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This research investigates the use of equal channel angular extrusion (ECAE) processing to produce a
superplastic form of the aluminum alloy 2098. The starting material was a hot-rolled and precipitation-
hardened plate with elongated grains of width 67-92 µm, and a composition in weight percent of 2.2% Li,
1.3% Cu, 0.73% Mg, 0.05% Zr, balance Al. Microstructural evolution was investigated with optical and
transmission electron microscopy (TEM) and microhardness measurements after each step of a multipass
ECAE process. ECAE produced a submicron grain structure with an average size of about 0.5 µm. The
sub-grain microstructure size was a function of the magnitude of the input strain and the extrusion
temperature. Misorientation angles of the developed submicron structure increase with increasing number
of passes at warm working temperatures. Superplastic behavior of the ECAE-processed alloy was
achieved. However, the low zirconium content of the 2098 alloy resulted in grain growth of the refined
structure at the superplastic processing temperatures, placing a lower limit on the deformation rates that
can be used.
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1. Introduction

Most superplastic alloys are produced by conventional pro-
cessing techniques such as rolling and extrusion. These mate-
rials have grain sizes in the range of 2-10 �m and are usually
superplastically formed at elevated temperatures of 0.8 Tm, and
low strain rates of 10−4 s−1. Other superplastic alloys, manu-
factured from powder metallurgy or mechanical alloying, have
a finer grain structure and can be superplastically formed at
relatively lower temperatures and higher strain rates.[1-3] How-
ever, powder metallurgy and mechanical alloying are relatively
more expensive than ingot metallurgy. It would therefore be
cost effective to produce a material with a submicron grain
structure, which is capable of enhancing the superplastic be-
havior at lower temperatures and/or higher deformation rates,
using bulk processing techniques.

Equal channel angular extrusion (ECAE) is a material-
processing technique through which a cast ingot is subjected to
intense plastic straining, which produces submicron grain
structure without residual porosity. ECAE processing involves
the intense deformation of the material through two channels of
equal cross-section intersecting at an angle � that varies be-
tween 60-120°.[4, 5] Figure 1 shows a schematic representation
of the ECAE process. Since the two sections of the channels
within the die are equal in cross section, there is no change in
the billet dimensions during processing. This facilitates repeti-
tive extrusion through the ECAE channels. The intense plastic

straining of the billets takes place at the intersection line be-
tween the two channels, where the material is subject to simple
shear strain, the magnitude of which depends on the angle �.
One important characteristic of ECAE is its ability to fragment
the bulk material’s structure by simple shear into a very fine
grain size (0.2 �m) one order of magnitude less than that
produced by any conventional processing method.[6, 7] In ad-
dition, the ECAE process has proven that it is capable of con-
solidating powdered materials to produce very high densities,
especially when heating is involved.

ECAE has demonstrated an impressive capability for im-
proving the cryogenic and ambient mechanical properties and
the superplastic behavior of cast alloys. Room temperature ex-
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Fig. 1 Schematic diagram of the equal channel angular extrusion
process
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periments have shown significant increase in ultimate tensile
strength and ductility in the various temper conditions for the
ECAE-processed alloys over the conventionally processed
ones.[8] Various investigations have been conducted to study
the effect of ECAE processing on the superplastic behavior
and ambient temperature mechanical properties of Al-Cu-Li,
Al-Mg, Al-Cu-Mg, Al-Cu-Mn, and Al-Mg-Mn-Fe base al-
loys.[8-12] In the current research, the effect of ECAE process-
ing on the developed microstructure and on the superplastic
behavior of an Al-Li-Cu base alloy with Zr-content less than
0.1% was investigated.

2. Experimental Procedures

2.1 Processing

The alloy used in the current research was received from the
Center De Recherches De Voreppe S.A., France in the form of
hot-rolled plates 17.5 mm thick with a nominal composition of
Al-2.2% Li, 1.3% Cu, 0.73% Mg, and 0.05% Zr. Billets with a
296 mm2 square cross section and a length of 152 mm were cut
from the as-received plates. The billets were heat-treated to the
T6 condition by solutionizing at 520 °C for 70 min and artifi-
cially aged at 190 °C for 16 h.

