the average
misorientations at the boundaries.

The effect of static annealing of the Al-Mg-Li-Zr alloy is shown in Figure 10 for
annealing temperatures of 473 K, 573 K, 673 K, and 793 K, respectively. Inspection
shows that grain growth is very much inhibited in this alloy, and the grains remain
small even at a temperature of 673 K. Thus, it may be concluded that the equilibrium
grain size in the Al-Mg-Li-Zr alloy pressed at 673 K is larger than in the Al-3Mg alloy
pressed atroom temperature, but the grains of the Al-Mg-Li-Zr alloy show remarkable
stability at elevated temperatures, suggesting that this commercial alloy may be an
appropriate candidate material for HSR SP. Detailed microstructural analysis has
established that the grain stability of this commercial alloy is due to the stability within
the matrix of a very fine dispersion of f'-Al,Zr precipitates.

Figure 7 includes grain growth data for the Al-Mg-Li-Zr alloy (shown by the open
points). Thus, the grain size of this alloy remains at ~1.2 pm up to temperatures close
to 700 K, and it is within the superplastic range of <10 pm up to temperatures above
750 K. However, the grains grow very rapidly at the very highest temperatures such
that the grain size is ~60 um at a temperature only slightly above 800 K.

The effect of this small grain size on the tensile ductility is documented in Figure 11,
where the elongation to failure is plotted against the initial testing strain rate for
experiments conducted at similar temperatures of 603 K and 623 K. The lower open
pointsshow the very low ductility of this alloy in the unpressed condition, and the two
sets of solid points show the effect of ECA pressing through route one to a strain of ~4
and route two to a strain of ~12, respectively. Thus, the unpressed samples exhibit
elongations to failure of up to a maximum of ~200 percent over the strain rate range
from ~104~10 s, whereas the samples pressed through route one and having the
heterogeneous microstructure give evidence of the advent of superplastic-like flow.
The samples pressed through route two show exceptionally high elongations even at
the highest testing strain rate of 1 s-'. Further details of the results obtained on the Al-
Mg-Li-Zr alloy are given elsewhere® together with similar data obtained on the
traditional superplastic Supral 100 alloy of Al-6Cu-0.4Zr. It is important to note that
very high ductility was achieved in the Al-Mg-Li-Zr alloy only after processing via
route two, and in this condition there was uniform deformation within the gauge
lengths of the superplasticsamples. The highest ductility attained in these tests was an
elongation of 1,180% without faihire at a testing temperature of 623 K and an initial
strain rate of 102 s*..-Work currently in progress has revealed the possibility of
attaining similar high ductilities in an Al-3Mg alloy with the addition of 0.2%
scandium.#
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. d 2um
Figure 10, Microstructures in the Al-Mg-LI-Zr alloy after annsaling for cns hour at (a) 473 K, (b)
'K, (¢) 673 K, and (d) 793 K.

CONCLUSION

These results serve to demonstrate that ECA pressing is a very effective tool for
‘Tefining the grain size of bulk samples; provided there is grain stability at elevated
mperatures, this gives the potential for achieving HSR SP in a number of materials.
Also, HSR SPisnot confined exclusively toalimited range of metal-matrix composites,

echanically alloyed materials, and alloys produced by powder-metallurgy tech-
es but may also be achieved in cast alloys by using and optimizing ECA pressing.
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Figure 11. Elongation versus strain rate for
samples of the Al-Mg-Li-Zr alloy tested at
similar temperatures In the unpressed condi-
tion and after ECA pressing through route cne
to a strain of ~4 and route two to a strain of
~12, respectively.
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ABSTRACT

Ultrafine grain sizes were introduced into an Al-3wt%Mg solid solution alloy
and a commercial Al-Mg-Li—Zr alloy through intense plastic straining by equal-
channel angular (ECA) pressing at room temperature and at 673 K respectively.
Tensile testing of pressed samples at room temperature revealed markedly
different stress-strain curves for these two alloys, with the Al-3wt%Mg alloy
exhibiting a high yield stress with little subsequent strain hardening and- the
Al-Mg-Li-Zr alloy exhibiting a lower yield stress and extensive strain
hardening after yielding. These and other experimental results are interpreted in
terms of the nature of the microstructure introduced by the ECA pressing
procedure. It is concluded that significant variations may occur in the
mechanical properties of nominally similar ultrafine-grained materials
depending upon the pressing conditions and the extent of any relaxation which
may occur during the straining process.

§1. INTRODUCTION

Although there is considerable current interest in fabricating metals with ultra-
fine grain sizes, very limited information is available concerning the mechanical
properties of these materials, This deficiency arises because it is difficult to use
standard fabrication methods, such as inert gas condensation, to produce large
fully dense structures (Sanders et al. 1997) and samples are invariably either tested
using procedures such as the miniature disc-bend test (Gertsman et al. 1994, Ma et
al. 1995) or attempts are made to interpret the properties solely from microhardness
measurements despite the apparent difficulties associated with this procedure (Yost
1983).

Equal-channel angular (ECA) pressmg is a processmg method based on simple
shear (Segal et al. 1981, Segal 1995), in which an ultrafine grain size may be intro-
duced into a material by pressing the sample through a special die to introduce an
intense plastic strain (Valiev and Tsenev 1991, Valiev et al. 1991); further details of
the principles of ECA pressing are given in the literature (Iwahashi et al. 1996, Wang
et al. 1996b, Prangnell et al. 1997, Wu and Baker 1997). The ECA pressing procedure
has the advantage that it provides large fully dense samples which can be used for
standard mechanical testing.

0141-8610/98 $12.00 © 1998 Taylor & Francis Ltd.
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Recently, a series of tensile and compressive tests were conducted on samples of
pure Cu subjected to ECA pressing at room temperature to produce a grain size of
~0.2 um (Gertsman et al. 1996). The results of these experiments led to three impor-
tant conclusions. First, the yield stress of Cu after ECA pressing is much higher than
in a conventional Cu sample with a large grain size and the ductility of the ultrafine-
grained material is also exceptionally high. Second, the stress—strain curve of the
ECA pressed material at room temperature exhibits a very short initial region of
strain hardening but this is followed by a very extensive flow region where there is no
strain hardening and then a subsequent region where the rate of strain hardening is
low. This latter result is similar to an earlier report, also on pure Cu subjected to
ECA pressing and testing in compression at room temperature, where the initial
strain hardening occurred within a strain of ~ 5% and the region with no significant
strain hardening extended up to a strain of ~ 50% (Valiev et al. 1994). Third, the
ratio Hy/oy, is consistently greater than three and increases in the ECA pressed
material with increasing annealing temperature and therefore with increasing grain
size (Hy is the measured microhardness and g, is the 0.1% proof stress). This latter
conclusion has important implications in any attempts to interpret the mechanical
properties of these ultrafine-grained materials from microhardness data especially
since, for comparison purposes, the hardness and yield stress data are generally
related by taking a ratio of three (Nieman et al. 1991, Suryanarayana et al. 1992,
Lian and Baudelet 1993).

The results of Gertsman et al. (1996) demonstrate that pure Cu with an ultrafine
grain size is capable of exhibiting an unusual combination of high strength and high
ductility at room temperature and with extensive flow having little or no significant
strain hardening. However, no similar data have been reported for other metals and
it is difficult to judge whether the results on Cu have a general applicability. The
present investigation was therefore undertaken to provide information on the flow
and hardness of two Al-based alloys subjected to ECA pressing. The results demon-
strate that the mechanical properties of these materials, and in particular the shapes
of the stress-strain curves, are dictated not only by the size of the grains but also by
the characteristics of the grain boundaries introduced by the ECA pressmg pro-
cedure. . '

§2. EXPERIMENTAL MATERIALS AND PROCEDURES

The experiments were conducted using two different materials: an Al-3wt%Mg
solid solution alloy and a Russian commercial alloy, designated 01420, with a che-
mical composition of Al-5.5wt% Mg-2.2wt% Li-0.12wt% Zr (Fridlyander et al.
1971).

The as-received grain size for the Al-3%Mg alloy was ~ 500um and it was
subjected to ECA pressing in air at room temperature to a true plastic strain of
~4. Following ECA pressing, it was rolled at room temperature to give a sheet with
a thickness of ~1 mm. Inspection after ECA pressing revealed a heterogeneous
microstructure with an average gram size of ~0.2pum. Further details concerning
this alloy after ECA pressing are given elsewhere (Wang et al. 1993, Furukawa et al.
1996b, Wang et al. 1996a). e

The Al-Mg-Li-Zr alloy had an as-recelved grain size of ~400 um and it was
subjected to ECA pressing in air at a temperature of 673 K. Individual samples were
cooled in air between repetitive pressings to a total true plastic strain of ~4. The

microstructure after ECA pressing contained a mixture of high angle and subgrain
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boundaries with an average grain size of ~ 1.2 um. Further details of the character-
istics of this alloy after ECA pressing are also given elsewhere (Furukawa et al.
1997).

Specimens were cut from the ECA pressed samples wnth dimensions of
2.5%2.5% 3.9 mm?® for the AI-Mg alloy and 3.0 x 3.0 x 4.7 mm? for the Al—Mg—
Li-Zr alloy and they were tested m compressnon in air at room temperature using an
initial strain rate of ~4 x 10~ s~! in a testing machine operating at a constant rate
of cross-head displacement. The 0.2% proof stress was measured for each sample as
the 0.2% offset from the elastic portion of the stress-strain curve. Prior to testing,
some samples of each alloy were annealed in an argon atmosphere for 1 h at various
temperatures, quenched in iced water, and the Vickers microhardness, Hy (in kg
mm™2), was measured using a microhardness tester with a diamond pyramidal
indenter under a load of 50 g applied for 15 s: the hardness datum points documen-
ted in this report represent the average of seven separate measurements at randomly
selected points. Average grain sizes were measured after annealing treatments using
either transmission electron microscopy (TEM) or optical microscopy; samples were
prepared for inspection by TEM usmg a standard procedure for Al-based alloys
(Furukawa et al 1996b)

§3. EXPERIMENTAL RESULTS

The variation of grain size with annealing temperature is shown for each alloy in
figure 1. It is apparent that both alloys exhibit an ultrafine grain size immediately
after ECA pressing, with values of ~0.2um and ~ 1 um for Al-3%Mg and the Al-
Mg-Li-Zr alloy respectively. However, the Al-3%Mg solid solution alloy exhibits
rapid grain growth at temperatures above ~ 500 K but the commercial Al-Mg-Li-Zr
alloy has a relatively stable grain size up to temperatures of ~ 750 K because of the
presence of Al;Zr precipitates (Furukawa et al. 1997).

ANNEALING TEMPERATURE (°C)
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Figure 1. Grain size versus annealing temperature for Al-3%Mg and the Al-Mg-Li-Zr
alloy prepared by ECA pressing.
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Figure 2, True stress versus strain for (a) Al-3%Mg and (b) the Al-Mg-Li-Zr alloy tested in
compression at room temperature.
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Figure 2 shows representative plots of true stress versus strain for samples of (a)
Al-3%Mg and (b) the Al-Mg-Li-Zr alloy. Inspection shows that, although all tests
were conducted at room temperature using similar initial strain rates in the vicinity
of ~4x 10757}, the shapes of the two curves in the ECA pressed condition are very
different: the Al-3%Mg alloy exhibits a stress—strain curve with little strain hard-
ening which is similar in appearance to the earlier reports on pure Cu by Gertsman et
al. (1996) and Valiev et al. (1994) but the Al-Mg-Li-Zr alloy exhibits very extensive
strain hardening after yielding.

Three additional curves are also recorded in figure 2(a) for specimens subjected
to ECA pressing and then annealing for 1 h at temperatures of 423, 473 and 623 K
corresponding to grain sizes, from figure 1, of ~0.2, ~ 0.4 and ~ 36 um respectively.
Annealing at 423 K gives no measurable change in the grain size and the stress—strain
curve again exhibits no significant strain hardening although the yield stress is
slightly reduced, and annealing at 473K increases the grain size by a factor of
about two and this leads both to a decrease in the yield stress and to the introduction
of some very limited strain hardening. By contrast, annealing at 623 K to give a grain
size of ~ 36 um leads to a very low yield stress and extensive strain hardening after
yielding. It is important to note that all samples of the Al-3%Mg alloy were
taken to a total strain of ~ 55% without failure and all curves exhibited small but
fairly regular serrations at strains above ~15%. For the Al-Mg-Li-Zr alloy in
figure 2(b), two additional stress—strain curves arc shown for specimens annealed
for 1h at 673 and 793K giving grain sizes of ~1.6 and ~40pum respectively.
Both of these additional curves exhibit extensive strain hardening and, as indi-
cated in figure 2(b), there were prominent serrations at strains above ~20%. In
addition, the total ductilities recorded for these samples were limited and in the
range of ~25-40%.

The variations with annealing temperature of (a) the Vickers microhardness
and (b) the 0.2% proof ‘stress are shown in figure 3 for the Al-3%Mg and the
Al-Mg-Li-Zr alloys. It is apparent from figure 3(a) that the microhardness of
the Al-Mg-Li-Zr alloy is lower than that of the Al-3%Mg alloy for annealing
temperatures up to ~ 430K but thereafter the Al-3%Mg alloy has a lower hard-
ness. This result is a direct consequence of the grain growth data shown in figure
1 and thus to the failure to maintain a very small grain size in the Al-3%Mg
alloy in the absence of any precipitates. Inspection of figure 3 (h) shows that the
variation of the 0.2% proof stress with annealing temperature exhibits a similar
trend. . i

The Hall-Petch equation relates the yield stress of a polycrystalline material, ay,
to the grain size, d, through an expression of the form (Hall 1951, Petch 1953)

oy = g+ kyd™'/2 (1)

where oy is termed the friction stress and k, is a constant of yielding having a value
which can be derived explicitly for models involving the propagation of slip across a
grain and the pile up of intragranular dislocations at the opposing grain boundary
(Pande et al. 1993, Furukawa et al. 1996a, Nazarov 1996) but which may also
incorporate an effect due to solid solution strengthening (Winterhoff and
Nembach 1996). Equation (1) is well established for materials with large grain
sizes and it may be extended to incorporate measurements of the hardness of a
material, Hy, by noting that, in the absence of appreciable strain hardening, the
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Figure 3.. Variation of (@) the Vickers microhardness and (b) the 0.2% proof stress with
annealing temperature for Al-3%Mg and the Al-Mg-Li-Zr alloy.
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hardness measured with a pyramidal indenter is related to the yield stress through
the expression (Ashby and Jones 1980)

Hv =k'0'y (2)

where k' is a constant having a value of approximately three.
Equation (1) is therefore reformulated in terms of hardness through the relation-
ship

Hy = Hy + kyd™/? (3)

where Hy and ky are the appropriate constants associated with the hardness mea-
surements. A

The validity of equations (1) and (3) may be examined by plotting the micro-
hardness and the 0.2% proof stress as a function of d~'72 and these plots are given in
figures 4 (a) and (b). Inspection shows that there is generally good agreement
between the experimental data and the predictions of equations (1) and (3) for
these two materials. However, it should be noted that the experimental data in
figures 4 (a) and (b) exclude points for the Al-Mg-Li-Zr alloy at the very smallest
grain sizes where the Hall-Petch relationship breaks down because of variations in
the volume fractions of the Al;Li precipitates between different specimens
(Furukawa et al. 1997).

§4. DisCusSION

There is a clear dichotomy in the results obtained in these experiments. On the
one hand, the stress—strain curve for the Al-3%Mg alloy after ECA pressing is
generally similar to the curve reported earlier for pure Cu (Valiev et al. 1994,
Gertsman et al. 1996) including a long region with no strain hardening in the as-
pressed condition (figure 2(a)); on the other hand, the stress—strain curve for the Al-
Mg-Li-Zr alloy after pressing exhibits extensive strain hardening (figure 2 (b)).
Furthermore, the yield stress of the Al-3%Mg alloy is very high after pressing,
similar to the results reported for pure Cu (Gertsman et al. 1996), but ECA pressing
fails to produce a correspondingly high yield stress in the Al-Mg-Li—Zr alloy. In
order to understand the differences in behaviour between these two alloys, it is
necessary to consider the characteristics of the microstructures introduced by ECA
pressing. :

Two factors may serve to influence the stress—strain behaviour observed in ultra-
fine-grained materials: (i) the grain size of the material and (ii) the precise structural
features associated with the grain boundaries. In the earlier experiments on Cu by
Gertsman et al. (1996), it was shown that a very rapid anneal for 3 min at 473K after
completion of the ECA pressing gave a significant decrease in the yield stress and
subsequent strain hardening after yielding although the annealing time was so short
that it served only to reduce the internal stresses in the sample with no corresponding
change in the measurable grain size. From this observation, it may be concluded that
the microstructural features of the ultrafine-grained materials are of primary impor-
tance in determining the shapes of the subsequent stress—strain curves.

High-resolution electron microscopy (HREM) was used earlier to examine sam-
ples of Al-Mg alloys where a grain size of ~0.1 pm was produced by intense plastic
straining at room temperature using a torsion straining technique (Horita et al.
1996). These observations showed that the microstructure consisted of an array of
high-energy grain boundaries which were in a non-equilibrium configuration with a
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high density of extrinsic dislocations. Similar boundary configurations were observed
also in samples of pure Cu subjected to torsion straining at room temperature to give
a grain size of ~ 0.2 um (Horita et al. 1998). It is reasonable to assume that the grain
boundary structures observed in these materials are similar to those present in the
Al-3%Mg alloy in this investigation and in the samples of pure Cu investigated
earlier by Gertsman et al. (1996) and Valiev et al. (1994). Thus, all of these materials
exhibit stress—strain curves with little or no strain hardening after an initial rapid
straining within a strain increment of ~ 5%.

