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High Strain Rate Superplasticity in Metals and Composites
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4 Lawrence Livermore National Laboratory, L-350, P.O. Box 808, Livermore, CA 94551, USA
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Superplastic behavior at very high strain rates (at or above 1 s°') in metallic-bascd matcrials is an arca of
increasing interest.  The phenomenon has been observed quite extensively in metal alloys, metal-matrix
composites (MMC), and mcchanically-alloyed (MA) matesials. In the present paper, experimental results on
high strain rate behavior in 2124 Al-based materials, including Zr-modified 2124, SiC-reinforced 2124,
MA 2124, and MA 2124 MMC, arc presented. Except for the requirement of a fine grain sizc, the details of the
structural requirements ol this phenomenon are not yet understood. Despite this, a systematic approach (o
produce high strain rate superplasticity (HSRS) in metallic materials is given in this paper. Evidences indicate
that the presence of a liquid phase, or a low melting point region, at boundary interfaces is responsible for HSRS.

1. BACKGROUND AND DISCUSSION

One of the major drawbacks of conventional So far, this high strain rate superplasticity (HSRS)
superplastic forming is that the superplasticity is phenomenon has been observed in metal-matrix
only found at relatively low strain rates, composites [1-6), mechanically-alloyed alloys (7-
approximaltely 10-4-10-3 s°1. Recently, studies 11], and in some conventionally-produced metallic
have demonstrated that superplasticity can exist at alloys [12-14]. A summary of published HSRS
considerably higher strain rates than 10351, results is given in Table 1.

Table 1 HSRS Aluminum Alloys and Composites*

Malterial/Reference Test Temp, Solidus, Strain Rate, Stress, Elong.,
°C °C s (MPa) %
Composites
[3 SiCw/2124 Al {1) 525 502 0.3 ~10 ~ 300
[3 SiyNg(wy2124 Al [2] 525 502 0.2 ~10 ~ 250
o SigNg(wy 7064 Al (3] 525 ~ 525 0.2 ~15 ~ 250
B SizNgwy6001 Al [4] 545 582 0.5 ~20 ~ 450
27wl%B SiCw/7075 Al (5] ~500 < 538 0.2 40 --
AIN/6O61 Al [6] 600 582 0.5 10 350
TiC/2014 Al [6] 545 507 0.2 15 250
Mechanically-alloyed Al
IN 9021 |7] 475 495 1 30 ~ 300
IN 9021 (8] 550 499 S0 ~ 1250
IN 90211 [9) 475 495 2 30 ~ 500
MA SiC;;,/IN9021 [10] 550 495 10 ~7 ~ 500
INYOS2 [11) 590 - 10 18 330
Alloys
7475 Al-0.9wi% Zr [12] 520 < 538 0.3 13 ~ 900
7475 A1-0.7w1% Zr (12] 520 < 538 0.05 S ~ 900
2124 AL-0.0W1% Zr [13,14] 475 502 0.3 34.5 490

* Subscripts (w) and (p) denote whisker and particulate, respectively.
+ Compression




Grain boundary sliding is generally believed to
be the dominant deformation mode in fine-grained,
superplastic alloys. In the case of grain boundary
sliding, grain size is certainly the most dominant

microstructural parameter. This is reflected in the

constitutive or phenomenological equations for
superplastic flow and slip creep, generally expressed
as {15],

é:A-d"p-D-(g)" 1)

where € is the strain rate, D 1s the diffusivily, d is
the grain size, O is the stress, E is the modulus, nis
the stress exponent, p is the grain size dependence,
which is typically 2-3, and A is a material constant.
According to eq. (1), refinement of the grain size by
a factor of 2 would be expected to increase the
optimum strain rate for superplastic flow by a factor
of from 4 10 8 depending upon the precise grain size
rclationship as described above.

An overview of the superplastic behavior of
mectal alloys, and in particular Al alloys, to
demonstrate the cffect of grain size is given in Fig.
1. In this figure, the elongation-to-failure is shown
as a function of strain rate for (i) 7475 Al, (ii) a
USSR alloy V96Ts [16] that is rather similar in
composition to the 7000 series alloy (but contains Zr
as a grain refining clement instead of Cr), (iii) Al-Li
2090 alloy, (iv) the commercial SUPRAL alloys, (v)
SiCy/Al and Si3NgwyAl composites, (vi) a Zr-
modified Al 2124, and (vii) mechanically-alloyed
IN9021 (AL 9021). The grain size ranges of thesc
alloy groups arc 10-20 um for the 7475 Al alloys,
about 5 um for the USSR alloy, 2-3 pm for the
2090 Al and SUPRAL alloys, 1 um or less for the
SiCw/Al composites and Zr-modified Al 2124, and
0.5 pm for IN9021. The general prediction of
cq.(1), namcly, that there is an increased strain rate
for optimal superplastic flow with a decrease in
grain size, is clearly illustrated in Fig. 1.