The ECAE process included two channels of equal cross-
sectional area that intersected at an angle of �/2. In one pass
through the ECAE dies, the billets were subjected to intensive
shear deformation corresponding to an effective strain of
1.16.[13] The ECAE operation was repeated several times since
there was no dimensional change encountered by the material
after each pass. The extruded billets were fed into the channel
so that the billet orientation was unchanged at each pass. Billets
were brought to the extrusion temperature by placing them in
a furnace for 40 min, followed by ECAE processing through
the two intersecting channels heated to the same temperature to
ensure controlled deforming conditions.

During ECAE processing, it is desirable to subject the ma-
terial to high levels of strains at the lowest temperature pos-
sible. However, room-temperature extrusions resulted in shear
localization failure after two passes. It was empirically deter-
mined that for peak-aged billets, shear localization should be
avoided by a process that included four passes at 350 °C fol-
lowed by four passes at 200 °C, with each pass performed at a
0.5 cm/s extrusion rate. With this multi-step process, a total
effective strain of 9.36 was achieved.

2.2 Characterization

Optical and transmission electron microscopes were em-
ployed to investigate the microstructural evolution throughout
the various stages of deformation via ECAE. The as-received
plates’ grain size was determined by light optical microscopy.
Transmission electron microscopy (TEM) was used to deter-
mine subcell, subgrain, and grain sizes for the ECAE-processed
billets. TEM samples were extracted from the billets after dif-
ferent steps in the multi-step ECAE process. A double-jet elec-
tro-polishing technique was employed for the final thinning of
the TEM discs. Final thinning was performed with an electro-
lyte of 25% nitric acid and 75% methanol mixture at an oper-
ating voltage of 12 V, an operating current between 0.275 and

0.3 A, and at an operating temperature of −15 °C. A Phillips
transmission electron microscope at 200 KV was used for the
TEM examinations. Selected-area electron diffraction patterns
for samples prepared from billets processed at different stages
of ECAE facilitated the determination of the submicron grain
sizes and grain misorientation angles. This was conducted
through the determination of the zone axis from the diffraction
patterns of a minimum of five touching grains in three different
samples per deforming stage. Angles of misorientation were
determined based on the work conducted by W. Edington.[14]

Microstructural features, such as dislocation cells, subgrains,
and grain sizes, were determined using an image analysis pro-
gram for measuring area, length, and perimeter of subcells,
subgrains, or grains in defined regions with high accuracy.

The effect of ECAE processing on the mechanical proper-
ties of the investigated alloy was conducted by measuring the
hardness of the alloy after each pass at 350 and 200 °C. Hard-
ness measurements (VHN) were conducted using a Vickers
hardness tester with a 100 g load and 30 s dwell time.

The superplastic forming (SPF) behavior of the alloy was
characterized with constant strain rate uniaxial tensile tests.
Tensile specimens were machined parallel to the flow direction
of the extruded billets after the eight-step ECAE process. The
specimens had a gage length of 6.3 mm, a gage width of 0.5
mm, and a thickness of 1.6 mm. The SPF tests were conducted
in a three-zone resistance heated furnace with a servohydraulic
universal testing machine. Computer control of the test ma-
chine allowed the SPF tests to be performed under constant true
strain rates conditions. To optimize the SPF conditions, a num-
ber of tests were performed at temperatures and strain rates
ranging between 500 and 530 °C and between 2 × 10−4 and 2
× 10−3s−1, respectively.

During SPF testing, the samples were held at the test tem-
perature for approximately 25 min prior to deformation to en-
sure thermal equilibrium. To understand the effect of the SPF
temperature on the stability of the microstructure, additional
samples of ECAE-processed material were statically annealed
at the SPF temperatures for 10, 20, and 30 min. The statically
annealed microstructure was examined through the transmis-
sion electron microscopy procedures previously described.