Valiev et al. (1994) interpreted the results on pure Cu in terms of a model in
which yielding occurred through a dislocation bow-out mechanism (Lian et al. 1993)
and the subsequent extensive region without strain hardening was attributed to the
occurrence of an approximate balance between the processes of strain hardening and
recovery, where the recovery processes include dislocation absorption within the
boundaries, boundary sliding due to the movement of extrinsic dislocations along
the boundariest and boundary migration. The same interpretation can be used to
explain the stress-strain curves observed in the present experiments for the Al-
3%Mg alloy with an ultrafine grain size. ' »

-~ An additional significant observation, obtained from the investigation using
HREM, was that the facets observed in the non-equilibrium grain boundaries of
the Al-Mg alloys were more ordered and uniformly distributed than in ultrafine-
grained samples of Cu or Ni, where all materials were prepared by torsion straining
at room temperature (Horita et al. 1998). The important factor distinguishing these
three materials was that the fabrication was conducted at equivalent homologous
temperatures of ~0.32 T, , ~0.22 T, and ~0.17 T, for the Al-Mg alloys, Cu and
Ni respectively. It was therefore concluded that some relaxation of the grain bound-
ary structure may occur when intense plastic straining is conducted at a sufficiently
high homologous temperature, and this conclusion is further supported by observa-
tions on an ultrafine-grained Zn-22%Al alloy where the high internal stresses were
able to relax because of the low melting temperature of the material (Furukawa et al.
1996¢).

In the present experiments, ECA pressing was performed at room temperature
for the Al-3%Mg alloy and at 673K for the Al-Mg-Li-Zr alloy and this corre-
sponds to homologous temperatures of ~0.32 T, and ~0.72 T, respectively. Since
the ultrafine-grained Al-Mg-Li-Zr alloy was prepared at a high homologous tem-
perature, it is anticipated there will be a consequent relaxation of the internal stresses
leading to a microstructure where the grain boundaries are closer to an equilibrium
configuration. Under these conditions, structural recovery through a process such
as dislocation absorption becomes less important so that strain hardening is able to

T When grain boundary sliding occurs in polycrystalline materials under creep conditions
at elevated temperatures, the sliding requires an associated accommodation process such that
the activation energy for sliding depends upon the nature of the accommodation and it is equal
to the activation energies for either lattice or grain boundary diffusion (Langdon 1994, 1996).
As a result, normal grain boundary sliding is a diffusion-controlled high-temperature creep
process which cannot occur at temperatures very much below ~0.45 Ty, where Ty, is the
absolute melting temperature of the material (Gifkins and Langdon 1964-65). It appears that
these well established trends may not be followed in ultrafine-grained materials because there
is evidence for exceptionally low experimental values for the activation energy for grain
boundary diffusion (Dickenscheid et al. 1991, Valiev et al. 1994) due, it is reasonable to
assume, to the presence of a very high density of extrinsic grain boundary dislocations
which serve to enhance the grain boundary diffusivity.
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occur as in materials with larger grain sizes (figure 2 (). It may be concluded from
these observations there will be an absence of strain hardening in the stress—strain
curves of ultrafine-grained materials produced by ECA pressing provided the press-
ing is conducted at an homologous temperature which is sufficiently low that there is
very little relaxation of the internal stresses during pressing. This conclusion is
further confirmed by noting the close similarity in the shapes of the stress—strain
curves in figure 2 () for the AI-Mg-Li-Zr alloy having grain sxzes in the range ~ 1.2
to ~42 pm.

These observations suggest that the mechamcal properties of ultrafine-grained
materials produced by ECA pressing, including the yield stress and the strain hard-
ening rate, may show significant variations between specimens of the same material
even when the measured grain size is identical. These differences will be a direct
consequence of variations in the magnitudes of the internal stresses in the samples
arising from changes in the characteristics of the grain boundaries reflecting different
processing or annealing procedures.

Numerous experiments have attempted to determine the mechanical properties
of materials with ultrafine grain sizes from measurements of the microhardness. In
the present experiments, it is first necessary to note that, as shown in figures 4 (@) and
(b), both the Vickers microhardness, Hy, and the 0. 2% proof stress, oy, scale with
the reciprocal of the square root of the grain size, d-V through equations (1) and
(3). Gertsman et al. (1996) reported a value for the ratio Hv /09,1 > 3 in experiments
on ultrafine-grained Cu, with the ratio increasing to ~ 5 at the higher annealing
temperatures. To check the validity of equation (2) in the present experiments, figure
5 shows plots of Hy /oy, Hy/ogy and Hy /o, versus the annealing temperature for
(a) Al-3%Mg and (b) the Al-Mg-Li-Zr alloy, where oy is the yield stress and o is
the 2% proof stress. '

Inspection of figure 5 (@) shows that the ratio Hy/co in the Al-3%Mg alloy is
reasonably close to three up to temperatures of ~ 550 K, corresponding to a grain
size of ~ 5 um, but at higher temperatures, where strain hardening becomes signifi-
cant, the ratio at yielding increases to ~ 8.5. In the Al-Mg-Li-Zr alloy curve shown
in figure 5 (), the ratio at yielding is greater than three and in the range of about
four to five up to an annealing temperature of ~ 750 K. At higher temperatures, in
the presence of grain growth and strain hardening, the ratio increases to ~ 6.5. These
trends are consistent with the conclusion of Gertsman et al. (1996) that measure-
ments of Hy may significantly overestimate the magnitude of the yield stress and
they also support the analytical treatment by Yost (1983). In addition, they follow on
from the analysis of Tabor (1951) showing that full plasticity is needed, and a strain
typically of the order of ~8% i is required, in order to achieve a value of k&' =3 in
equation (2).

: §5 SUMMARY AND CONCLUSIONS

4} Ultraﬁne grain“sizes of ~0.2 and '~’1.2um were introduced into an Al-
3%Mg solid solution alloy and a commercial Al-Mg-Li-Zr alloy through
the process of ECA pressing conducted at room temperature and at 673K
respectively. Annealing of the samples at elevated temperatures promoted
grain growth, thereby permitting an investigation of the influence of grain
size on the mechanical properties

(2) When tested in compression at room temperature, the Al-3%Mg alloy
exhibited a high yield stress and little subsequent strain hardening whereas
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the Al-Mg-Li-Zr alloy exhibited a lower yield stress and extensive strain
hardening. The Vickers microhardness, Hy, and the 0.2% proof stress, oy,
were consistent with the Hall-Petch relationship in both alloys, but the ratio
Hy /oy, was greater than three except only for the Al-3%Mg alloy up to
annealing temperatures of ~ 550 K, corresponding to a grain size of ~ 5 pum,

(3) The experimental results demonstrate that the flow and hardness of ultra-
fine-grained materials depend not only upon the grain size but also upon the
characteristics of the grain boundaries introduced during processing. ECA
pressing of the Al-3%Mg alloy at room temperature leads to arrays of non-
equilibrium grain boundaries with high densities of extrinsic dislocations
whereas pressing of the Al-Mg-Li-Zr alloy at a temperature of 673 K per-
mits some relaxation of the internal stresses and the consequent development
of a more equilibrated microstructure.
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Introduction

iSuperplastic forming is a well-established industrial process for the fabrication of complex shapes in

isheet metals [1]. In practice, however, the use of superplastic forming 1s generally limited to low

Lvolumes of components because the forming rates are typically ~107>~1072s~!, corresponding to the

l’wstram rates associated with optimum superplastic ductility, and the total forming time for each

iwcomponent is consequently very long (up to ~30 minutes).

'N‘ It has been suggested that it may be possible to achieve superplasticity at high strain rates in

ki nventional materials by making a substantial reduction in the grain size [2]. This may be achieved by

iusing a process such as equal-channel angular (ECA) pressing, where the sample is subjected to intense
iiplastic straining in simple shear [3, 4], because it is well established that ECA pressing leads to
i';:signiﬁcant grain refinement in large-grained polycrystalline materials down to the submicrometer or

i even the nanometer level [5, 6]. High strain rate superplasticity (HSR SP) has been widely documented

+in'a range of metal matrix composites, mechanically alloyed materials and in alloys fabricated using

§§l‘-‘p0wder metallurgy procedures [7, 8] and very recently there was a report of HSR SP in commercial cast
i'Al-based alloys after ECA pressing [9]. -

. Experiments were described earlier in which the effect of ECA pressing was evaluated using an
‘Al-3% Mg alloy with an initial grain size of ~500 wm [10]. These experiments confirmed that it
was possible to attain a grain size of ~0.2 um in this alloy but the submicrometer grain size was

“ not stable at elevated temperatures and subsequent annealing after ECA pressing gave rise to rapid

grain growth at temperatures above ~500 K. As a result of this lack of thermal stability, the

* as-pressed material was not suitable for demonstrating the advent of HSR SP when testing at high

',temperatures.

' The present investigation was initiated in order to evaluate the potential for achieving HSR SP in an
‘Al-3% Mg alloy containing a scandium addition. Scandium was selected for use in this investigation
because it is well established that dilute amounts of scandium in the Al-Mg system lead to a -

“considerable enhancement in both the strength and the thermal stability of the material. For example,

1851
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it has been demonstrated that the presence of only 0.2% Sc in an Al-6.5% Mg alloy is sufficient to raise
 the recrystallization temperature by 150°C [11]. There are also reports of ductilities of up to >700%

in an Al-6% Mg-0.3% Sc alloy [12] and >1000% in Al-4% Mg-0.5% Sc and Al-6% Mg-0.5% Sc alloys
- [13]. A comprehensive report of the effects of scandium in aluminum alloys was provided recently by
 Kramer et al. [14].

Experimental Material and Procedures

+ The experiments were performed using Al of 99.99% purity and Sc of 99.999% purity. Aluminum and
- scandium were arc melted in an argon atmosphere to form an Al-3% Sc alloy and this material was
* remelted with additional Al and 3% Mg to give an alloy having a composition, in weight per cent, of
" Al-3% Mg-0.2% Sc. The molten alloy was cast into a steel mold to form an ingot having dimensions
of 17 X 55 X 120 mm® and the ingot was homogenized in air at 743 K for a period of one day.
Following homogenization, each surface was ground to remove ~1 mm and the ingot was then cut into
bars having dimensions of 15 X 15 X 120 mm®, Each bar was swaged into a rod with a diameter of
.10 mm and these rods were cut into lengths of ~60 mm. Each rod was annealed in air for 1 hour at 853
‘K to give an initial grain size of ~200 um.
- Details of the ECA pressing procedure have been given in earlier reports [10, 15]. In the present
* experiments, the ECA pressing die consisted of a solid block of high strength tool steel containing a
. single channel, circular in cross-section, which formed an L-shaped configuration. Two angles are
- generally used to define the characteristics of the ECA pressing [16] and in these experiments the angle
subtended by the two channels, ¢, was 90° and the angle defining the outer arc of curvature at the
' intersection of the two channels, s, was also 90°. These angles lead to a calculated strain of ~1 for a
. single passage through the die [16] and in practice, since the cross-section of the sample remains
‘unchanged by pressing, repetitive pressings were used to reach high strains. Each rod was subjected to
~ECA pressing in air at room temperature using a molybdenum disulfide lubricant and a pressing speed
-of ~19 mm s~ 1. The rods were pressed through the die for a total of 8 passes to give a total strain of
~ ~8. It has been shown that a rotation of the sample between consecutive pressings changes the shear
- planes and shear directions and this affects the nature of the as-pressed microstructure [15, 17-19]. In
. the present experiments, each sample was rotated by 90° in the same direction between repetitive
" -pressings: earlier experiments on pure Al showed that this was the optimum procedure for most rapidly
_ achieving a homogeneous equiaxed microstructure consisting of grains separated by high angle grain
- boundaries [19].
- Following ECA pressing, some rods were sliced perpendicular to the longitudinal axis to give small
. “discs with thicknesses of ~0.4 mm. These discs were used to evaluate the thermal stability of the
--..microstructure at elevated temperatures by annealing for 1 hour in an argon atmosphere within a pyrex
j;.;,glass tube at selected temperatures up to a maximum of 773 K. Some rods were machined into tensile
" samples -with the gauge lengths lying parallel to the longitudinal axes of the rods and with cross-
~ sectional areas and gauge lengths of 1 X 3 mm? and 4 mm, respectively. These specimens were pulled
+ .to failure in air using an Instron testing machine operatlng at a constant rate of cross-head displacement
o with initial strain rates from 3.3 X 1074 to 3.3 X 1072 s™! and at temperatures up to 723 K with the
' temperature controlled to +2 K during each test. ' ¢ v :
~ Specimens were prepared for examination by transmission electron microscopy using the procedure
% -described earlier [10] and they were examined in an Hitachi H-8100 transmission electron microscope
,--operating at 200 kV.
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Figure |. Representative microstructure in the Al-Mg-Sc alloy after ECA pressing.

Experimental Results and Discussion

_Figure 1 shows an example of the microstructure in the Al-Mg-Sc alloy after ECA pressing through a
“total of 8 passes together with a selected area electron diffraction pattern taken from a region with a
diameter of 12.3 um. The microstructure in this condition consisted of an array of grains with an
average size of ~0.2 um and it is apparent from the SAED pattern shown in Fig. 1 that the grain
“boundaries have high angles of misorientation. In practice, very careful examination of a large number
_of areas in different specimens revealed that the microstructure was heterogeneous and consisted both
of regions of high angle grain boundaries, as in Fig. 1, and some regions of subgrains separated by low
angle boundaries. This lack of structural homogeneity contrasts with earlier reports on the Al-3% Mg
. solid solution alloy where the microstructure was homogeneous after 8 pressings through the die but it
-is similar to observations on a commercial Al-Mg-Li-Zr alloy where there was a microstructural
heterogeneity after pressing at a temperature of 673 K to a strain of ~3.7 [20]. Detailed observations
.after ECA pressing suggested that the volume fractions of the material containing grains having
primarily high angle boundaries and primarily low angle boundaries were of the order of ~90% and
~10%, respectively, and therefore the array of high angle boundaries shown in Fig. 1 is representative
of the dominant structure. It should be noted also that the average grain size of ~0.2 um observed in
the Al-Mg-Sc alloy in these experiments is identical to the as-pressed grain size reported earlier for the
- Al-3% Mg alloy without the scandium addition [10].

It was found by static annealing that the ultrafine microstructure in the Al-Mg-Sc alloy was
-remarkably stable. Figures 2 (a) and (b) show the microstructures after annealing at temperatures of 573
.and 673 K, respectively. For both of these temperatures, there is only minor grain growth and the
| average grain size remains at <1 wm. This result contrasts with the Al-3% Mg alloy without a scandium
" addition where the measured grain size in the ECA-pressed material was >20 wm after an anneal for

1 hour at 673 K [10]. Careful inspection of the boundary configurations in a number of samples
‘indicated that the grain boundaries became better defined with increasing annealing temperature,
" thereby suggesting that the boundaries are in a non-equilibrium configuration after ECA pressing [21,
22] and they evolve gradually with increasing temperature into a more equilibrated structure.
The stability of the ultrafine grains at high temperatures is attributed to the presence of a dispersion
of very fine coherent Al;Sc precipitates which are known to be stable up to temperatures close to the
- melting point of the material [11, 23). This grain stability therefore provides an opportunity to test
‘whether the Al-Mg-Sc alloy is capable of exhibiting HSR SP.
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Figure 2, Microstructures after statically annealing for 1 hour at (a) 573 K and (b) 673 K.

igure 3 plots the elongation to failure versus strain rate for samples of the Al-3% Mg-0.2% Sc alloy
ted at temperatures of 573 and 673 K. Also included in Fig. 3 are experimental points reported earlier
awtell and Jensen [13] for an Al-4% Mg-0.5% Sc alloy tested at temperatures of 589, 672 and 811
spectively, where the tests denoted with the vertical arrows were discontinued without failure at
longations of 1020%. Inspection of Fig. 3 leads to two important conclusions. First, HSR SP was
chieved in the present experiments with a measured elongation to failure of 1030% when testing at 673

with an initial strain rate of 3.3 X 1072 5™, Second, the overall ductilities achieved in the present

‘ix riments are slightly higher, for similar strain rates and comparable testing temperatures, than in the

:It-is important to emphasize that the present results demonstrate not only the possibility of achieving
R SP in an Al-3% Mg alloy by introducing a dilute scandium addition but they show also that a large
tictility may be achieved, with an elongation to failure of >1000% at a strain rate faster than 10™2s~",

2000 T Ty T
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[|Al-3Mg-02Sc & e _ ]
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figure 3. Elongation versus strain rate for the Al-3% Mg-0.2% Sc alloy and for an Al-4% Mg-0.5% Sc alloy reported by Sawtell
ensen [13]. :
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"Qﬂ"‘wr} y by processing the material at room temperature. Thus, the ECA pressing for grain refinement was
Ormed at ambient temperature and there was no external heating of the sample either during the
pressing or between the consecutive pressings needed to achieve a high total strain. These results
ast markedly with conventional grain refinement procedures where thermo-mechanical treatments
generally employed to attain the requisite microstructures. For example, in the experiments of
awtell and Jensen [13], where the maximum reported elongation was >1000%, the Al-Mg-Sc samples
yere subjected to a complex sequence of ageing and annealing treatments. Similarly, in the experiments
Nieh et al. [12] on an Al-6% Mg-0.3% Sc alloy, where the elongations were up to >700%, the alloy
prepared through a procedure of cold rolling and intermediate annealings. Furthermore, the HSR

orted recently in cast Al-Mg-Li-Zr and Al-Cu-Zr alloys was achieved after subjecting the
ials to ECA pressing at temperatures up to 673 K [9]. By contrast, the present investigation
nstrates conclusively that it is possible to achieve HSR SP in cast aluminum alloys by ECA

ssing without the use of any concurrent or intermediate heating.