3. Results

3.1 Microstructure

Microstructural evolution was studied at different steps of
the multi-step ECAE process. The as-received hot-rolled plates
had a deformed structure with elongated grains parallel to the
direction of rolling with variable length of several millimeters
and an average width of 67 �m, as shown in Fig. 2(a). Solution
heat treatment at 520 °C for 1 h followed by artificial aging at
190 °C for 16 h resulted in coarsening in the as-rolled structure
from 67-92 �m in average width of the grains and with a
negligible change in the length. Figure 2(b) shows an optical
photomicrograph of the ECAE billets processed after four
passes at 350 °C followed by four passes at 200 °C. An elon-
gated grain structure in the direction of material flow with
ultrafine substructure and coarse second-phase particles can be
observed.

The microstructure of the ECAE-processed billets at the
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different stages of extrusion was investigated using TEM. Fig-
ure 3(a) shows a TEM bright-field micrograph of the billets
processed after one pass at 350 °C, where a high density of
tangled dislocations was generated within the hot-rolled grains
and along their boundaries. Moreover, dislocation bands were
observed within the structure (Fig. 3a, marked by arrows).
Increasing the applied strain from 1.16 up to 4.6 by extruding
the billets through four passes at 350 °C resulted in the forma-
tion of a heterogeneous substructure within the as received
grains. Figure 3(b) shows an inhomogeneous degree of dy-
namic recovery that was manifested in the formation of ultra-
fine dislocation cells (marked A) and 0.5 �m subgrains that
were dislocation free at the interior (marked B) but had high
dislocation density at the boundaries. An obvious coarsening of
the second-phase particles was revealed, as shown in Figure
3(b) (marked C), which is attributed to over-aging at elevated
extrusion temperatures. The formed subgrain’s misorientation
was �2° for most of the fragmented as-received grains.

Billets processed for four passes at 350 °C followed by one
pass at 200 °C had a cumulative effective strain of �eff � 5.8
mm/mm. Examination of the material in this condition revealed
the formation of a completely different microstructure as com-
pared to the recovered one at 350 °C. A heterogeneous micro-
structure was formed, which consisted of areas of both
equiaxed and elongated substructure with many nonequilib-
rium boundaries. Figure 4(a) shows a TEM micrograph at a
relatively low magnification for a billet processed for four
passes at 350 °C and one pass at 200 °C. Due to the limited
dynamic recovery at a low deformation temperatures, a struc-
ture with undefined boundaries about 0.5 �m in size was
formed. Figure 4(b) shows a higher magnification micrograph
for the region indicated by the arrow on Figure 4(a). Subcells
about 0.1-0.2 �m in size were developed by additional frag-
mentation of the 0.5 �m recovered structure developed at ear-
lier extrusion passes at 350 °C. Although some boundaries had
high dislocation density, other sides revealed the formation of
wider boundaries associated with dislocations, which indicates
an advanced stage of dynamic recovery.

Figure 5 shows TEM micrographs for billets after the fourth
pass at 200 °C with a total accumulation of eight passes and a
total effective strain of 9.3 mm/mm. Figure 5(a) shows regions
with fragmented submicron grains about 0.4 �m in average

size, similar to those observed in the processed billets for four
passes at 350 °C with one pass at 200 °C (Fig. 4b). Other
regions shown in Fig. 5(b) revealed the evolution of well-
defined, equiaxed, highly misoriented substructure about 0.4
�m in average size, which constituted most of the developed
structure.

Figure 6 shows a misorientation angle histogram for the
billets processed for four passes at 350 °C with one pass at 200
°C versus that for billets processed for four passes at 350 °C
with four passes at 200 °C. Almost 70% of the developed
structure had low-angle boundaries, ranging from 3.5-8° for the
five-pass billets. A very small fraction of subgrains displayed
high-angle misorientation greater than 15°. However, intense
plastic straining accumulated at the end of eight passes resulted
in the increase in misorientation angles between the formed
subgrains. In the eight-pass material, about 55% of the devel-
oped submicron grain structure had measured misorientation
angles ranging between 7-14°.

3.2 Hardness

Vickers hardness measurements after each step of the
ECAE process provided additional information about the mi-
crostructural development and mechanical behavior. Figure 7
shows the Vickers hardness variation with the cumulative true
effective strain for the processed billet after each of the four
passes at 350 °C and four passes at 200 °C. Severe softening
took place during the first and second passes at 350 °C. A slight
and gradual decrease was observed with increasing the number
of passes from two-four with a cumulative total effective strain
of 4.64 mm/mm. An obvious increase in hardness was exhib-
ited by the billets ECAE processed with one pass at 200 °C,
where about 53% of the lost hardness was restored. A slight
and gradual decrease in hardness values took place with an
increase in the cumulative effective true strain from 5.8 (5
passes) to 9.3 mm/mm (8 passes).

3.3 Superplastic Behavior

Uniaxial tension superplastic tests were conducted using the
2098 material after it had completed the eight-step ECAE pro-
cess. The results are shown in Fig. 8. The test conducted at 500

Fig. 2 Optical photomicrographs for 2098 (a) as-rolled and (b) after ECAE processing for four passes at 350 °C plus four passes at 200 °C with
a cumulative effective strain of 9.3 mm/mm. Arrows indicate the direction of material flow for the rolled as-received plates and the ECAE billets.
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°C and 2 × 10−3 s−1 had a peak flow stress of about 15 MPa that
remained nearly constant between true strains of 0.6 and 0.9.
The elongation-to-fracture for this test was 270% (true strain ∼
1.2). Raising the temperature to 530 °C at the same strain rate
resulted in a lower flow stress and greater elongation. The flow
stress of the 530 °C, 2 × 10−3 s−1 test was about 12 MPa and
remained relatively constant between true strains of 0.6 and
1.2, and the elongation-to-fracture was about 330% (true strain
∼ 1.5). Lowering the strain rate to 2 × 10−4s−1 and keeping the
test temperature at 530 °C resulted in a further reduction in
flow stress, to about 10 MPa. However, the elongation-to-
fracture was reduced to just 125% (true strain ∼ 0.8). Of the test
conditions investigated, the processing conditions of 530 °C
and 2 × 10−3 s−1 appear to be optimum. In all cases, however,
the flow stress decreased from its peak value near the end of the
test. This is attributed to cavitation, as discussed in the next
section.

In an attempt to understand why the elongation-to-fracture
decreased with decreased strain rate at 530 °C, samples were
extracted from the eight-pass billet and statically annealed at
530 °C for 10, 20, and 30 min. TEM was used to examine the

structure in these samples as a function of annealing time. As
shown in Fig. 9, static annealing of the dynamically recovered
structure produced by ECAE processing caused grain growth.
For example, after 10 min of static annealing at 530 °C, the
grain size increased to about 2 �m, with dislocations within the
grains in the form of dislocation helices and Orowan loops
surrounding ��(Al3Li) coherent precipitates. Moreover, extinc-
tion contours with dislocations were observed along the coars-
ened grains boundaries. Figure 9(b) shows the grain structure
after 20 min of static annealing at 530 °C, in which grain
growth up to 5 �m in average size was observed. An unstable
grain growth was observed for the billets annealed for 30 min,
where the measured grain size ranged between 9-12 �m. In
addition, clustering of the ��(Al3Zr) precipitate was observed
within the coarsened grains as shown in Fig. 9(c). Evolution of
a relaxed structure with high angle grain boundaries is mani-
fested by the formation of smooth, sharp, well-defined, hexa-
gon-shaped boundaries. It is postulated that grain growth dur-
ing heat-up and testing is in part responsible for the relatively
poor superplastic behavior of the 530 °C, 2 × 10−4 s−1 test
specimen.