Summary and Conclusions

cast alloy of Al-3% Mg-0.2% Sc was subjected to equal-channel angular pressing at rocom
mperature to a total strain of ~8. Following ECA pressing, the microstructure was heterogeneous
with small areas of subgrains interspersed within larger areas of grains having boundaries with high
gles of misorientation. The average grain size was ~0.2 pum.

atic annealing revealed that the microstructure was thermally stable because of the presence of the
ute scandium addition. The grain size remained at <1 um after anneahng for 1 hour at
emperatures up to 673 K.

e alloy exhibited high strain rate superplasticity with an elongation of 1030% when tested in
sion at 673 K using an initial strain rate of 3.3 X 1072 5™,
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Abstract

The possibility of grain refinement was investigated in Al containing 0.12%Zr using the equal-
channel angular (ECA) pressing technique whereby an intense plastic strain is introduced into the
material. Structural observations using transmission electron microscopy (TEM) revealed that
after 4 pressings through the die some regions remain with subgrain structures but after 8
- pressings most regions exhibit a grain structure separated by large angle grain boundaries and
with a grain size of ~0.7 pm. The ECA-pressed samples were subjected to static annealing at
- selected temperatures in the range from 373 K to 773 K. It was found that extensive grain
- growth occurs at a temperature of ~573 K which is higher by 100 degrees than the
“corresponding temperatures reported earlier for pure Al and Al-Mg alloys. The present study
- suggests that the addition of Zr is important for achieving superplasticity in fine-grained Al and

Al alloys produced by the ECA pressing technique.
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In'troduction , \

‘ Superplastic flow of metallic materials normally appears as the grain size is refined to
less than ~10 pm [1]. Further refinement of grain size, especially below 1 pm, may lead to
‘superplasticity at higher strain rates and/or at lower temperatures [2]. Grain refinement is then an
important task for the application of superplasticity to industrial forming operations.
It has been shown that equal-channel angular (ECA) pressing is a promising procedure
i for such grain refinement [3]. With this technique, it is possible to reduce the grain size down to
. the submicrometer level. The major advantage of the ECA pressing technique over other grain
refining techniques is that a large quantity of bulk material is produced without introducing any
residual porosity.
' Grain refinement using the ECA pressing technique consists of ‘pressing a sample
2" through a single channel with an equal cross-section but bent at an angle of ® in a solid die. For
$=90°, one pressing creates an equivalent strain of ~1 in the sample. The pressing is repeatable
as the entrance and exit dimensions of the channel are the same and thus it is possible to
accumulate a large total strain in the sample by repetitive pressings through the channel in the
" die. Structural homogeneity and the misorientation angles between neighboring grains are
controlled by the numbers of pressing and the types of pressing routes as described earlier [4,5].
A study on pure Al [4] showed that subgrain structures prevail after one and two
% pressings through the die but, with a further increase in the number of pressing, they evolve into
i grain structures containing large angle grain boundaries. It was also shown that additions of Mg
to pure Al give rise to a significant decrease in grain size but static annealing experiments
¥ showed that an extensive grain growth occurs in both pure Al and Mg-added Al at a similar
. temperature corresponding to ~0.5T,, where T, is the melting point in Kelvin [6,7]. Since
superplasticity occurs through a diffusion-controlled process, fine grained structures should be
stable especially at the temperature higher than ~0.5T,,. It is then important to maintain the
©. submicrometer grain structure above ~0.5T,,. '
It is known [8,9] that a small addition of Zr is effective to keep grain size stable at higher
temperature because Al;Zr particles formed: in the sample inhibit the movement of grain
i boundaries and thus suppress extensive grain growth at higher temperature above ~(.5T,,. In
this study, Zr is added to pure Al and the thermal stability of the fine grained structure produced
by ECA pressing is examined with respect to the annealing temperature. The results are
" compared with those obtained using pure Al.

Experimental Procedures

An ingot with dimensions of 17x55x120 mm® was made from high purity Al (99.99%)
containing 0.12%Zr. The ingot was homogenized at 903 K for 24- hours in air. Thereafter, it was
~ rolled to a thickness of 11.5 mm. Rods with dimensions of 10 mm in diameter and 60 mm in
length were machined from the rolled ingot. The rods were annealed at 903 K for 1 hour prior to
ECA pressing. Rods having the same dimensions as Al-0.12%Zr were also prepared from pure
A1 (99.99%) for comparison purposes. The detailed procedure for the preparation was described
elsewhere [7]. The average graili size of pure Al before ECA pressing was ~1 mm.
ECA pressing was conducted using a die having a single L-shaped channel with a
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channel angle of ®=90° in a solid block of high strength tool steel (SKD 11). The pressing was
iade at Toom temperature without annealing between pressings. Molybdenum disulfide was
sed for a lubricant during pressing. All specimens were pressed in route B where the
cimens are rotated by 90° in a forward direction after each pressing [9]. Recent studies
howed that the use of route B creates a homogeneous equiaxed grain structure following a
minimum number of pressings. '

After 4 pressings through the die, the ECA-pressed samples for both pure Al and Al-
.12%Zr were cut into pieces with dimensions of 3x3x5 mm? and they were encapsulated in a

Discs with dimensions of 3 mm in diameter and ~0.15 mm in thickness were prepared
rom the ECA-pressed samples and also the annealed samples. These discs were thinned for
smission electron microscopy (TEM) using a twin-jet electro-polishing apparatus in a
mixture of 10%HCIO,, 20%C;Hg0; and 75%C,H;OH. Microstructural observations and
elected area electron diffraction (SAED) analyses were conducted using an Hitachi H-8100
ansmission electron microscope operating at 200 kV. The SAED patterns were taken from
egions with diameters of either 6.3 pm or 12.3 pum. TEM observations and analyses were made
xclusively in the plane perpendicular to the longitudinal axis of the ECA pressed specimens.
Compression specimens with dimensions of 3x3x5 mm® were prepared from the ECA-
ressed and annealed samples, where the compression axis was parallel to the longitudinal axis
f the ECA-pressed specimens. The compression tests were conducted at room temperature at a

ain rate of 3.3x10°* s™1. The load variation was recorded with respect to time using a strip
chart recorder and the 0.2% proof stresses were measured.

Besults_and discussion

Figure 1 shows the microstructures of (a) Al and (b) Al-0.12%Zr after 4 and 8 pressings
ough the die, respectively. The corresponding SAED patterns taken from regions of 6.3 pm in
ﬁmeter are also included in Fig.1. The SAED patterns exhibit diffracted beams scattered around
ss and thus they indicate that the microstructure of each material consists of grains separated

igure 1: TEM micrographs of (a) Al and (b) Al-0.12%Zr after 4 and 8 pressings, respectively,
iarid corresponding SAED patterns taken from regions of 6.3 um in diameter.
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_Figure 2: TEM micrographs after annealing at Figure 3: TEM micrographs after annealing
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’.%arge angle grain boundaries. The TEM observations reveal that an equiaxed grain structure
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was achieved in each material. The grain sizes measured from the micrographs are ~1 pm and
~0.7 pm for Al and Al-0.12%Zr, respectively. It should be noted that the pressing numbers of 4
and 8 for Al and Al-0.12%Zr, respectively, correspond to the minimum numbers to attain

- equiaxed grain structures with large angle grain boundaries.

The microstructures after annealing at temperatures of 423, 473, 523 and 573 K for 1
hour are shown in Fig.2 (a)-(d) and Fig.3 (a)-(d) for pure Al and Al-0.12%Zr, respectively. For
both materials, there appears to be no appreciable change in microstructure after annealing at 423
K when compared with the ECA-pressed structures shown in Fig.1. After annealing above 423
K, the difference between the microstructures of Al and Al-0.12%Zr becomes more apparent.
For Al large grains are visible in some limited regions after annealing at 473 K as shown in
Fig.2 (b). A mixture of large and small grains remained present up to the annealing temperature
of 523 K but the fraction of large grains increased with an increase of annealing temperature.
Regions containing small grains disappeared at and above an annealing temperature of 573 K.
For Al-0.12%Zr, by contrast, the fine grained structure remained stable and no region containing
large grains was detected even after annealing at 573 K, although a slight increase in grain size
was observed as shown in Fig.3 (a)-(d). Regions containing large grains were observed after
annealing above 573 K.

Figure 4 plots the grain size measured against the annealing temperature for both Al and
Al-0.12%Zr. In Fig.4, the points with arrows indicate that the structure consists of small and

‘large grains but the plotted values represent the average sizes of the grains present with a major

fraction in the specimens. Extensive grain growth occurs at an annealing temperature of ~473 K
for Al but at ~573 K for Al-0.2%Zr: the latter is higher by ~100 degrees than the former.

Figure 5 plots the 0.2% proof stress against the annealing temperature. For pure Al, the
proof stress remains constant up to 473 K, then exhibits an abrupt decrease with an increase of
annealing temperature from 473 K to 573 K and again remains constant above 573 K. The
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Figure 4: Plots of grain size against annealing Figure 5: Plots of 0.2% proof stress
temperature for Al and Al-0.12%Zr. against annealing temperature for Al and
Al-0.12%Zr.
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. abrupt decrease in proof stress is attributed to the occurrence of extensive grain growth because

both variations of proof stress and grain size occur in the same temperature range. The
dependence of the proof stress on annealing temperature in Al-0.12%Zr is different in two
respects from that in Al. First, the proof stress increases with an increase in annealing

. temperature up to 473 K. It is considered that this-increase is due to the formation of Al;Zr

particles during annealing. Second, an abrupt decrease in proof stress occurs at 523 K, and this

" is terminated at 623K with almost the same stress level as in Al. This decrease corresponds to
‘the occurrence of extensive grain growth as observed in Al.

Summary and conclusions

1. The addition of 0.12%Zr to pure Al is effective in decreasing the ECA pressed grain size: ~1
pm for Al and ~0.7 pm for Al-0.12%Zr. However, the addition of Zr requires a larger number
of ECA pressings to attain a homogeneous equiaxed grain structure containing large angle grain
boundaries: 4 pressings for Al and 8 pressings for Al-0.12%Zr, both using route B which

- gives a more effective evolution to a homogeneous equiaxed grain structure than other routes.

2. The addition of Zr is also effective to increase the temperature where extensive grain growth

i occurs: ~473 K for Al and ~573 K for Al-0.12%Zr. It is considered that this increase is due to
~ the formation of Al3Zr particles during annealing.

3. The small addition of Zr to pure Al is promising for achieving superplasticity because it

" stabilizes the ECA pressed fine-grain structure above ~0.5T .
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Communications

Optimizing the Rotation Conditions for
Grain Refinement in Equal-Channel
Angular Pressing

- KEIICHIRO OH-ISHI, ZENJI HORITA,
'MINORU FURUKAWA, MINORU NEMOTO,
'AND TERENCE G. LANGDON

Equal-channel angular (ECA) pressing is rapidly becom-
ing an established procedure for inducing microstructural

- refinement in polycrystalline materials through the process
_of intense plastic straining. To date, there have been nu-
"merous reports of the use of the ECA pressing procedure
" to produce grain refinement down to the submicrometer, or
~ occasionally the nanometer, level in a range of metallic

materialst™-'% and in some intermetallic compounds.!'"12)
In ECA pressing, a sample is pressed through a die hav-
ing two channels, equal in cross section, which intersect at

- an angle of @, with simple shear occurring as the sample

moves through the angle subtended at the intersection of
the two channels.l'>'4) Since the cross section of the sample

‘remains unchanged on passage through the die, the proce-

dure is readily amenable to repetitive pressings of the same
sample in order to introduce high total strains. Pressings are
generally conducted using dies having ® = 90 deg, and

. under these conditions the equivalent strain introduced on
- ‘each passage through the die is approximately equal to 1,081

In practice, experiments have demonstrated that the micro-

structural characteristics introduced by ECA pressing, in-

* cluding the structural homogeneity, the average shapes of

the individual grains, and the misorientation angles of the
boundaries between adjacent grains, are all dependent upon
experimental conditions such as the number of passages
through the die,[3919.18) the shearing directions in each sep-
arate passage as manifested by any rotation of the sample
between separate pressings,’**'¢l and the temperature at

- which the straining is conducted.!"”

. When repetitive pressings are undertaken, it is a standard
procedure to identify three different routes, designated A,
B, and C, in which the pressings are conducted without any

* rotation of the sample, with rotation about the longitudinal

axis by 90 deg between each pressing and with rotation by
180 deg between each pressing, respectively, Two recent

" reports have compared directly the efficiency of these dif-

- ferent processmg routes for establishing a homogeneous
_ ‘structure consisting of an array of equiaxed grains. In ex-

periments by Ferrasse et al.”) on Cu and Al alloys, it was

- concluded that processing by route C produces a more ho-
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Fig. 1—Schematic illustration of processing routes B, and Bc. where each
sample is rotated by 90 deg between each consecutive pressing.

Route Ba

mogeneous and equiaxed structure than routes A and B.
Iwahashi et al.™® used samples of pure Al and confirmed
the efficiency of route C over route A, but later showed, in
more detailed experiments,!'é! that microstructural evolution
occurs most rapldly when processing through route B. The
apparent inconsistency in these two sets of results appears
to arise because Ferrasse et al.1” defined route B as an al-
ternate rotation by 90 deg in a positive and negative direc-
tion, whereas Iwahashi et all'¥ defined route B as a
repetitive rotation by 90 deg in the same direction between
each pressing. These two processing routes are illustrated
schematically in Figure 1, where the designation route B,
represents the rotation employed by Ferrasse et al., equiv-
alent to 0 deg-90 deg-0 deg-90 deg, and the designation
route B represents the rotation employed by Iwahashi er
al., equivalent to 0 deg-90 deg-180 deg-270 deg. The pres-
ent investigation was therefore initiated in order both to
examine the microstructures produced in three orthogonal
planes of sectioning in pure Al when using route B, and
to compare these microstructures with those reported earlier
for the same material when using route B..[')

The experiments were conducted using the same high
purity (99.99 pct) aluminum as in earlier experiments.(1#)
An Al block with a diameter of ~30 mm and a length of
~ 150 mm was swaged into a 10-mm-diameter rod at room
temperature, and two samples were cut having lengths of

. ~60 mm. Each sample was annealed in air for | hour at

773 K to give a measured grain size of ~1 mm. The ECA
pressing was performed using a solid die of high strength
tool steel in which a single channel, with diameters of 10.3
and 10.0 mm at the entrance and exit, respectively, passed
through the die with an angle of intersection of ® = 90
deg. Samples were pressed at room temperature using MoS,
as a lubricant and with a pressing speed of ~19 mm s-!,
Each sample was pressed using route B, to a total of either
three or four passes equivalent to strains of ~3 and ~4,
respectively. These strains were selected for comparison
with route B, because the earlier results showed that four
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n boundaries.!'!
ollowing the ECA pressing, small samples with thick-
s of ~0.5 mm were cut from the centers of the rods
orientations either perpendicular to the longitudinal

top surface at the point of exit (the z plane); these three
tthogonal planes were used also in the earlier experiments
oute B.!'® Discs with diameters of 3 mm were
ed from these samples, ground mechanically, and
ed to perforation using the procedure described ear-
.The thinned specimens were examined in a Hitachi
00 transmission electron microscope (TEM) operating
0 kV. Photomicrographs were taken of representative

Selected area electron diffraction (SAED) patterns
re taken for each condition from regions with diameters
12,3 um. Subgrain sizes were estimated directly from

1 ingures 2 and 3 show the microstructures in the x, y, and
%ﬁl'anes, together with the appropriate SAED pattemns, for
amples tested through three and four passes, respec-

s apparent from the SAED patterns in Figure 2 that
imicrostructure in each plane consists of subgrains sep-
ted by low angle grain boundaries. Inspection of the
@E’éfémicrographs shows that these subgrains are elongated

VOLUME 29A, JULY 1998

crostructures after tilting to obtain the nearest net pat- -

Fig. 3—Microstructure and associated SAED pattems afier pressing
through route B, for a total of four passes.

in the x and y planes but they are fairly equiaxed in the z
plane. However, there is an important difference between
the present observations and those reported earlier on the
same material processed through route B, because in route
B, the subgrains were replaced by grains having high angle
grain boundaries after three passes through the die.l's! Thus,
comparing with the earlier data for routes A, B, and C,
the present microstructure is more similar to route A where
subgrains remain after three passes. Despite this difference,
the average subgrain size in each plane in Figure 2 is ~1
pm, and this is similar to the subgrain and grain sizes re-
ported earlier for the other processing routes.['!

The SAED patterns in Figure 3 show that, after a total
of four passes, the subgrains and low angle boundaries re-
main in the x and y planes, but the diffraction spots are
diffused in the z plane indicating an increase in the miso-
rientation angles. Inspection of the photomicrographs
shows the presence of elongated subgrains in the x and y
planes, but in the z plane the structure is evolving more
rapidly into an array of equiaxed grains with high angle
boundaries. Thus, some subgrain structure remains in route
B, even after four passes through the die, and in this respect
the processing route is similar to route A. The earlier ob-
servations using route B, showed that three passes were
sufficient to eliminate the subgrain structure and four passes
gave a homogeneous microstructure of equiaxed grains
with boundaries having high angles of misorientation.!'") By
contrast, the present observations using route B, reveal the

METALLURGICAL AND MATERIALS TRANSACTIONS A



retention of a subgrain structure, with many elongated sub-

_ grains, even after four passes through the die.
- * The results obtained in this investigation provide an ex-
planation for the apparent inconsistency between the data
-reported by Ferrasse et al.i¥ and Iwahashi et all'*) Ferrasse
et al. performed their ECA pressing using route B,, where
evolution into an array of equiaxed grains is very slow,
whereas Iwahashi ef al. pressed using route B, where the
evolution into an equiaxed grain structure occurs more rap-
idly. Based on the results available to date for each pro-
cessing route, it is reasonable to conclude that route B is
most effective in producing a homogeneous ultrafine-
grained structure, route C is intermediate, and routes A and

B, are the least effective.

In summary, (1) the rate of microstructural evolution in
ECA pressing depends upon whether the sample is rotated
between consecutive pressings; (2) when rotating by 90
deg, the sample may be either rotated alternately in positive
and negative directions (route B,) or rotated each time in
the same direction (route B.); and (3) the experiments show
that microstructural evolution, and the development of a
homogeneous microstructure of grains separated by high
angle boundaries, occurs more rapidly in route B than in
route B,. '
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ABSTRACT

Equal-channel angular (ECA) pressing is an experimental procedure which may be used to
~ introduce an ultra-fine grain size into a material through intense plastic straining. In principle,
/. this technique should provide materials which are capable of exhibiting high strain rate

superplasticity at relatively low testing temperatures. Experiments were undertaken to

determine the feasibility of introducing an ultra-fine grain size and attaining superplastic
. properties in a commercial Al-Mg-Li-Zr alloy containing a fine dispersion of §'-ALLi and '~
AlZr. The results demonstrate that it is possxble, by selecting an appropriate processing
route, to achieve a tensile elongation of > 1000% in this alloy at testing temperatures of 573 -
623 K and with an imposed strain rate of 1 X 102 gL,

ISR W S
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1. INTRODUCTION -

T

- Superplasticity, in the form of high tensile elongations prior to failure, may be attained in
“materials having small grain sizes, typically <10 pgm [1]. However, high superplastic
" elongations are generally confined to a narrow range of strain rates in the vicinity of ~ 10 -
.~ 103 5! and these slow rates serve to restrict the use of superplastic forming techniques to
¢ - applications where production is limited to ~ 100 - 10,000 units [2]. There is experimental
i¥ ' evidence suggesting that a reduction in grain size, by up to one order of magnitude, will both
- decrease the temperature and increase the strain rate associated with optimum superplastic
¢.-. flow [3,4]. These trends would be beneficial in the superplastic forming industry since a
-+ lower operating temperature will reduce tool wear and a faster strain rate has the potential for
reducing the forming time and thereby introducing the possibility of the mass production of
‘alarge number of components. The present paper describes an attempt to achieve high strain
rate superplasticity in a representative commercial aluminum alloy.

AT




2. EXPERIMENTAL MATERIAL AND PROCEDURES

' The experiments were conducted using a light-weight high strength commercial Russian alloy

designated 01420, This alloy has a chemical composition of Al-5.5% Mg-2.2% Li-0.12% Zr
and the development of the alloy was described by Fridlyander e al. [5].

The material was received in the form of a hot-rolled plate and it was found by microscopic
examination that the as-received grain size was of the order of ~400 um. This large initial

o grain size precludes any potential for superplasticity in the as-received condition.

In order to introduce an ultra-fine grain size into the Al-Mg-Li-Zr alloy, it was decided to
make use of a processing procedure known as equal-channel angular (ECA) pressing. In ECA

o pressing, a polycrystalline metal is machined and pressed through a special die containing two

channels, equal in cross-section, which intersect within the die to give a continuous single
passage. This procedure was developed many years ago in order to introduce an intense
plastic strain into materials with no change in the cross-sectional area [6] and it is now
established as a method for attaining a submicrometer or nanometer grain size [7,8]. In the

: - present experiments, cylindrical samples were cut from the as-received plate, with diameters
- of either 50 or 20 mm and with lengths in the range of ~70 - 100 mm, and these cylinders

were pressed through the die in air using an ECA facility in which the angle of intersection
of the two channels was 90°. Following pressing, the samples were air cooled and, if
required, they were then pressed again through the same die. A relationship is available to
estimate the strain introduced into a sample on a single passage through a die [9] and it
follows from this relationship that a single passage in the present experiments gives a strain
of ~ 1. Initially, ECA pressing was conducted for 4 passes at a temperature of 673 K giving
a total strain of ~4 but subsequent ECA pressing was conducted where there were 8 passes

" at673 K and 4 further passes at 473 K giving a total strain of ~12. For convenience, these

two ECA pressing procedures are designated Route 1 and Route 2, respectively.

" Following ECA pressing, tensile specimens were machined from the samples with a gauge
. length of 4 mm and a cross-section within the gauge length of 3 X 2 mm2. These specimens
= were pulled in air using an Instron testing machine operating at a constant rate of cross-head

displacement and with the testing temperature held constant to within +5°C.

- The stability of the microstructure after ECA pressing was evaluated by cutting small pieces

from the samples, with dimensions of 3 X 3 X 4.7 mm?, annealing each piece in an argon
atmosphere for 1 hour at selected temperatures in the range from 323 to 833 K and then
quenching in iced water. Microstructural examination was conducted by preparing discs with-

. a thickness of ~200 um and then mechanically grinding and thinning these discs for

examination by transmission electron microscopy (TEM). Selected area electron diffraction

- (SAED) patterns were recorded from regions of the samples having diameters of 13 um. The

Wt

- average grain size was determined in each sample by taking TEM photomicrographs and then
. measuring individually at least 50 different grains for each condition. A procedure was
. adopted in which SAED patterns were taken systematically along lines of linear traverse of
- >100 gm within the TEM and this permitted a qualitative estimate of the relative volume

¢ fractions of grains having high and low angles of misorientation.

Additional information is documented elsewhere concerning the procedures and the results
" obtained on the Al-Mg-Li-Zr alloy [10,11].
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3. EXPERIMENTAL RESULTS AND DISCUSSION

~Figure 1 shows the microstructures of the alloy and the associated SAED patterns after ECA
pressing using (a) Route 1 and (b) Route 2. A detailed description of the microstructure after
_pressing by Route 1 is given elsewhere [10] but in practice it was found that there was

heterogeneity within this material with some areas where the grain boundaries had high angles
of misorientation, as indicated by the SAED pattern in Fig. 1(a), and other areas where there
were arrays of sub-grain boundaries having low angles of misorientation. This heterogeneity
suggests that a strain of ~4 by ECA pressing is insufficient to produce a homogeneous

~microstructure in this material. It was shown by measurement that there were volume

fractions of ~60-70% of grains with high angle boundaries and ~30-40% of grains with low

.angle boundaries after processing by Route 1. By contrast, there was a homogeneous

structure of high angle boundaries after processing by Route 2.

Fig. 1 Microstructures after ECA pressing through (a) Route 1 and (b) Route 2.
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Fig. 2 Average grain size versus annealing temperature,
including experimental data for Al-3% Mg after ECA pressing [12]
and Al-3% Mg [13] and Al-1.5% Mg [14] after torsion straining.

The average grain size in the Al-Mg-Li-Zr alloy after ECA pressing by Route 1 was ~ 1.2
pm, and this value applied equally to the areas of grains with high angle boundaries and to
the areas of sub-grains with low angle boundaries. An identical grain size of ~1.2 um was
measured also after processing of the alloy by Route 2. Thus, the introduction of a higher
strain in the ECA pressing does not lead to an additional refinement of the microstructure but
rather it serves to permit an homogenization of the structure and an evolution of the
boundaries within those areas containing arrays of sub-grains.

‘The stability of the microstructure at elevated temperatures was evaluated by annealing
samples processed by Route 1 and then measuring the average grain size. The results are
plotted in Fig. 2 and, in addition, datum points are included for an Al-3% Mg solid solution
alloy after ECA pressing [12] and Al-3% Mg and Al-1.5% Mg solid solution alloys where
an intense plastic strain was introduced using the alternative procedure of torsion straining
[13,14]). Animportant conclusion from the work on the Al-Mg solid solution alloys was that
an ultra-fine grain size may be introduced, with a typical size of ~0.1 - 0.2 um, but these
very small grain sizes are unstable at temperatures above ~ 500 K so that grain growth occurs
very rapidly. By contrast, the ultra-fine grains introduced into the Al-Mg-Li-Zr alloy used
in the present investigation display remarkable stability such that significant grain growth
occurs only at temperatures above ~750 K, corresponding to ~0.8 T, where T, is the
absolute melting temperature of the material. This stability is attributed to the presence of 8-
Al,Zr precipitates in this alloy because these precipitates will be stable at these high
temperatures whereas the finer §’-Al;Li precipitates will dissolve. Since superplasticity is a
diffusion-controlled process, the results in Fig. 2 suggest that the Al-Mg-Li-Zr alloy may be
a suitable candidate material for the development of superplasticity at temperatures in the
range of ~550 - 700 K: these temperatures are attractive because they avoid problems
associated with the depletion of Li and Mg [15-17] at higher temperatures.
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Fig. 4 Elongation versus strain rate after ECA pressing through Route 1

and without ECA pressing.

Figures 3 and 4 show mechanical data obtained on the material subjected to ECA pressing
using Route 1: the stress-strain curves are given in Fig. 3 for three samples tested at a
temperature of 603 K and at strain rates from 3.3 X 10% to 3.3 X 102 5!, respectively, and
the total elongations to failure for these three samples are plotted in Fig. 4 together with
datum points obtained under the same testing conditions for the Al-Mg-Li-Zr alloy in the as-
received and unpressed condition.
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Further details on the ductility of the Al-Mg-Li-Zr alloy are given elsewhere [11,18], but it
is apparent from Fig. 4 that the material subjected to ECA pressing through Route 1 shows
substantial ductility, with a maximum elongation of ~550% at a strain rate of 3.3 X 103 s°!,
Although these results are attractive, they nevertheless fall short of the requirements for a
superplastic capability at strain rates within the range of commercial hot working processes.

As already noted, the microstructure after processing to a strain of ~4 through Route 1 was
heterogeneous and contained areas of both grains and sub-grains, whereas the microstructure
after processing through Route 2 was homogeneous with an array of grains having high angle
boundaries and with the same grain size of ~1.2 um. Therefore, tests were conducted to
determine the effect of using a more homogeneous microstructure. The resultant stress-strain
curves are shown in Fig. § and the variation of elongation with strain rate is given in Fig. 6:
it should be noted that these samples were tested at the slightly higher temperature of 623 K
and Fig. 6 includes also the three datum points for the unpressed material tested at 603 K.

It is apparent from Fig. 5 that these samples show an initial period of strain hardening
followed by strain softening, except for the test conducted at the lowest strain rate of 1 X 102
s’ where the test was discontinued without fracture and without the advent of strain softening
at a total elongation of 1180%. The appearance of these three specimens after testing,
together with other specimens also tested after ECA pressing through Route 2, is illustrated

- " in Fig. 7. High strain rate superplasticity (HSR SP) is normally defined as a high tensile

elongation at a strain rate faster than 102 s!. Thus, the present set of results provide a

remarkable demonstration of the ability to attain HSR SP in a non-superplastic commercial
aluminum alloy solely by subjecting the material to ECA pressing in order to introduce an
ultra-fine grain size. In Al-based materials, the occurrence of HSR SP has been confined to
date to a limited range of metal matrix composites, mechanically alloyed materials and alloys
processed using powder metallurgy techniques [19]. These results show the potential for
achieving even higher elongations and HSR SP in conventional commercial aluminum alloys.
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Fig. 7 Appearance of tensile specimens processed using Route 2
and tested at temperatures from 523 to 673 K: there is clear evidence
for high strain rate superplasticity at 573 and 623 K.
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Fabrication of Bulk Ultrafine-Grained Materials through

Intense Plastic Straining

PATRICK B. BERBON, NIKOLAI K, TSENEV, RUSLAN Z, VALIEV,
MINORU FURUKAWA, ZENJI HORITA, MINORU NEMOTO, and TERENCE G. LANGDON

Ultrafine grain sizes were introduced into samples of an Al-3 pct Mg solid solution alloy and a cast
Al-Mg-Li-Zr alloy using the process of equal-channel angular (ECA) pressing. The Al-3 pct Mg
alloy exhibited a grain size of ~0.23 um after pressing at room temperature to a strain of ~4, but
there was significant grain growth when the pressed material was heated to temperatures above ~450
K. The Al-Mg-Li-Zr alloy exhibited a grain size of ~1.2 um, and the microstructure was hetero-
geneous after pressing to a strain of ~4 at 673 K and homogeneous after pressing to a strain of ~8
at 673 K with an additional strain of ~4 at 473 K. The heterogeneous material exhibited superplastic-
like flow, but the homogeneous material exhibited high-strain-rate superplasticity with an elongation
of >1000 pct at 623 K at a strain rate of 10~ s~'. It is concluded that a homogeneous microstructure
is required, and therefore a high pressing strain, in order to attain high-strain-rate superplasticity

(HSR SP) in ultrafine-grained materials.

I. INTRODUCTION

SEVERAL methods are available for the processing of
‘materials with ultrafine grain sizes, including inert gas con-
densation,!'? high-energy ball milling,” and sliding wear.!
‘These procedures are attractive for producing materials with
‘grain sizes within the nanometer range, but there are dis-
advantages because some residual porosity remains after
fabrication and it is difficult to use these techniques to make
large bulk samples. As a consequence of these difficulties,
much attention has been given to the alternative procedure
-of introducing an ultrafine grain size in a material through
intense plastic straining.

Torsion straining under a high pressure**! and equal-chan-
nel angular (ECA) pressing,'¥! in which a sample is pressed
through a die with no change in the cross-sectional area,
are two methods currently under investigation for the fab-
rication of materials with ultrafine grain sizes.I™-'"1 Although
it is possible, in principle, to use these procedures to pro-
duce materials within the nanometer range, the grain sizes
attained by these techniques are often in the submicrometer

“range of ~0.1 to 1.0 um. Despite this possible limitation,
however, ECA pressing is an especially attractive procedure
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because it is a simple process which may be readily adapted
for a wide range of materials, the processed samples are
free of any porosity, and there is the potential for fabricat-
ing large bulk samples which may be subsequently utilized
in a wide range of applications.

In the superplastic forming (SPF) industry, for example,
it is well established that SPF becomes a viable processing
tool only for high-added-value products in medium to low
production runs of, typically, ~50 to 5000 pieces.!'!) This
limitation on SPF technology arises primarily because of
the relatively low forming speeds (typically up to ~10-3
s~'0%) and the consequently long forming times (~20 to
30 minutes). However, there is experimental evidence from
superplastic alloys that a decrease in grain size will lead
both to an increase in the superplastic capability of the ma-
terial and to the occurrence of optimum superplasticity at
faster strain rates.!'¥] This experimental observation has led
to the suggestion that a reduction in grain size from the
standard superplastic range of ~1 to 10 um into the sub-
micrometer range may provide the possibility of attaining
superplastic deformation at faster strain rates,!'*) thereby po-
tentially expanding the utility of SPF technology so that it
becomes a viable process for a much wider range of appli-
cations, )

In the present article, experiments are described which
were designed to provide a useful submicrometer grain size
in selected aluminum-based alloys. As will be demon-
strated, ECA pressing is a valuable tool for achieving an
ultrafine grain size in the submicrometer range, but the sub-
sequent thermal stability of these very small grains depends
critically, at least in aluminum alloys, upon the presence of
precipitates which are necessary to restrict grain growth at
elevated temperatures.

II. EXPERIMENTAL MATERIALS AND
PROCEDURES

Initially, experiments were conducted using an Al-3 pct
Mg solid solution alloy with an as-received grain size of
~500 um. Subsequently, the experiments were extended to
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' Fig. 1—Schematic illustration of the ECA pressing facility.

include a commercially cast Al-5.5 pct Mg-2.2 pet Li-0.12
pet Zr alloy, designated 01420, with an initial grain size in
the hot-rolled condition of ~400 um. Further details are
~ given elsewhere concerning the processing and properties

of the Al-3 pct Mg!'™¢1" and the Al-Mg-Li-Zri'®! alloys.

The ECA pressing was conducted using the facility il-
lustrated schematically in Figure 1. Two channels, equal in
cross section, intersect within a die. The test sample is ma-
chined to fit tightly within the die and it is then pressed
through the die using a plunger. The strain imposed on the
sample in a single passage through the die is determined
by the values of the two angles, ® and ¥, shown in Figure

1. Since the cross section of the sample is unchanged by

passage through the die, additional pressings may be con-

ducted on the same sample to attain a high strain, It has

been shown theoretically,®® and confirmed experimen-

tally,i2!! that the strain associated with a total of N pressings
" through the die (&,) may be expressed as

& = % [2 cot (%)- + —‘211) + ¥ cosec (% + 1;,-)] [
- In the present experiments, the die was constructed with @

= 90 deg and ¥ = 0 deg, so that, from Eq. [1], a strain
of ~1 is introduced in each passage through the die.
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The Al-3 pct Mg alloy was pressed in air at room tem-
perature for four passes through the die, equivalent to a
strain of ~4. The Al-Mg-Li-Zr alloy was pressed in air
either at a temperature of 673 K for four passes, to give a
strain of ~4, or for eight passes at 673 K and an additional
four passes at 473 K, to give a total strain of ~12, with
the samples cooled in air between consecutive pressings.
For convenience, these two procedures are designated
routes 1 and 2, respectively, and it should be noted that the
lower temperature of 473 K was selected for the final four
passes in route 2 in order to minimize grain growth.

Static annealing experiments were conducted to investi-
gate the stability of the ultrafine grain structures after ECA
pressing. Samples were annealed for 1 hour over a range
of selected temperatures which were held constant to within
+1 K. Specimens were prepared for examination by trans-
mission electron microscopy (TEM) using the procedure
described earlier.!'!)

Tensile tests were conducted after ECA pressing by ma-
chining specimens with gage sections of 3 X 2 mm? parallel
to the longitudinal axis of the pressed samples. All speci-
mens were pulled in air under selected conditions of tem-
perature and strain rate and using an Instron testing
machine operating at a constant rate of crosshead displace-
ment. Testing temperatures were held constant to within
+2 K during each test. For comparison purposes, some
additional tensile tests were also conducted on the Al-Mg-
Li-Zr alloy in the hot-rolled condition without ECA press-

ing.

III. EXPERIMENTAL RESULTS
A. Al-3 Pct Mg Alloy

Figure 2 shows typical examples, at two different mag-
nifications, of the internal structure in the Al-3 pct Mg alloy
after ECA pressing at room temperature to a strain of ~4;
also included are selected-area electron diffraction (SAED)
patterns obtained from regions with a diameter of 1.9 um.
It is apparent from Figure 2, and was confirmed by detailed
inspection, that the microstructure was essentially homo-
geneous in the Al-3 pct Mg alloy in the ECA-pressed con-
dition but the grain boundaries were often poorly
delineated, as is evident in Figure 2(b), thereby suggesting
that many of the boundaries were in a nonequilibrium con-
figuration.?2? The SAED patterns demonstrate that the
grain boundaries have high angles of misorientation, and
measurements showed that the mean linear intercept grain
size in the alloy in this condition was ~0.23 um.

The stability of the grain structure at elevated tempera-
tures was investigated by annealing a series of samples for
1 hour over a wide range of temperatures up to 803 K.
Figure 3 shows the variation of grain size with annealing
temperature for the Al-3 pct Mg alloy processed by ECA
pressing: data points are included also for the same alloy
processed by torsion straining!' and for the Al-Mg-Li-Zr
alloy processed by ECA pressing and discussed in Section
ITI-B. It is apparent from this plot that the grain size of the
Al-3 pct Mg alloy increases rapidly at temperatures above
~450 K, such that the grain size is >100 um at the highest

, annealing temperatures. The results documented in Figure
3 for the Al-3 pct Mg alloy are also very similar to data

METALLURGICAL AND MATERIALS TRANSACTIONS A
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e —l
—Representative microstructures in the Al-3 pet Mg alloy ahter ECA
ssing al (a) low and (h) high magnifications.
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Hiik\Big: 3—Variation of grain size with annealing temperature for the Al-3
‘Mg alloy and the Al-Mg-Li-Zr alloy processed by ECA pressing and
Al-3 pct Mg alloy processed by torsion straining.I'!

norted for an Al-1.5 pct Mg alloy where an ultrafine grain
was introduced by torsion straining.4
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®)

Fig. 4—Representative microstructures in the Al-Mg-Li-Zr alloy after
ECA pressing through (a) route 1 and (b) route 2, respectively.