Fig. 3 TEM bright-field micrographs for (a) ECAE processed billets for one pass at 350 °C (�eff � 1.16 mm/mm) with a SADP parallel to the
[112]Al zone axis and (b) the ECAE processed billets four passes at 350 °C (�eff � 4.64 mm/mm) with a SADP parallel to the [011]Al zone axis

Fig. 4 TEM bright-field micrographs for ECAE processed billets for four passes at 350 °C plus one pass at 200 °C (�eff � 5.8 mm/mm) at (a)
low magnification and (b) high magnification with a SADP parallel to the [111]Al zone axis
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4. Discussion

Results of the current research proved that ECAE process is
capable of grain refinement to the submicron level when con-
ducted not only on a direct chill slabs,[8, 9] but also on hot-
rolled plates with finer grain structures. At early stages of
straining (�f �1.16) at 350 °C, a high dislocation density is
generated at the grain and particle boundaries of the hot rolled
structure, especially around the coarsened second-phase par-
ticles. Preheating and deformation at 350 °C results in second-
phase particle overaging and hence softening of the matrix,
which explains the significant decrease in VHN-values (Fig. 7),
which facilitates successive deformation at lower temperatures
(200 °C).

Increasing the number of passes at 350 °C led to the devel-

opment of a fragmented structure in the form of dislocation
cells with very small angles of misorientation. This result
agrees with the findings of Sinclair et al.[15] They concluded
that Al alloys should be deformed by intense plastic straining
at warm temperatures � 300 °C to allow for the development
of dynamically recovered high-angle grain boundaries that is
necessary for successive deformation for optimum superplas-
ticity.

The 2098 billets processed by ECAE likely developed sub-
grains by dynamic recovery. This is different from the Al-Cu-
Li alloys 2095 and 2195 processed under similar conditions,[16]

which exhibit evidence of particle-stimulated nucleation.[17, 18]

At the processing temperature of 350 °C, 2095 and 2195 fall in
the Alss + TB (Al7CuLi) + T1 (Al2CuLi) and Alss + TB phase
regions, respectively, where Ass represent the phases in solid

Fig. 5 TEM bright-field micrographs after ECAE processing for four passes at 350 °C plus four passes at 200 °C with a SADP parallel to the
[112]Al zone axis. (a) A fragmented structure with small misorientations, and (b) equiaxed, well-defined, highly misoriented subgrain structure with
a SADP parallel to [111]Al zone axis

Fig. 6 Misorientation angle histogram for billets ECAE processed for four passes at 350 °C plus one pass at 200 °C (�eff � 5.8 mm/mm) and four
passes at 350 °C plus four passes at 200 °C (�eff � 9.3 mm/mm)
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solution.[16,19] This is due in part to their Cu:Li ratio being
greater than 4. On the other hand, the 2098 Al-Li-Cu alloy
system has a Cu:Li ratio < 1, and at 350 °C falls in the Alss +
T2 + + � (AlLi) phase region. Thus in the current work, the low
volume fraction and small size (� 100 nm) of the particles
within the matrix of 2098 alloy do not effectively promote a
finer, well-defined structure by particle-stimulated nucle-
ation.[20, 21]

ECAE processing for a single pass at 200 °C results in an
increase in the dislocation density and severe fragmentation of
the substructure, which enables the formation of subcells and
hence restoration of most of the lost hardness exhibited by the
first four passes at 350 °C. The observed slight decrease in

VHN-values from 107-102 after the sixth, seventh, and eighth
passes could be due to the dynamic recovery that takes place at
warm deforming temperatures. A total accumulation of eight
passes corresponding to a total effective strain of 9.3 mm/mm
develops a well-defined submicron grain structure with high
misorientation angles ranging between 9° and 14°, which
agrees with the findings of Bowen et al.[22]

Optimum superplastic properties for 2098 alloy after ECAE
processing via four passes at 350 °C with four passes at 200 °C
were found to be at a superplastic forming temperature of
530°C and strain rate of 2 × 10−3s−1. It should be noted that the
optimum strain rate for the ECAE processed alloy is an order
of magnitude lower than that exhibited by 2098 when it is

Fig. 7 Hardness variation as a function of the number of ECAE passes. The first four passes were at 350 °C; the next four passes were at 200 °C.
The effective strain per pass was 1.16, giving a total cumulative effective strain of 9.3 mm/mm.