It is well known that superplasticity is a diffusion-con-
trolled process requiring temperatures on the order of at
least ~0.5 T,,, where T, is the absolute melting temperature
of the material.?! Therefore, the inability to retain an ul-
trafine grain size at the submicrometer level in the Al-3 pct
Mg alloy at temperatures above ~450 K, corresponding to
~0.48 T,, implies that the submicrometer grain size
achieved by ECA pressing will be unstable within the tem-
perature range associated with high superplastic ductilities.
These results suggest that it may be preferable to investigate
the ECA pressing of an aluminum-based alloy containing
precipitates to inhibit grain growth; these experiments are
described in Section B.

B. Al-Mg-Li-Zr Alloy

The commercial Al-Mg-Li-Zr alloy was subjected to
ECA pressing, and Figure 4 shows the microstructures in
the alloy and the associated SAED patterns after ECA
pressing through (a) route 1 and (b) route 2, respectively.
A more detailed description of the processing through route
1 was given earlier,/'**'% and it was reported that the micro-
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Fig. 5—True stress vs strain at 603 K for the Al-Mg-Li-Zr alloy after

i+1 processing via route 1.

s structure of this material showed heterogeneity with some
*" areas having arrays of grain boundaries with high angles of

" misorientation, as in Figure 4(a), and other areas having

arrays of subgrain boundaries with low angles of misori-

£, entation, Careful measurements revealed that, for this con-

i ' dition with a total strain from ECA pressing of ~4, there
. * was a volume fraction of ~60 to 70 pct of grains with high-
' angle boundaries and ~30 to 40 pct of subgrains with low-
. angle boundaries. Despite the difference in boundary
misorientations, measurements of the grain size and the
‘subgrain size gave identical values of ~1.2 um. The pres-
. ence of marked heterogeneity after processing via route 1
" suggests that a strain of ~4 in ECA pressing is insufficient
~ to attain a stable homogeneous microstructure in this alloy.
By contrast, careful examination of the alloy processed
via route 2 to a strain of ~12 revealed a homogeneous
microstructure consisting of an array of grains separated by
boundaries having high angles of misorientation. The mi-
* crostructure in this condition is shown in Figure 4(b), and
measurements gave a grain size of ~1.2 um which is iden-
tical to the grain size measured after processing via route
1. It is reasonable to conclude from these measurements,
therefore, that higher strains in ECA pressing permit a ho-
mogenization of the microstructure through boundary ev-
olution but with no concomitant refinement in the
microstructure. This conclusion is consistent with obser-
vations of the evolution of the ultrafine grains and the
changes in the boundary misorientations during the ECA
pressing of pure ALR8
Static annealing experiments were conducted after ECA
pressing of the Al-Mg-Li-Zr alloy processed by route 1,
and the data points are included in Figure 3. Inspection
* shows that the commercial Al-Mg-Li-Zr alloy differs from
the Al-3 pct Mg solid solution alloy in two important re-
spects. First, the grain size of ~1.2 um introduced into the
Al-Mg-Li-Zr alloy after a strain of ~4 is significantly larger
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than the grain size of ~0.23 um obtained by ECA pressing
of the Al-3 pct Mg alloy. Second, despite the larger as-
pressed grain size in the Al-Mg-Li-Zr alloy, the grain con-
figuration is remarkably stable up to temperatures as high
as ~750 K, corresponding to a homologous temperature of
~0.80 T,. Therefore, processing via route 1 leads to an
ultrafine grain size which is stable within the anticipated
temperature range for superplasticity. As noted earlier,!'8!
the explanation for the very marked grain stability in the
Al-Mg-Li-Zr alloy lies in the stability of the B'-Al,Zr pre-
cipitates at these high temperatures. By contrast, the fine
8-ALLi precipitates are not stable and dissolve at these
temperatures.

It is important to note also that the stability of the mi-
crostructure at temperatures in the range of ~600 to 700 K
has two significant consequences. First, this temperature
range is attractive because it avoids the problems of Li and
Mg depletion which readily occur in Al-Mg-Li alloys at
higher temperatures.?722 Second, the presence of this
very small and stable grain size at high temperatures sug-
gests the potential for fulfilling the well-established need
for an SPF capability in Al-Li alloys at temperatures below
~700 K.po

Figure 5 shows a plot of the true stress (o) vs the strain
(&) for three samples of the Al-Mg-Li-Zr alloy processed
via route 1 and tested in tension at an absolute temperature
(T) of 603 K and at strain rates (€) from 3.3 X 104 to 3.3
X 10-2 s-!; as indicated, the grain size (d) in this condition
is 1.2 um, The three curves in Figure 5 show an initial
brief period of strain hardening, which is probably associ-
ated with a relaxation of the high internal stresses intro-
duced by the ECA pressing, followed by a period of strain
weakening and ultimate failure. It is apparent, from this
plot, that high tensile ductilities may be achieved in this
alloy after ECA pressing even in the presence of a heter-
ogeneous microstructure via route 1: for example, the elon-
gation to failure is ~550 pct at the intermediate strain rate
of 3.3 X 1073 s~

Figure 6 shows stress-strain curves obtained on the Al-
Mg-Li-Zr alloy after processing through route 2 for a range
of strain rates and for testing temperatures of (a) 523, (b)
573, (c) 623, and (d) 673 K, respectively. Inspection shows
that the alloy is remarkably ductile in this homogeneous
condition. At 523 K, for example, the total ductility of
~620 pet ate = 1073 s~! is even higher than the ductility
achieved with the alloy processed via route | at the higher
testing temperature of 623 K (Figure 5). At 573 K, the
highest elongation is ~1040 pct at a strain rate of 1072 57",
whereas at 623 K the test conducted at a strain rate of 10-2
s~! was discontinued without failure at an elongation of
1180 pct. At a testing temperature of 673 K, corresponding
to the ECA pressing temperature for the initial eight passes,
the elongations are substantially reduced but the flow
stresses are increased. Inspection by TEM after tensile test-
ing revealed the occurrence of significant grain growth un-
der dynamic conditions at this temperature.

Based on these limited data, a strain rate of 1072 s~! at
a temperature of 623 K appears to be an optimum condition
for the development of very high tensile ductility in this
alloy. Figure 7 shows the appearance of the microstructure
in the sample tested in tension at 623 K to an elongation
of 1180 pct without failure. Careful measurements showed
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) Fig. 6—True stress vs strain for the Al-Mg-Li-Zr alloy after processing via route 2 at temperatures of (@) 523 K, (b) 573 K, (c) 623 K, and (d) 673 K.

there was a very small increase in the grain size in this
* sample to a value of ~2.0 um.
~ Figure 8 provides, for similar testing temperatures in the
vicinity of 610 K, a direct comparison of the elongations
obtained as a function of strain rate for the unpressed Al-
Mg-Li-Zr alloy with a large grain size (open points) and
for the two materials subjected to ECA pressing to strains
. of ~4 (route 1) and ~12 (route 2), respectively. Thus, the
" unpressed alloy exhibits only modest elongations even at
the lowest experimental strain rate, whereas processing via
route 1 to produce a heterogeneous microstructure gives
superplastic-like flow and elongations of up to >500 pct,
and processing via route 2 to produce a homogeneous mi-
. crostructure gives exceptionally high elongations to failure

. METALLURGICAL AND MATERIALS TRANSACTIONS A

and these superplastic elongations cccur at very high strain
rates.

1V. DISCUSSION

High-strain-rate superplasticity (HSR SP) is defined for-
mally as the occurrence of superplasticity at strain rates
faster than 10-2 s~1,BY Therefore, it is clear that the results
obtained with the Al-Mg-Li-Zr alloy at a temperature of
623 K after processing via route 2, as documented in Figure
8, represent an example of the occurrence of HSR SP in a
commercial alloy fabricated by casting. A similar example
of HSR SP after ECA pressing has been reported also in a
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ling to an elongation of 1180 pct without failure at 623 K using
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ig::8—Elongation vs testing strain rate at temperatures in the vicinity of
10iK for the Al-Mg-Li-Zr alloy in the unpressed condition and after ECA

ing Al-6 pct Cu-0.4 pet Zr.*2

ese results demonstrate that, contrary to current un-
erstanding,! HSR SP in Al-based materials is not re-
istrcted exclusively to a limited range of metal matrix
posntes, mechanically alloyed materials, and alloys pro-
ed using powder metallurgy techniques Furthermore,
emperature of 623 K recorded in Figure 8 corresponds
‘homologous temperature of only ~0.67 T, thereby
onstrating that, contrary to observations in some alloys
frietal matrix composites,?4351 HSR SP is achieved in
Al-Mg-Li-Zr alloy without the occurrence of local melt-

2 lmportant observation in these experiments is that
R SP is attained when processing the Al-Mg-Li-Zr alloy
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to a strain of ~12 (route 2) but the elongations to failure
are much lower when the alloy is processed only to a strain
of ~4 (route 1). This difference arises because superplas-
ticity occurs by the process of grain boundary sliding,*!
and it is well established that the presence of a reasonably
large number of grain boundaries having low angles of mis-
orientation will serve to substantially limit the ability of a
material to exhibit high tensile ductilities.’” Therefore, it
is concluded that ECA pressing must always be continued
to a sufficiently high strain in order to develop a homoge-
neous microstructure that will permit a realization of the
special mechanical characteristics associated with the pres-
ence of an ultrafine grain size. This is particularly truc in
any attempt to achieve superplastic flow, where the occur-
rence of grain boundary sliding necessitates the develop-
ment of an array of boundaries having high angles of
misorientation.

V. SUMMARY AND CONCLUSIONS

1. Samples of an Al-3 pct Mg alloy and a commercial Al-
Mg-Li-Zr alloy were subjected to ECA pressing in order
to attain an ultrafine grain size.

2. The Al-3 pct Mg alloy was pressed at room temperature
to a strain of ~4, giving a grain size of ~0.23 um.
Static annealing showed this grain size was unstable at
temperatures above ~450 K.

3. The Al-Mg-Li-Zr alloy was pressed either to a strain of
~4 at 673 K (route 1) or to a strain of ~8 at 673 K,
and then to an additional strain of ~4 at 473 K, to give
a total strain of ~12 (route 2).

4. The Al-Mg-Li-Zr alloy processed via route 1 had a het-
erogeneous microstructure with a grain size of ~1.2 um.
This material exhibited superplastic-like flow at 603 K
with an elongation of ~550 pct at a strain rate of ~10?
5™l

5. The Al-Mg-Li-Zr alloy processed via route 2 had a ho-
mogeneous microstructure with a grain size of ~1.2 um.
This material exhibited HSR SP, with a maximum elon-
gation of 1180 pct without failure at a temperature of
623 K using a strain rate of 10-2 s,

6. High-strain-rate superplasticity can be attained in cast
alloys by introducing an ultrafine grain size through
ECA pressing, but the results demonstrate that it is nec-
essary to press to a sufficiently high strain in order to
develop a homogeneous microstructure.
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the predictions of the models.

I. INTRODUCTION

THERE is considerable current interest in the processing
“procedure of equal-channel angular (ECA) pressing in
_which an intense plastic strain is introduced into a sample
“through simple shear.l'! It is now established that this pro-
“cedure provides the capability of producing an ultrafine
‘grain size, in the submicrometer or nanometer range, in
-large-grained polycrystalline samples.>?! To date, there
have been numerous reports describing the use of ECA
.pressing for the fabrication of a wide range of ultrafine-
. grained materials.l+-'7
Most of the investigations of ECA pressing to date have
<.concentrated primarily on examining the microstructures
"‘and properties of selected materials after pressing to a rel-
7 atively large strain. Recently, an investigation was reported
“ . in which transmission electron microscopy (TEM) was used
‘to monitor the microstructural evolution as a function of
strain in samples of pure aluminum.!'$! However, there have
- been no similar investigations using optical microscopy.
The present investigation was initiated in order to alle-
viate this deficiency. Experiments were conducted on pure
. aluminum with the objective of examining, using optical
" microscopy, the macroscopic characteristics of ECA press-
ting as a function of the’ total imposed strain. The results
.- from these experiments are described in this report and, in
addition, it is demonstrated that there is a very good cor-
- ‘relation between the experimental observations and the pre-
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i Microstructural Characteristics of Ultrafine-Grained Aluminum
Produced Using Equal-Channel Angular Pressing

YOSHINORI IWAHASHI, MINORU FURUKAWA, ZENJI HORITA, MINORU NEMOTO, and

The shearing associated with equal-channel angular (ECA) pressing was examined using optical
microscopy. Samples of pure Al with a large grain size were subjected to ECA pressing to different
strains and then examined on three orthogonal planes. Samples were pressed without any rotation or
with rotations of either 90 or 180 deg between each consecutive pressing. The experimental obser-
vations are compared with models which predict the shearing characteristics associated with ECA
pressing under different conditions. It is demonstrated that there is good agreement, in terms of both
the grain elongation and the shearing within individual grains, between the experimental results and

dicted shearing patterns introduced into the samples during
the ECA pressing procedure.

II. EXPERIMENTAL MATERIAL AND
PROCEDURES

The experiments were conducted using samples of alu-
minum of 99.99 pct purity. An aluminum ingot was rolled
into a plate at room temperature and samples were cut for
ECA pressing with dimensions of 10 X 10 X 75 mm?, Each
sample was annealed for 1 hour at 773 K and the longitu-
dinal surfaces were prepared for ECA pressing using 800-
grit SiC paper. Observations in the unpressed condition re-
vealed an array of equiaxed grains having sizes in the range
of ~0.5 to 1.0 mm.

The principles of ECA pressing were described in earlier
reports.[®'? Figure 1 shows a schematic illustration of a
section through the ECA pressing facility, with the die con-
sisting of two channels, equal in cross section, which in-
tersect at an angle of ®. The ECA pressing was conducted
by machining each test sample so that it fitted tightly within
the vertical channel of the die and then pressing the sample
through the die using a plunger.

As indicated in Figure 1, an angle ¥ defines the arc of
curvature at the outer point of intersection of the two chan-
nels. It has been shown by calculation,!'®) and confirmed in
model experiments,!'”! that the strain accumulated in ECA
pressing (&) is given by the expression

&y = % [2 cot (-(21—) + %) + ¥ cosec (gz-2 + %)] [1]

where N is the number of passages through the die. It is
possible to perform repetitive pressings of the same sample
to achieve high total strains because the cross section of the
sample remains unchanged during passage through the die.

In the present experiments, the die was fabricated from
two blocks of SK3 tool steel (Fe-1.0 to 1.1 pct C) held
together with large bolts. Each channel had a cross section
of 10 X 10 mm? and, as indicated in Figure 1, the exper-
iments were conducted with an ECA pressing die having
angles of ® = 90 deg and ¥ = 20 deg. In this condition,
it follows from Eq. [1] that a strain of ~1 is introduced
into the sample in each passage through the die. All of the
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Pressure

Plunger

Die

Material

Fig. 1—Schematic illustration of the ECA pressing facility, showing the
values used in the present experiments for the two angles ¢ and V.

ECA pressings were conducted at room temperature using
a pressing speed of ~19 mm s~! and pressures in the range
of ~5 to 20 tons. Prior to pressing, samples were coated
with a lubricant containing MoS,.

The samples were pressed using three different process-

" ing routes, as illustrated in Figure 2. In route A, the sample

is taken through consecutive pressings without any rotation
between pressings; in route B, the sample is rotated in the
same direction by 90 deg between each consecutive press-
ing; and in route C, the sample is rotated by 180 deg be-
tween each pressing.

Each sample was pressed to a selected number of pas-
sages through the die. Following pressing, the surfaces were
ground on SiC paper and electropolished at 278 K using a
solution of 10 pct HCIO,, 20 pct C;HgO,, and 70 pet
C,H,OH, and then the surfaces were anodized for ~40
minutes in a 4 pet H,C,0, * 2H,0 solution. Samples were

. examined extensively using an optical microscope, and rep-

resentative photomicrographs were taken in the three or-
thogonal planes defined in Figure 3, where X is
perpendicular to the longitudinal axis of the sample and ¥
and Z are the planes parallel to the side faces or to the top
face at the point of exit from the die, respectively.

Some selected specimens were also examined using
TEM. These specimens were prepared for TEM by cutting
discs of 3-mm diameter from the central area of the pressed
samples, grinding them on SiC paper to a thickness of

2246—VOLUME 29A, SEPTEMBER 1998

Route A
N

Fig. 2—The three different processing routes used in these experiments:
in route A there is no rotation between consecutive pressings, and in routes
B and C the samples are rotated by 90 and 180 deg between each pressing,
respectively.

o
Lasssarsst®

Fig. 3—The three orthogonal planes, X, Y, and Z, examined in thesc
experiments. :

~160 mm, and then thinning them to perforation in a twin-
jet polishing unit with a solution of 10 pct HCIO,, 20 pct
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Fig. 4—Microstructures in the X, Y, and Z planes after a single passage
firough the die.

8100 transmission electron microscope operating at 200
V. Selected-area electron diffraction (SAED) patterns
“were taken using an aperture size of 12.3 um.

I1l. EXPERIMENTAL RESULTS
A. Single Passage through the Die

Figure 4 shows the appearance of the microstructures in
he optical microscope in the X, Y, and Z planes after a
single passage through the dic. Detailed inspection of the
microstructural characteristics led to several conclusions. In
lic X planc, the grains, which were initially cquiaxcd, be-
tame markedly clongated along the Y-axis with a corre-
sponding flattening in the Z direction. Within these grains,
here was much evidence for shearing in a direction essen-
ially parallel to the Y-axis. [n the Y plane, the grains were
elongated parallel to a dircction which was inclined, on
average, at an angle of ~25 to 30 deg to the X-axis.*

<+ *In order to define angles, it is assumed that the positive direction of
the selected axis points to the right, and the angles are then given in terms
anticlockwise rotation from the horizontal, This distinction becomes
important in route B, where the sample may be rotated consecutively in
ither a clockwise or an anticlockwise direction when locking along the
'gitudinal axis in the direction of pressing. In the present experiments,
the' samples tested via route B were rotated in a clockwise direction
; between each pressing.

Within the individual grains visible in the Y plane, there

Fig. 5—Microstructures in the X, Y, and Z planes after two passages
through the die without rotation (route A).

Fig. 6—Microstructures in the X, ¥, and Z planes after two passages
through the die with rotation of 90 deg (route B).

B. Two Passages through the Die

The appearance of the macroscopic microstructures after
two passages through the die is given in Figures 5 through
7 for samples subjected to no rotation in route A (Figure
5), a rotation of 90 deg between pressings in route B (Fig-
ure 6), and a rotation of 180 deg between pressings in route
C (Figure 7), respectively.

sIn Figure 5, subjected to pressing via route A, inspection
in the X plane revealed that the grains had become even
more elongated along the Y-axis, and, therefore, flattened
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axis.
Figure 6 shows the microstructures after processing via
te B. An important obscrvation for this sample was that

nng both parallel to the Y-axis and mclmed in dirce-
(an in the range of ~20 to 80 deg from the Y-ax|s. In the

% i ,igure 4 aftera smgle passage through the die, but shear-
g within the grains was now more visible and lay pre-
: iﬂémmantly at angles inclined at ~30 and ~50 deg to the

“'The microstructures after pressing via route C are shown
Figure 7. Inspection revealed that the grains were rea-
nably equiaxed in this condition in each of the three or-

flane approximately parallel to the Y-axis, in the Y plane

ane approximately parallel to the Y-axis.

Additional Passages through the Die in Route B

An cxpcnmental investigation reported carlier showed
.. the microstructure cvolves most rapidly into an array
i df:

igh-angle grain boundarics when the pressing is con-

ted using route B." Accordingly, additional pressings
Be performed via route B in order to examine the sub-
dtlent microstructures.

after four pressings via route B: the X and Z direc-
ns are indicated. In this condition, a large strain of ~4
en introduced into the sample and it is apparcnt that
icrostructure is now very complex and the grain
aries are not distinct on the specimen surface. Shear-
-visible within the grains but there appear to be no
efined angular relationships.

e microstructure consxsts of an array of small and
“ﬁntxally equlaxed grains, and measurements revealed an
je grain size in this condmon of ~1.3 pm. The SAED

: in a high-angle configuration. Therefore, the pres-
of this ultrafine-grained structure after only four

-VOLUME 29A, SEPTEMBER 1998

thogonal planes X, Y. and Z. Shearing was visible in the X

angles from 20 to 50 deg to the X-axis, and in the Z

ipure 8 shows an optlcal micrograph taken in the Y

Fig. 7—Microstructures in the X, Y, and Z planes after two passages
through the die with rotation of 180 deg (route C),

Fig. 8—Microstructure in the Y plane after four passages through the die
with rotation of 80 deg (route B).

pressings illustrates the potential utility of the ECA pressing
procedure.

Figure 10 shows the appearance of the microstructure in
the Y plane after a total of six pressings via route B. The
microstructure is again complex, and the grain boundaries
are not clearly defined because of the intense straining, but
there is some evidence for shearing at an angle of ~30 deg
to the X-axis.

METALLURGICAL AND MATERIALS TRANSACTIONS A



“Microstructure cbserved in the Y plane by TEM, with associated
pattern, after four passages through the die with rotation of 50 deg

rotation of 90 deg (route B).

IV. DISCUSSION

he results presented in Section III demonstrate that,
observed at a macroscopic level, the introduction of
se plastic straining through ECA pressing leads to very
ificant distortions of the large equiaxed grains which
resent in the unpressed condition. These results, there-
upplement the earlier observations reporting the de-
pment and evolution of an ultrafine-grained, structure
ng ECA pressing.!'s]

LURGICAL AND MATERIALS TRANSACTIONS A

1 pressing

Z plane

Fig. 11—Schematic illustration of shearing in a single passage through
the die, plus the corresponding deformation in the X, ¥, and Z planes,

In order to obtain an understanding of the present ob-
servations, it is necessary to consider the precise character-
istics associated with the shearing introduced on passage
through an ECA pressing die.

A. Shearing for One Pressing

Figure 11 gives a schematic illustration of the shearing
associated with a single passage through the die for the
condition where ® = 90 deg and, for simplicity, ¥ = 0
deg.* The cubic element on the left in Figure 11 passes

*The present experiments were conducted using W = 20 deg, which
avoids the problem, revealed by finite-element modeling,?" that the comer
at the intersection of the two channels may not completely fill when

friction is present. In practice, it is easier to illustrate the shearing
schematically by using a value of ¥ = 0 deg.

through the theoretical shear plane, shown shaded at left,
and is sheared into the rhombohedral shape illustrated
within the exit channel of the die. The three inserts depict
the consequent deformation, in terms of the macroscopic
grain elongation and the associated shearing planes within
the individual grains, for observations in the X, ¥, and Z
planes, respectively.

The predicted behavior in Figure 11 is in good agreement
with the experimental observations given in Figure 4 in
terms of both the directions associated with the grain
bdundaries and the predominant shear directions within the
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o Fig; 12—Schematic illustration of shearing after two passages through the
. die via route A, plus the corresponding deformation in the X, ¥, and Z
. . planes.

individual grains, In particular, the experimental observa-
tion of grain boundaries in the Y plane lying at approxi-
mately 25 to 30 deg to the X-axis is consistent with the
 shearing behavior depicted in Figure 11, where the grains
. 'become elongated in the Y plane at a predicted angle of 27
. deg to the X-axis. The experimental observations also re-
i, vealed shearing occurring predominantly at 45 deg to the
“  Xaxis in the Y plane, Again, this is consistent with the
- ' expectations from the simple shear depicted in Figure 11
" and the additional multiplicity of shearing observed exper-
" imentally, over an angular range of ~20 to ~70 deg, is
due to the limitations on the crystallographic shear direc-
tions in the fcc lattice and the influence of the surrounding

¢. ' grains in maintaining a contiguous structure.

B. Shearing for Two Pressings

The effect of two pressings through the die is illustrated
schematically in Figures 12, 13, and 14 for pressings con-
.. ducted via routes A, B, and C, respectively.*

*Route B may be further divided into two subcategories, depending
upon whether the rotations are +90 deg in the same direction between
each pressing or +90 deg with the direction of rotation alternating
between consecutive pressings. The present experiments were conducted
using the former route which, for simplicity, is here designated. route B.

Figure 12 depicts shearing characteristics which are gen-
erally consistent with the experimental observations in Fig-
ure 5. In particular, the elongation of grains along the Y-axis
in the X plane is predicted by Figure 12, and the observa-

;... tion in the Y plane of elongated grains lying at angles close

% 2250—VOLUME 29A, SEPTEMBER 1998

Route B; 2 pressings

Fig. 13—Schematic illustration of shearing after two passages through the
die via route B, plus the corresponding deformation in the X, ¥, and Z
planes.

to ~15 deg to the X-axis is consistent with the prediction
that the grains elongate in a direction at 14 deg to the X-
axis. The presence of two distinct shear directions in the ¥
plane in Figure 5 is in agreement with the shearing model
in Figure 12 which shows that two shear planes coexist
after the second pressing through the die. It is important
also to note a characteristic of route A which is evident
from the model. Namely, the direction of shearing in the ¥
plane changes with each pressing through the die when us-
ing route A, whereas, by contrast, the grains exhibit addi-
tional elongation in the Y plane as the number of pressings
increases.

The shearing mode! for two pressings via route B, de-
picted in Figure 13, is also consistent with the experimental
observations shown in Figure 6. Specifically, the model
predicts that the grains are elongated on all three orthogonal
planes and that on each plane the individual grains contain
two distinct shearing directions.*

*One of the two shearing directions within each grain is transposed by
180 deg in Figure 13 by comparison with the experimental observations
because, for convenience in displaying the results pictorially, the
hypothetical sample used in the model was rotated by 90 deg in an
anticlockwise direction, rather than in a clockwise direction, when looking
along the longitudinal axis in the direction of pressing.

Figure 14 depicts the shearing characteristics after two
pressings via route C. An important characteristic of route
C, where there is a rotation of the sample through 180 deg

METALLURGICAL AND MATERIALS TRANSACTIONS A



Route C; 2 pressings

Route B; 3 pressings

Fig. 14—Schematic illustration of shearing after two passages through the
die via route C, plus the corresponding deformation in the X, Y, and Z
planes.

- between consecutive pressings, is that it leads to equiaxed
* grains after two pressings and each grain then contains a
single shear direction. The predictions from the model, as

. illustrated in Figure 14, are that shearing within the individ-
" "ual grains will occur parallel to the Y-axis in the X plane, at
i 45 deg to the X-axis in the Y plane, and parallel to the -
#-  axis in the Z plane. Each of these predictions is consistent
i -with the experimental observations recorded in Figure 7.

C. Shearing for More Than Two Pressings via Route B

Since the experimental evidence suggests that route B is

! preferable for the rapid attainment of an ultrafine-grained

& structure delineated by boundaries having high angles of

% misorientation,?? it is instructive to consider the shearing

¢ characteristics associated with additional pressings using
route B.

* Figure 15 depicts the shearing behavior for three, four,

and five pressings via route B. There are two important

characteristics associated with the use of route B. First, Fig-

ure 15 shows that an equiaxed grain configuration is again

3 ; . > Fig, 15—Schematic illustration of shearing via route B afier three, four,
pi'- ‘attained ‘after four pressings through the die.* Second, the and five passages through the die.

" *In practice, the condition for reaching a macroscopic equiaxed grain
configuration in all three orthogonal planes when using route B is given

by N = 4n, where  is an integer, to assume that, as observed experimentally,?¥ this pressing
condition will represent an optimum in any attempt to attain

_ shearing direction is different with each pressing, so that an array of ultrafine equiaxed grains. This conclusion is also
::;there is no single direction of elongation and it is reasonable consistent with the TEM microstructure visible in Figure 9,
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ABSTRACT

Equal-channel angular (ECA) pressing has been used to introduce a very
small grain size into a commercial cast Al-Mg-Li-Zr alloy. Tensile testing
reveals the potential for achieving sugerp]astic ductilities in this alloy at very
high strain rates (greater than 10 s™") but experiments show that this
potential is realized only if a sufficiently high strain is introduced during the
ECA pressing such that the microstructure is homogeneous and consists of an
array of grains having large-angle grain boundaries.

§ 1. INTRODUCTION

Superplastic forming is an industrial process in which the high tensile ductility of
a superplastic sheet metal is used to form a complex shape (Barnes 1994). This
procedure is employed extensively for the fabrication of low volumes of high-
value components but there has been no extension into mass production because
the forming is conducted at the relatively slow strain rates associated with optimum
superplastic ductility, typically up to about 107>—10"%s~! (Langdon 1982), and the
forming times are consequently very long (about 20-30 min).

There have been several recent reports of the occurrence of high-strain-rate
(HSR) superplasticity (SP) in aluminium-based materials where high tensile elonga-
tions are achieved at strain rates above 107%s™! (Higashi et al. 1996). However, these
reports have been restricted to date to a limited range of metal matrix composites,
mechanically. alloyed materials and alloys fabricated using powder metallurgy pro-
cedures (Nieh et al. 1997) and there have been no reports of HSR SP in conventional
commercial aluminium alloys processed by casting.

Experiments on superplastic materials have demonstrated that a decrease in
grain size leads both to an increase in the elongations to failure and to the occurrence
of these higher elongations at faster strain rates (Mohamed er a/. 1977) This well
established trend led to the suggestion that it may be possible to achieve HSR SP in
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conventional cast materials by making a very substantial reduction in the grain size
using a procedure such as, for example, equal-channel angular (ECA) pressing (Ma
et al. 1996). Some preliminary experiments on a commercial Al-Mg-Li~Zr alloy
subjected to ECA pressing revealed a potential for superplastic-like flow at high
strain rates (Furukawa et al. 1998a) and very recently HSR SP was achieved in
this alloy, and in an Al-Cu-Zr alloy also, with high tensile ductilities up to strain
rates of about 107's™! (Valiev et al. 1997). This paper reports further experiments
which were designed to delineate the precise requirements for attaining HSR SP
when using ECA pressing for the grain refinement of cast aluminium-based alloys.

§ 2. EXPERIMENTAL MATERIAL AND PROCEDURES

The experiments were conducted using a Russian light-weight high-strength alloy
fabricated by casting and having the commercial designation of 01420; the alloy has
a fabricated composition of Al-5.5 wt% Mg-2.2 wt% Li~0.12 wt% Zr and contains a
fine dispersion of 8’-Al;Li and B’-Al;Zr precipitates. This alloy was selected initially
because of the well established need to develop a superplastic forming capability in
Al-Li alloys at relatively low temperatures, of the order of 600-700 K, where there is
negligible Li and Mg depletion (Pu ef al. 1995). The experimental alloy was received
in a hot-rolled non-superplastic condition with an initial grain size of ~ 400 um and
grain refinement was achieved using ECA pressing.

The ECA pressing procedure was developed several years ago as a method of
metal working by simple shear (Segal ef a/. 1981) and subsequently it was reported
that ECA pressing may be used to attain submicrometer or nanometer grain sizes in
metals (Valiev et al. 1991, Valiev and Tsenev 1991). The principle of ECA pressing is
illustrated schematically by the section through a pressing die shown in figure 1. Two
channels of equal cross-section intersect within the die at an angle of ¢ and there is
an additional angle ¥ defining the arc of curvature at the outer point of intersection
of the two channels. A test sample is machined to fit within the channel and it is
pressed through the die with a plunger. It has been shown from first principles
(Iwahashi et al. 1996), and confirmed in model experiments (Wu and Baker 1997),
that the strain ey accumulated in ECA pressing is given by

—-i 2cot 9+Z -+ ¥ cosec _<1_>+q/
V=3 2772 2732))

where N is the number of passages through the die. Since the cross-section of the
sample remains unchanged after a single passage through the die, repetitive pressings
of the same sample may be undertaken in order to achieve high total strains.

Samples were machined in the form of cylinders having diameters of either 50 or
20mm and with corresponding lengths of ~100 or ~70 mm respectively. The ECA
pressing was conducted in air at selected elevated temperatures with the samples
cooled in air between consecutive pressings. In the present experiments, the angles
associated with the die were @ = 90° and ¥ = 0° so that a single pressing gave a
strain of about unity. Two sets of experiments were undertaken using pressing routes
1 or 2. In route 1, each sample was pressed for four passes through the die at a
temperature of 673 K giving a total strain of about four; in route 2, the samples were
pressed for eight passes at 673 K and four additional passes at 473K to give a total
strain of about 12, with the lower temperature selected for the final passes in order to
minimize grain growth.
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Plunger

Figure 1. The principle of equal-channel angular pressing.

The potential for superplastic forming was evaluated by machining tensile speci-
mens parallel to the longitudinal axes of the ECA-pressed samples with gauge
lengths of 4mm and gauge cross-sections of 3mm x 2mm. These specimens were
pulled in air in a testing machine operating at a constant rate of cross-head displace-
ment at selected elevated temperatures from 523 to 673 K, with the temperature held
constant during each test to within £2 K. Small discs of some samples were prepared
for inspection by transmission electron microscopy (TEM) using a standard prepara-
tion procedure for Al-based alloys (Wang et al. 1996).

§ 3. EXPERIMENTAL RESULTS AND DISCUSSION

Inspection of samples by TEM after ECA pressing by route | revealed a hetero-
geneous microstructure consisting of areas of reasonably equiaxed grains separated
by large-angle boundaries interspersed with areas of subgrains where the boundaries
were at small angles of misorientation. Measurements revealed an average grain size
of ~1.2um and the volume fractions were estimated as ~60-70% of grains with
large-angle boundaries and ~30-40% of grains with small-angle suboundaries;
further information on the nature of the microstructure in this condition has been
given elsewhere (Furukawa et al. 1997, 1998a). Tensile experiments on these samples
demonstrated a possible potential for high superplastic ductilities but the maximum
recorded elongation at a temperature of 603 K was only ~550% when using a strain
rate of 3.3 x 1073s™! and the elongation to failure dropped to ~340% when the
strain rate was increased to 3.3 x 1072s~"'. This microstructural condition appears,
therefore, to achieve only partially the anticipated superplasticity at high strain rates.
Figure 2 shows a representative microstructure within the alloy after ECA press-

ing through route 2. Very careful examination by TEM, combined with inspection of
the associated diffraction patterns, revealed a homogeneous structure of equiaxed
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Figure 2. Microstructure in the AI-Mg-Li-Zr alloy after ECA pressing through route 2.

grains with an average grain size of ~ 1.2 um which was identical with the samples
pressed through route 1 but with all the grain boundaries now having large misor-
ientation angles. It was observed also, as is evident in figure 2, that many of the grain
boundaries exhibited a non-uniform contrast which is typical of the high-energy non-
equilibrium boundaries introduced through intense plastic straining (Valiev ez al.
1993, Horita et al. 1996, 1998).

Several specimens processed through route 2 were pulled in tension at relatively
high strain rates and the appearance of these specimens after testing is recorded in
figure 3; the upper specimen is untested. It is apparent from figure 3 that some of
these specimens exhibit extremely high tensile ductilities, with a maximum elonga-
tion of 1180% without failure in a sample pulled at an initial strain rate of
1 x 1072s7! at 623K and an elongation to failure of 1040% at the same strain
rate at 573 K. The uniform deformation of this and other specimens and the absence
of visible macroscopic necking within the gauge lengths confirm the occurrence of
superplastic deformation in these samples. In addition, the strain rates associated
with these superplastic ductilities are remarkably high, including an elongation of
340% achieved at 623 K with a strain rate of 1s™". Industrial superplastic forming
operations are performed at strain rates up to ~1072s~! and these operations gen-
erally require strains of the order of 300-400% (Dressel 1995, Wisbey and Kearns
1995). Therefore, the present results confirm the potential both for introducing
ultrafine grain sizes with consequent superplastic ductilities into nominally non-
superplastic commercial cast alloys and for utilizing these alloys in superplastic
forming operations at strain rates up to two orders of magnitude faster than
employed in current practice.



HSR SP in cast Al alloys 317

' Al1420 [
Al-5.5%Mg-2.2%1 4-0.12%7¢ |8

e u-c |

' p. —
b
o ~ﬂ K
B mwn o oomm
Figure 3. Examples of tensile ductility in samples pulled at high strain rates at elevated
temperatures.