Fig. 8 Superplastic uniaxial tension test results (true stress-strain diagram) for 2098 after ECAE processing for four passes at 350 °C plus four
passes at 200 °C with cumulative effective strain of 9.3 mm/mm
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conventionally processed via rolling.[23] Work done on 2098
superplastic sheets processed by rolling indicated that a maxi-
mum of 140% elongation-to-fracture is encountered at deform-
ing temperatures of 480 °C, and strain rates of 10−4s−1, and are
even worse at higher deforming temperatures.[23] Therefore,
ECAE processing is capable of improving the superplastic be-
havior of the 2098 alloy significantly, regardless of the low
volume fraction of �� phase, and hence creating better cost
effectiveness.

The observed flow stress decrease with increasing strain
(Fig. 8) could be a result of either significant grain growth
associated with the SPF temperature or an unaccomodated
grain boundary sliding that enhances cavities nucleation and
growth followed by premature fracture. Quing et al.,[24] who
worked with superplastic Al-Li-Cu base alloys, and Matsuo,[25]

who worked with a superplastic 5083 alloy, observed similar
behavior. The observed submicron grain coarsening of the
ECAE processed billets from 0.5-10 �m (Fig. 9) during static
annealing experiments supports this hypothesis. Conversely, Al
alloys investigated earlier by Furukawa et al. [6] and Salem et
al.[16] remained reasonably constant with an average size of <
2 �m at similar annealing temperatures. The primary factor
that enabled grain growth is the low volume fraction of the ��
phase (0.05% Zr) and its clustering at elevated temperatures
(Fig. 9c), which is microstructurally different from alloys with
Zr-content > 0.12 %.[6, 16] Moreover, the high energy contained
in the heavily strained microstructure prior to subsequent static
or dynamic heating results in rapid grain growth and hence
cavitation, which is a typical problem encountered by Al alloys
during superplastic formation.[24-28] The lack of grain growth
inhibitors results in a relatively low elongation-to-fracture (pre-
mature fracture) at the elevated temperatures associated with
superplastic forming. Accordingly, to preserve the submicron
grain structure developed by ECAE that enables large amounts
of Superplasticity, the presence of high volume fraction of fine,
coherent, and uniformly distributed precipitate stable against
dissolution at elevated temperatures is necessary to hinder
grain growth.

5. Conclusions

ECAE processing develops a submicron grain structure with
size and shape that depend on the deforming temperature and

the total effective strain. Extruding 2098 billets without chang-
ing their orientation between passes develops submicron struc-
ture < 0.5 �m in average size. Hot working at temperatures >
0.5 Tm is necessary to establish a dynamically recovered sub-
structure and coarsened second-phase particles. This softens
the material for subsequent processing at lower temperatures.
Warm working at temperatures � 0.4 Tm results in refinement
of the developed structure and an increase in the misorientation
angles with an increase in the number of passes.

The capability of ECAE processing for improving the over-
all superplastic elongation-to-fracture by 235% for 2098 has
been proved. Optimum superplasticity for the ECAE-processed
2098 alloy is achieved at strain rates of an order of magnitude
higher than that of the conventionally processed 2098. How-
ever, the effectiveness of grain refinement to the submicron
grain size during the elevated temperature superplastic forming
is affected by the low volume fraction of fine, coherent, and
uniformly distributed grain-growth inhibitors.
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