The experimental results reveal that ECA pressing through route 1 to a total
strain of about four is insufficient to maximize the superplastic capabilities of this
alloy whereas pressing through route 2 to a strain of ~ 12 leads to very high tensile
ductilities at fast strain rates. Current evidence suggests that grain-boundary sliding
is capable of accounting for all the deformation occurring under superplastic con-
ditions (Langdon 1994) and, since small-angle grain boundaries are not conducive to
easy sliding, it is concluded that pressing through route 1 fails to achieve the very
high tensile ductilities because of the heterogeneity in the microstructure and espe-
cially the presence of many small-angle sub-boundaries. It is concluded that the
development of HSR SP in commercial aluminium-based alloys requires the intro-
duction by ECA pressing of a sufficiently high strain such that the microstructure
evolves into an array of reasonably equiaxed grains separated by large-angle grain
boundaries.

Earlier experiments showed that the mechanical properties of ECA pressed mate-
rials were dependent upon the temperature of pressing and therefore upon the nature
of any relaxation of internal stresses which may take place during the straining
process (Furukawa et al. 1998b). The present results extend this work by demon-
strating that the mechanical properties, and especially the attainment of HSR SP, are
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dependent also upon the precise nature of the microstructure introduced during the
ECA pressing. In particular, it is possible to utilize ECA pressing to achieve SP at
high strain rates in non-superplastic cast alloys but care must be exercised to ensure
that the pressing is continued to a sufficiently high total strain.
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Abstract

Equal-channel angular (ECA) pressing is a processing procedure in which substantial
microstructural refinement may be introduced into a material through intense plastic shearing.
This paper describes an investigation of the effects of ECA pressing on an Al-Mg solid solution
alloy and on a commercial aluminum alloy fabricated by casting. The results demonstrate the
potential both for producing a very small grain size and for achieving superplastic tensile
ductilities of up to >1000% at high strain rates (=102 s"),
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Introduction

Superplasticity refers to the ability of a polycrystalline material to exhibit a very high
elongation when pulled in tension. Under optimum conditions, materials having a potential for
superplastic flow usually exhibit maximum ductility at strain rates of the order of ~ 103 - 102
5! and there are very substantial decreases in the elongations to failure at both higher and lower
strain rates [1]. i

The occurrence of superplasticity. provides the possibility of making use of this process for the
fabrication of complex parts in the procedure known as superplastic forming. Because of the
nature of the superplastic process, this forming is usually conducted at the strain rates
. corresponding to optimum superplastic flow so that the forming times are fairly slow and of
the order of ~20 - 30 minutes. This forming rate is sufficiently slow that it precludes the
mass production of large numbers of identical components for use in, for example, the
automotive industry and superplastic forming is therefore restricted instead to the fabrication
of high-value components in more limited applications such as the aerospace and architectural
industries.

The possibility of achieving high strain rate superplasticity (HSR SP) was first reported by Nieh
et al. [2] in experiments conducted on an Al-2124 matrix alloy reinforced with SiC whiskers.
In these experiments, a maximum elongation of ~300% was achieved at the very high strain
rate of 3.3 X 107! 5! and there was only a relatively minor decrease in the elongations to
failure at even faster strain rates. These unusual results led to the initiation of several major
investigations into the properties and characteristics of HSR SP in a range of materials: much
of this work was summarized in a recent review [3] and there are now numerous reports of
HSR SP in a range of metal matrix composites, mechanically alloyed materials and in alloys
fabricated using powder metallurgy procedures [4]. As a result of this very substantial activity,
HSR SP has been defined formally, in a standard designated JIS H7007 by the Japanese
Standards Association, as the advent of high superplastic-like elongations at strain rates at or
above 102 s! [3].

In conventional superplastic alloys, there is experimental evidence showing that a reduction in
grain size leads to higher elongations to failure and, in addition, these higher elongations occur
at faster strain rates [5]. This obsérvation led to the development of the proposal that it may
be possible to achieve a superplastic forming capability at high strain rates in conventional
materials by making a substantial reduction in the grain size [6]. It is therefore necessary to
consider possible procedures for achieving an ultrafine grain size.

Several methods are currently under investigation for the processing of materials with ultrafine
grain sizes, including inert gas condensation [7,8], high energy ball milling [9] and sliding wear
[10]. However, these methods have the disadvantage that some residual porosity remains
within the materials after fabrication so that the procedures may not be appropriate for
subsequent use in superplastic forming operations. An alternative procedure is to refine the
microstructure through intense plastic straining using the procedures of torsion straining under
a high pressure [11] or equal-channel angular (ECA) pressing [12,13]. Of these two
procedures, ECA pressing is an especially attractive processing route because a sample is
pressed through a die with no change in the cross-sectional area, thereby permitting the
possibility of fabricating large bulk samples in a fully-dense condition. There are several
reports of the use of ECA pressing in order to produce ultrafine-grained structures in Al-based
and Mg-based alloys [14-16] and the present investigation was conducted in order to determine
the feasibility of using this procedure to attain HSR SP in aluminum alloys.
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The ECA pressing was conducted using a facility which is illustrated schematically in Fig. 1.
The facility consists of a die which has two channels, equal in cross-section, intersecting at an .
angle of ®. A second angle, ¥, defines the outer arc of curvature at the point of intersection
of the two channels. Prior to pressing, the test sample is machined so that it fits within the die
and it is then pressed through the die using a plunger. It is apparent that the sample exiting
from the die has the same cross-section as the original sample. Therefore, repetitive pressings
may be conducted in order to achieve high total strains.

In practice, the strain imposed on a single passage through the die is determined exclusively
by the magnitudes of the two angles, ® and ¥. It can be shown that the strain, gy, associated
with a total of N passages through the die may be expressed by a relationship of the form [17]

gy = 7”-3_ [2 cot(% + %’) +\Ifcosec(.:; + %)] (1)

Model experiments have been ‘conducted in which layered billets of colored plasticine were
pressed through a die of plexiglass and these have shown that equation (1) provides an accurate
representation of the strain introduced during the ECA pressing procedure except at the sample
edges where there are friction effects [18]. The implications of eqn. (1) are illustrated in Fig.
2 where ¢,, corresponding to a single passage through the die and N = 1, is plotted as a
function of the angle between the two channels, ®, for values of ¥ from 0° to 90°. The
present experiments were conducted using a die having & = 90° and ¥ = 0° and therefore
it follows from egn. (1) and Fig. 2 that a strain of ~ 1 is introduced on each passage of the
sample through the ECA die.

Plunger

Figure 1 - ECA pressing facility.
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Figure 2 - Strain introduced in a single passage through the die
as a function of the angles ¢ and V.

Experi eri I I

The experiments were conducted using two different materials, an Al-Mg solid solution alloy
and a commercial Al-Mg-Li-Zr alloy.

An Al-3% Mg solid solution alloy was obtained in a hot rolled condition with an initial grain
size of ~500 um. The alloy was subjected to ECA pressing at room temperature to a total of
four passes through the die, equivalent to a strain of ~4. Further details concerning this
material are given elsewhere [19-21].

A commercial cast Al-5.5% Mg-2.2% Li-0.12% Zr alloy was received in a hot rolled condition
with a grain size of ~400 um: this material is a Russian light-weight high strength alloy with
the designation of 01420 [22]. The Al-Mg-Li-Zr alloy was pressed under two different
conditions designated routes 1 and 2, respectively. In route 1, samples were pressed in air at
a temperature of 673 K for a total of four passes to give a strain of ~4. In route 2, the
samples were again pressed in air but to a total of 8 passes at 673 K and a further 4 passes at
473 K, thereby introducing a total strain of ~12. In each processing route, the samples were
cooled in air between consecutive pressings. In route 2, the lower temperature of 473 K was
used for the final pressings in at attempt to minimize any grain growth which may occur at
these elevated temperatures. Further details concerning this material are given elsewhere
[23,24].

Following ECA pressing, both materials were subjected to static annealing experiments in
* which small samples were annealed for 1 hour over a selected range of temperatures, with the
temperature held constant to within +1 K. Selected specimens were also examined by
transmission electron microscopy (TEM) using the preparation procedure described elsewhere
[19]. Tensile tests were conducted after ECA pressing using specimens in which the gauge
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| lengths‘ were parallel to the longitudinal axes of the samples after pressing. For the tensile

tests, samples were pulled in air using an Instron testing machine operating at a constant rate
of cross-head displacement and with the temperatures controlled to within +2 K during each
separate test. For comparison purposes, some tensile tests were also conducted on samples of
the Al-Mg-Li-Zr alloy in the as-received hot rolled condition without subsequent ECA pressing.

Experimental results

Figure 3 shows the microstructure in the Al-3% Mg alloy after ECA pressing, together with
a selected area electron diffraction (SAED) pattern obtained from a region having a diameter
of 1.9 um. Detailed inspection showed that the microstructure was essentially homogeneous
in this alloy after ECA pressing at room temperature to a strain of ~4 and the SAED pattern
demonstrates that the grain boundaries have high angles of misorientation. The mean linear
intercept grain size in this condition was measured as ~0.23 um. More detailed inspection
showed that the grain boundaries were generally poorly delineated suggesting that, as in Al-Mg
alloys subjected to intense plastic straining in torsion [25], they are in high energy non-
equilibrium configurations [26,27].

These results demonstrate the potential for attaining an ultrafine grain size in the Al-3% Mg
alloy but it is important to determine the stability of this structure since any attempts to achieve
a superplastic condition will necessitate the testing of samples at temperatures of the order of
~0.5 T,, or higher, where T,, is the absolute melting temperature [1]. The effect of annealing
for 1 hour at different elevated temperatures is illustrated in Fig. 4, where the four
photomicrographs correspond to annealing temperatures of (a) 443 K, (b) 503 K, (c) 533 K and
(d) 563 K, respectively. It is apparent from inspection of Fig. 4 that there is an increase in the
average grain size with increasing temperature, there is the development of a duplex structure
of unrecrystallized and recrystallized grains, and as the grains grow there is a corresponding
evolution in the nature of the grain boundaries into a more equilibrated structure. The
recrystallization occurring in these samples is a direct consequence both of thermal activation
and of the initial non-equilibrium nature of the microstructure in the material; this process has
been designated continuous static recrystallization [28].

. » . ,
‘-‘ A &+ .
5 . Jrs—
! -d

Figure 3 - Microstructure of the Al-3% Mg alloy after ECA pressing.
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Figure 4 - Microstructures in the Al-3% Mg alloy after annealing for 1 hour
at (a) 443 K, (b) 503 K, (c) 533 K and (d) 563 K, respectively.

As noted earlier, the Al-Mg-Li-Zr alloy was subjected to two different ECA processing
conditions which are designated routes 1 and 2. Figures 5 and 6 show typical microstructures
and the associated SAED patterns after processing of this alloy through routes 1 and 2,
respectively.

Careful inspection after processing via route 1 showed that the microstructure was
heterogeneous and consisted of areas where there were grain boundaries with high angles of
misorientation, as in Fig. 5, and other areas where the boundaries were in low angles of
misorientation. Measurements showed that the volume fraction of grains with high angle
boundaries was ~60-70% and the remaining volume of ~30-40% contained low angle sub-
boundaries. Measurements showed also that the average grain size and the sub-grain size were
essentially identical at ~ 1.2 um. It is clear from these observations that route 1 and a strain
of ~4 is not capable of providing a stable homogeneous microstructure.

By contrast, the microstructure was homogeneous after processing through route 2 to a strain
of ~ 12 and all of the boundaries exhibited high angles of misorientation. It is well-established
that the boundary misorientation angles increase with increasing numbers of pressings in ECA
pressing, and therefore with increasing strain [29], and these results demonstrate that a strain
of ~12 is sufficient to attain an array of high angle boundaries in the Al-Mg-Li-Zr alloy.
Measurements revealed an average grain size of ~1.2 um and this value is identical to the
recorded grain size after processing through route 1. Therefore, additional pressings to a
higher strain serve only to permit an evolution of the microstructure with no corresponding
refinement to smaller grain sizes.
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Figure 6 - Microstructure of the Al-Mg-Li-Zr alloy after processing through route 2,
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Figure 7 - Microstructures in the Al-Mg-Li-Zr alloy after pressing through route 1
and annealing for 1 hour at (a) 473 K, (b) 573 K, (c) 673 K and (d) 793 K, respectively.

Figure 7 shows the effect of static annealing of the Al-Mg-Li-Zr alloy, where the
microstructures are the result of annealing of 1 hour at temperatures of (a) 473 K, (b) 573 K,
(c) 673 K and (d) 793 K, respectively. It is apparent that, by comparison with the annealed
microstructures shown in Fig. 4 for the Al-3% Mg alloy, grain growth is significantly inhibited
in this material so that the grains remain small even at temperatures as high as 673 K, as shown
in Fig. 7(c). Furthermore, this inhibition occurs despite the fact that the initial as-pressed grain
size is larger by a factor of ~5. This grain stability is attributed to the presence of B'-ALZr
precipitates which are stable at these high temperatures.

The grain size stability of these two materials is compared directly in Fig. 8. Thus, the Al-3%
Mg alloy exhibits fairly rapid grain growth at temperatures above ~500 K whereas the
commercial Al-Mg-Li-Zr alloy retains essentially the same grain size of ~1.2 um up to
temperatures close to 700 K. At the very highest annealing temperatures, in the vicinity of 800
K, it is apparent that both materials exhibit very substantial grain growth and grain sizes of
~100 pm after annealing for 1 hour.

Tensile tests were conducted on samples processed through routes 1 and route 2. Figure 9
shows an example of the stress-strain curves for specimens processed via route 1 having a grain
size, d, of 1.2 um and pulled to failure at an absolute temperature, T, of 603 K using initial
strain rates, &, from 3.3 X 10 t0 3.3 X 102 5. The three curves exhibit an initial strain
hardening, probably associated with a relaxation of the high internal stresses associated with
the ECA pressing, and then a strain weakening and ultimate failure. These plots show the
potential for superplastic deformation with recorded elongations to failure of up to ~550%.
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Figure 8 - Grain size versus annealing temperature for static annealing treatments of 1 hour
on the Al-3% Mg alloy and the commercial Al-Mg-Li-Zr alloy.
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Figure 9 - True stress versus strain for the Al-Mg-Li-Zr alloy after processing via route 1.
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Figure 10 - True stress versus strain for the Al-Mg-Li-Zr alloy tested at 573 K
after processing via route 2.

Similar plots are shown in Figs 10 and 11 for samples processed through route 2 and tested at
temperatures of 573 and 623 K, respectively. These plots reveal the potential for remarkably
high ductilities at rapid strain rates, including an elongation to failure of ~1040% at 573 K
with an initial strain rate of 102 s°! and an elongation of 1180% without failure at 623 K with
an initial strain rate of 102 s’ the latter test was terminated without ultimate failure of the
specimen and it clearly reveals the potential for HSR SP in this alloy after ECA pressing. This
tendency is further confirmed by noting that the elongations to failure at 623 K are 910% and
340% for tests conducted with initial strain rates of 10! and 1 s’!, respectively. These
elongations obtained on the cast Al-Mg-Li-Zr alloy after ECA pressing exceed the tabulated
data for Al-based materials exhibiting HSR SP and prepared using mechanical alloying and
powder metallurgy procedures [3].

Figure 12 shows the appearance of the two specimens exhibiting the highest elongations at a
testing temperature of 623 K: the top specimen shows the untested configuration. Inspection
shows that both specimens pull out in a very uniform manner, without any necking within the
gauge length, thereby confirming the advent of superplastic flow under these testing conditions.

A comparison of Figs 9 and 11, which represent almost identical testing temperatures, shows
that the ductility is greatly enhanced by ECA pressing to a strain of ~ 12 (route 2) rather than
to a strain of ~4 (route 1). This difference is attributed to the presence of a homogeneous
array of high angle grain boundaries when using processing route 2.
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Figure 13 - Elongation versus strain rate for tests conducted at similar testing temperatures
using samples without ECA pressing and after ECA pressing via route 1 (strain ~4)
and route 2 (strain ~ 12), respectively.

A direct comparison of the elongations is shown in Fig. 13 for tests conducted at similar
temperatures in the vicinity of 610 K. In the unpressed condition, with an initial grain size of
~400 pum, the tensile ductilities are low in the strain rate range from ~10* to 107! 5!, but
pressing through route 1 gives reasonable ductility and the appearance of limited superplastic-
like flow and pressing through route 2 gives exceptionally high elongations to failure even at
the highest testing strain rate of 1 s,

It is apparent from these results that ECA pressing is an effective tool for introducing an
ultrafine grain size for subsequent HSR SP in tensile testing but, because superplasticity occurs
by grain boundary sliding [30], high angle grain boundaries are an important prerequisite for
the occurrence of significant sliding and this necessitates continuing the ECA pressing to a total
strain which is sufficiently high that the microstructure consists of a homogeneous array of high
angle boundaries. In the present experiments on the commercial Al-Mg-Li-Zr alloy, this
condition is achieved with a strain of ~ 12 but not with a strain of ~4,

Summary and conclusions

1. The process of equal-channel angular (ECA) pressing can be used to produce ultrafine grain
sizes in Al-based alloys, but the subsequent stability of these grains at elevated temperatures
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requires the presence of precipitates to inhibit grain growth. Experiments show that an Al-3%
Mg alloy exhibits rapid grain growth at temperatures above ~ 500 K whereas a commercial Al-
Mg-Li-Zr alloy exhibits a relatively stable grain size up to temperatures as high as ~ 700 K.

2. High strain rate superplasticity (HSR SP) can be attained in the cast Al-Mg-Li-Zr alloy
provided the ECA pressing is continued to a sufficiently high strain that the microstructure is
homogeneous and consists of an array of high angle grain boundaries.
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Abstract

An Al-3% Mg-0.2% Sc alloy was subjected to equal-channel angular (ECA) pressing
to produce a grain size of ~0.2 um. Static annealing experiments showed that it was
possible to retain a very small grain size at temperatures up to 673 K for an annealing
time of 1 hour. Large tensile ductilities were observed after ECA pressing, including
elongations of >600% and >1000% when testing with an initial strair, rate of 3.3 x 107
s at temperatures of 573 and 673 K, respectively. The results demonstrate the
potential for using a scandium addition in Al-based alloys in order to retain an ultrafine
grain size at elevated temperatures and thereby to achieve superplastic ductilities.
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Superplasticity refers to the capability of some materials for exhibiting very large
elongations when pulled in tension [1]. It is now well-established that there are two
important requirements in order to achieve superplasticity in polycrystalline metals [2].
First, superplasticity occurs by the process of grain boundary sliding in which strain is
achieved by the relative displacements of adjacent grains [3] and this means in practice
that the grain size of the material must be very small. Typical grain sizes in superplastic
. alloys are of the order of ~1 — 10 um. Second, superplasticity occurs by a diffusion-

_controlled process and this requires a sufficiently high temperature so that diffusion is
reasonably rapid. In practice, superplastic ductilities are generally observed at
temperatures above ~0.5 T,, where T Is the absolute melting temperature of the
material. '

For most superplastic metals, the grain size is generally ~1 - 5 um and optimum
superplasticity occurs at a strain rate in the vicinity of ~10° s™ with a_strain rate
sensitivtiy, m, which is usually close to ~0.5. This behavior is designated region Il and
in practice the superplastic effect is lost at slower and faster strain rates in the two
regions of behavior designated regions | and lll. Since superplasticity occurs over a
narrow range of strain rates, superplastic forming operations in industry are restricted
to relatively low strain rates so that the forming times are fairly long (typically, up to ~30
minutes).

A possible procedure for achieving high tensile ductility at faster strain rates, and
thereby improving the superplastic forming capability, is to decrease the grain size to
within the submicrometer or nanometer level. Experiments on the Zn-22% Al eutectoid
alloy have shown that a decrease in grain size has the potential for both increasing the
total elongations to failure and achieving these high elongations at faster strain rates [4).
However, it is usually difficult in practice to reduce the grain size within a polycrystalline
matrix to a size less than ~1 ym.

Attention has been focussed recently on a new procedure for grain refinement known
as equal-channel angular (ECA) pressing. This procedure was originally developed as
a method of working metals in simple shear [5] and subsequently it ‘was reported that
ECA pressing may be used to produce ultrafine grain sizes in polycrystalline materials
[6,7]). Therefore, there is a potential for using this procedure to achieve an ultrafine
grain size and it is possible, in addition, that the material may exhibit superplasticity at
reasonably rapid strain rates. Very recent experiments on Al-Mg-Li-Zr and Al-Cu-Zr
alloys have confirmed this possibility with grain sizes of ~1 um and reEorted elongations
of >1000% and >600% when testing at an initial strain of 1 x 10™ s™ for these two
alloys, respectively [8].

The present investigation was initiated in order to examine the ECA pressing of an Al-
3% Mg alloy containing an addition of 0.2% Sc. Scandium was selected as the addition
because it is well known that the presence of djlute amounts of scandium in aluminum-
based alloys leads to enhanced properties including increased strength and a significant
inhibition in grain growth and recrystallization [9,10]. Furthermore, there is experimental
‘evidence for high tensile ductilities (>1000%) in an Al-4% Mg alloy containing 0.5% Sc
thereby demonstrating the superplastic potential in Al-Mg alloys with Sc additions [11].
As will be demonstrated, the Al-3% Mg-0.2% Sc alloy used in the present investigation
exhibited a submicrometer grain size after ECA pressing and subsequent tensile testing
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gave °e|ongations to failure of up to >1000% when testing at 673 K with an initial strain
rate of 3.3 x 102 s™, |

Experimental material and procedures

The experiments were conducted using an alloy of Al-3% Mg-0.2% Sc. The material
was prepared by arc melting, in an Ar atmosphere, Al of 99.99% purity and 3 wt % Sc
of 99.999% purity to form an Al-3% Sc alloy. This material was then remelted with
additional Al and 3 wt % Mg to give the required Al-3% Mg-0.2% Sc alloy. The molten
allog was cast into a steel mold to form a small ingot with dimensions of 17 x 55 x 120
mm° and the ingot was then homogenized in air for one day at a temperature of 743 K.
Approximately 1 mm was removed from each surface of the ingot by_grinding and the
ingot was cut into three bars each having dimensions of 15 x 15 x 120 mm®. These
bars were swaged to provide: the alloy in the form of rods with a diameter of 10 mm.
The rods were cut to lengths of ~60 mm and they were then annealed for 1 hour in air
at 883 K. Inspection by optical microscopy after annealing revealed a grain size of ~200

um.

Each rod was subjected to ECA pressing using the procedure illustrated schematically
in Fig. 1. In ECA pressing the sample, which Is typically in the form of a rod, is pressed
through a die using a plunger. In the present experiments, the die was made from a
solid block of high strength tool steel and it contained a single channel, circular in cross-
section, which passed through the die in an L-shaped configuration. Two angles are
generally used to define the precise nature of the ECA pressing configuration. in the

Figure 1 - Schematic illustfatlon of ECA pressing and different processing routes.
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present experiments, the angle of intersection between the two separate parts of the
channel was ¢ = 90° and the angle defining the outer arc of curvature at the point of
intersection was vy = 90°. All pressings were conducted in air at ambient temperature
for a total of 8 passes through the die and with no additional annealing during the
pressing procedure. Three distinct processing routes are illustrated in Fig. 1. However,
it was shown earlier, in experiments on pure Al, that a homogeneous equilibrium
microstructure, consisting of an array of grains having high angle grain boundaries, is
achieved most readily when the sample is rotated by 80° In the same direction between
each separate passage through the die [12] and the same procedure was used in these
experiments. This processing technique is designated route B in Fig. 1 and the
assoclated shearing characteristics are described in detail elsewhere [13].

It can be shown from first principles that the total strain accrued in a sample on passage
through an ECA pressing die depends upon the values of the two angles, ¢ and  [14].
For the present experiments, the values of ¢ and vy lead to a calculated strain of ~1 on
each separate passage through the die, giving a total strain of ~8 after 8 passes. Model
experiments have confirmed the validity of the method used to estimate the strain except
in the presence of frictional effects at the walls of the channel [15]. In these
experiments, frictional effects were reduced by using a molybdenum disulfide lubricant.

After the ECA pressing, several bars were sliced perpendicular to the longitudinal axis
to give a number of small pieces having thicknesses of ~0.4 mm. These specimens
were used to investigate the stability of the as-pressed microstructure by statically
annealing for 1 hour in an argon atmosphere at selected temperatures in the range from
373 to 773 K.

Following ECA pressing through 8 passes tensile specimens were machined from the
samples with cross-sections of 1 x 3 mm? and gauge lengths of 4 mm. The machining
was conducted so that the gauge length of each sample lay parallel to the longitudinal
axis after pressing. Tensile tests were conducted using an Instron testing machine
operating ata constant rate of cross—head displacement and with initial strain rates from
3.3x 1010 3.3x10%s™. These tests were performed In air at temperatures from 523
to 723 K with the temperature controlled to within +2 K during each test and with the
variation of load with strain recorded continuously on a strip-chart recorder. The yield
stresses were estimated from the 0.2% offsets for each separate curve.

Samples were examined by transmission electron microscopy (TEM) after ECA pressing
and also after static annealing. Discs were prepared having diameters of 3 mm and
thicknesses of ~0.15 mm and these discs were then thinned to perforation using a twin-
Jet electropolishing unit with a mixture of 10% HCIO,, 20% C,H,O, and 70% C,H,OH
at a temperature of 278 K. Specimens were prepared for TEM from within the gauge
lengths after tensile testing using a focused ion beam facility (Hitachi FB-2000). All
microstructural observations were made using an Hitachi H-8100 transmission electron
microscope operating at 200 kV. Selected area electron diffraction (SAED) patterns

were taken from regions of the samples using, except where noted otherwise, a
diameter of 12.3 um.

For comparison purposes, some additional experiments were also conducted using an

Al-3% Mg solid solution alloy with an Initial unpressed grain size of ~500 um. Further

details concerning the ECA pressing and the characteristics of this material were given
in earlier reports [16-18].
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) Experimental results
Microstructural observations after ECA pressing

Figure 2 shows examples of the microstructure after ECA pressing for (a) an Al-3% Mg
alloy subjected to ECA pressing at room temperature for a total of 8 passes and (b) the
Al-3% Mg-0.2% Sc alloy after ECA pressing for a total of 8 passes: the SAED patterns
are also Included for both of these microstructures.

Inspection of the SAED pattern in Fig. 2(b) shows that the microstructure for the Ai-Mg-
Sc alloy In this field of view contains boundaries having high angles of misorientation
and itis apparent that there is an array of essentially equiaxed grains. However, careful
inspection of a large area of the Al-Mg-Sc sample revealed a heterogeneous
microstructure consisting of some regions with grains separated by boundaries having
high angles of misorientation and some regions with subgrains separated by boundaries
having low angles of misorientation. This lack of homogeneity, and the presence of
regions of both grains and subgrains, s similar also to observations reported earlier for
an Al-Mg-Li-Zr alloy subjected to ECA pressing to a strain of ~3.7 at a temperature of
673 K [19] but It contrasts with the Al-3% Mg solid solution alloy where the
microstructure is homogeneous after 8 passes through the ECA die at room
temperature. Thus, the microstructure shown In Fig. 2(a) is representative of the grain
boundary configurations in this alloy.

It was estimated from detailed inspection that the Al-Mg-Sc alloy contained, after 8
passes through the die, a volume fraction of the order of ~10% of subgrains with low
angle boundaries and ~80% of grains with high angle boundaries. The average grain
size in this alloy was estimated as ~0.2 um from an examination of several different
areas containing both subgrains and grains. As with the Al-Mg-Li-Zr alloy investigated
earlier [19], the measured average subgrain size was essentially identical to the
measured average grain size.

An important conclusion from these observations is that the grain size attained in the Al-
Mg-Sc alloy (~0.2 um) is, within the experimental accuracy, identical to the reported
grain size for the Al-3% Mg alloy after ECA pressing at room temperature (~0.2 um)
[17]. Recent experiments have shown that the equilibrium grain size attained by ECA
préssing depends, at least in part, upon the rate of recovery in the material [20]. In pure
Al, for example, the equilibrium grain size was measured as ~1 um after ECA pressing
at room temperature for 4 passes [12,21] and in a commercial Al-Mg-Li-Zr alloy the
equilibrium grain size was reported as ~1.2 um after pressing to a strain of ~3.7 at a
temperature of 673 K [19]. Based on the present results, where the Al-3% Mg alloy
and the Al-3% Mg-0.2% Sc alloy both have essentially identical equilibrium grain sizes,
it is reasonable to conclude that the presence of 0.2 wt % Sc in the Al-3% Mg alloy has
no significant effect on either the overall recovery rate or the magnitude of the stacking
fault energy of the material.

Inspection of Fig. 2 shows also that the Al-Mg alloy and the Al-Mg-Sc alloy both
contain grain boundaries which are relatively poorly delineated and appear to represent
the transitions between grains or grain fragments. These boundaries are generally
characterized as non-equilibrium boundaries [22,23] and they are typical of the
boundaries observed in ultrafine-grained materials fabricated using intense plastic
straining techniques [7,24-26].

129



-3% Mg alloy

for (a) Al
alloy.

g

2% Sc

and (b) Al-3% Mg-0

Figure 2 - Microstructures after ECA pressin

130



Microstructural observations after static annealing

Several specimens were subjected to static annealing for periods of 1 hour at different
temperatures up to 773 K and Fig. 3 shows examples of the microstructures after
annealing for the Al-3% Mg alloy (on the left) and the Al-3% Mg-0.2% Sc alloy (on the
right).

A detailed description of the microstructural evolution which occurs on annealing of the
Al-3% Mg alloy was given earlier [17]. Briefly, this alloy exhibited little or no grain
growth up to temperatures of ~500 K but at temperatures in the range of ~500 - 560 K
there was a duplex structure of very small unrecrystallized grains and larger
recrystallized grains and at temperatures above ~560 K the material was essntially fully
recrystallized and there was a uniform distribution of grains separated by high angle
grain boundaries. Ultimately, at temperatures above ~750 K, the grains grew to reach
average sizes of >100 um. These observations of substantial grain growth at elevated
temperatures suggest that the Al-3% Mg alloy Is not a suitable candidate material for
the development of a superplastic forming capability.. It is therefore important to
examine methods by which an ultrafine grain size may be retained at temperatures
higher than ~500 K.

It is apparent from inspection of the microstructures given in Fig. 3 for the Al-Mg-Sc
alloy (on the right) that the structure remains almost the same as in the ECA-pressed
condition after annealing at 473 K. It is also apparent that there is only a minor increase
in the average grain size at annealing temperatures of 573 and 673 K although careful
inspection revealed that some of the grain boundaries became better defined after
annealing at these higher temperatures suggesting a gradual evolution into a more
equilibrated configuration. Furthermore, and unlike the Al-3% Mg solid solution alloy,
the grain size of the Al-Mg-Sc alloy remains in the ~1 - 2 um range even after
annealing at a temperature of 723 K. At the highest annealing temperature of 773 K,
it was found that there were some regions contalning reasonably large grains; an
example of these large grains may be seen in the microstructure shown at the bottom
right in Fig. 3.

These observations demonstrate that the very fine grain size is remarkably stable in the
Al-3% Mg alloy when 0.2 wt % Sc is introduced. The grain stability inherent in the Al-
Mg alloy through the introduction of scandium is evident from the direct comparison
shown in Fig. 4 which plots the average grain size versus the annealing temperature for
the Al-3% Mg alloy [17,18] and for the Al-3% Mg-0.2% Sc alloy. Thus, the Al-Mg-Sc
alloy retains a grain size of <3 um up to the highest annealing temperature of 773 K

whereas the Al-3% Mg alloy exhibits grain growth to sizes of >100 um in the absence
of the scandium additive.

The stability of the grain structure by the addition of dilute amounts of scandium may be
attributed to the introduction of fine coherent Al,Sc precipitates which serve both to
strengthen the matrix alloy and to inhibit recrystallization [9,27,28]. These precipitates
are thermally stable up to temperatures close to the melting point of the alloy and
therefore they are exceptionally effective in inhibiting the movement of grain boundaries
and in suppressing grain growth. For example, it is well documented that the presence
of small amounts of Sc in aluminum-based alloys can increase the recrystallization
temperature to >600°C [9] which is higher than the normal temperature for the solution
heat treatment of aluminum alloys in industrial applications.
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Figure 3 - Microstructures after static annealing for 1 hour for
Al-3% Mg alloy (on left) and Al-3% Mg-0.2% Sc alloy (on right).
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Figure 4 — Grain size v'ersus annealing temperature for Al-3% Mg
and for Al-3% Mg-0.2% Sc.

The requirement for the realization of high strain rate superplasticity is good tensile
ductility and superplastic elongations to failure at strain rates faster than 1072 s™' [29].
Therefore, tensile testing of the Al-Mg-Sc alloy was conducted after ECA pressing but
without any subsequent annealing.

Typical stress-strain curves are shown in Fig. 5 for two tests conducted under the same
conditions of an initial strain rate of 3.3 x 10" s™' and at the two temperatures of 573
and 673 K. Inspection shows that both curves exhibit an initial period of strain
hardening and then subsequent softening leading ultimately to failure of the samples.
The yield stresses for these two curves, corresponding to the 0.2% offsets, were

estimated as ~31 and ~12 MPa at the testing temperatures of 573 and 673 K,
respectively. :

It is apparent from Fig. 5 that the two ECA-pressed specimens exhibit substantial
_ductility even at this rapid strain rate, with elongations to failure of ~610% and ~1030%
at the two temperatures of 573 and 673 K, respectively. These results therefore

demonstrate the capabillity of achieving superplastic behavior in the Al-Mg-Sc alloy at
high strain rates.
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Elongation as a function of strain rate

To examine the ductility in more detalil, and to provide a direct comparison with earlier
work, Fig. 6 shows a plot of the elongation to failure versus strain rate for the Al-3%
Mg-0.2% Sc alloy used in the present investigation and for an Al-4% Mg-0.5% Sc
alloy tested earlier by Sawtell and Jensen [11]: the vertical arrows in Fig. 6 denote tests
which were discontinued without failure at elongations of 1020%.

Inspection of Fig. 6 shows that the ductilities achieved in the present experiments, when
compared at similar strain rates and testing temperatures, tend to be slightly higher than
those reported in the earlier investigation by Sawtell and Jensen [11]. However, both
investigations demonstrate high tensile ductility at strain rates of 107 s™.

For comparison purposes, additional tests were conducted using specimens of the Al-
3% Mg-0.2% Sc alloy subjected to annealing for 1 hour at 853 K but without any ECA
pressing. These unpressed samples were tested at an initial strain rate of 3.3 x 102s™
at the two temperatures of 573 and 673 K and they gave elongations to failure of only
97% and 150%, respectively. These results therefore serve to demonstrate the

importance of ECA pressing in intreducing an ultrafine grain size in order to achieve high
strain rate superplasticity.
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Figure 7 shows two representative microstructures taken from the specimen pulled to
failure at 673 K with an initial strain rate of 3.3 x 10 s™": these photomicrographs were
taken (a) within the grip section of the sample in an area located behind the pinning
point and (b) within the gauge length in an area very near to the point of failure,
respectively. As Indicated in Fig. 7(b), the tensile axis is horizontal for the
photomicrograph taken within the gauge length.

Inspection of Fig. 7 shows that some grain growth occurs after testing at a temperature
of 673 K: In the grip section, the average grain size was measured as ~1 um which is
consistent, at this temperature, with the grain growth data shown earlier in Fig. 4. Within
the gauge length, however, the grain growth was more extensive and the average grain
size was measured as ~4 um. The grains were essentially equiaxed in the grips and
also within the gauge length, thereby showing an absence of any obvious elongation of
the grains along the tensile axis. There was evidence for the formation of some
cavitation within the gauge length under these testing conditions and several very small
cavities are visible at the triple junctions near the upper edge of Fig. 7(b). Inspection
of a large area of this sample showed evidence for the growth of some cavities to form
cracks along the grain boundaries.
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of 3.3 x 107 s™ at 673 K: (a) within grips, (b) within gauge length.
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1. The presence of 0.2% Sc in an Al-3% Mg alloy Is very beneficial for retaining an
ultrafine grain size after ECA pressing. In these experiments, the measured average
grain size after ECA pressing was ~0.2 um. :

2. High strain rate superplasticity was achieved in the Al-3% Mg-0.2% Sc alloy with
a tensile elongation of >1000% when testing at a temperature of 673 K with an initial
strain rate of 3.3 x 102 s™.
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