The generation of a new sct of microstructural
conditions to make grain-boundary sliding morc
facile, and (o inhibit the intervention of power-law
slip crecp processes, can increase the maximum
strain rate for superplastic flow. The most
straightforward structural featurc that can be
modificd to achiecve such an enhancement in
superplasticity is obviously a decrease in the grain
sizec. The ficlds of materials and materials
processing have been greatly improved in recent
years; our knowledge of materials processing has
advanced to the stage that the microstructure of a
material can be tailored and controlled. In the
following sections, we will present experimental
results from the 2124 Al-bascd matcrials. A
systematic approach will be given o illlustrate that

superplasticity can be enhanced through grain size
refinement,
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Fig. 1 An overview of superplastic behavior in
metal alloys, illustrating the grain size effect.

1.1 Conventional I/M 2024 Al and P/M 2124 Al

Coarse-grained (= 50 um) ingot-metallurgy (I/M)
2024 Al and powder-metallurgy (P/M) 2124 Al
(= 20 pm) samples were prepared and tested. The
high-temperature deformation propertics of these
coarse-grained alloys, depicted in Fig. 2, are noted o
be quite similar. The stress exponent values for both
alloys arc approximately 5. Both alloys (I/M and
P/M 2124 Al) exhibit power-law breakdown
behavior at a strain rate of about 107! s‘l, similar to
the case of purc aluminum [17]. Neither 2024 nor
2124 Al alloys are superplastic.
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Fig. 2 Deformation propertics of 2124 Al-0.6%Zr,

SiCw-2124 Al I/M 2024 Al and P/M 2124 Al




1.2 Zr-modified 2124 Al

The grain structure of the above I/M and P/M
2124 Al can be greatly reduced through Zr addition.
For example, the grain size of 2124 Al containing
0.6%Zr is about 1um. This alloy, after
thermomechanically processing, can exhibit
superplasticity. - The clongations-to-failure, as a
function of the initial strain rate, at temperatures of
425,450, 475 and 500°C are shown in Fig. 3. Atthe
low strain rates, values of elongation-lo-failure for
the processed malcrial arc not much better than that
of the as-received material. The ductility is noted to
increase with increase in the initial strain rate dnd
rcachcs a maximum at a strain rate of about 10!-
1001 for all testing temperatures. Optimum
ductilities of 400-500% were obtained at
lbmperalurcs ncar 475°C, and at a strain rate of
33x10°1 The strain rate is almost 10 to 100
times hxghcr than the strain rates at which
superplasticity occurs in most advanced aluminum
alloys, such as 7475 Al and Al-Li alloys [18,19).

1000 ; . . v
5 2124 Al-0.6%Zr
o
<
0 :
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z + 425°C
o s 450°C
z s 475°C
4 500°C
10 i = A_.u.n'zg MA4-1 Al " 5
10" 10 10 10 10

STRAIN RATE (s™')

Fig. 3 Elongation-to-failure as a function of strain
rate for 2124-0.6%Zr alloy at various temperatures.

The logarithm of strain rate as a function of the
logarithm of flow stress for the 2124-0.6%Zr alloy is
given in Fig. 2. The stress exponent, n, is noted to
be about 5 in the low strain rate (or qucss) regime.
As strain rate increases, there is apparently a
transition in the ﬂoxu propcrucs In the high strain
rate regime (210°! s ) the n values decrcase o
about 2. This decrease in the n value is consistent
with the result that the tensile clongation of the alloy
also increases with increasing strain rate. It also
suggests that the ductility of the alloy at high
temperatures is controlled by neck instability, in a
manner similar to most other superplastic metal
alloys [20).

From the above results, it is apparent that the
addition of 0.6%Zr 10 2124 Al, which results in a
refinement of grain size, can produce HSRS in the
alloy. To examine the effect of grain size on the
deformation properties of this Zr-modificd alloy, it

is noted in Fig. 3 that, in the low strain rate regime,
the swrain rate for the finc-grained 2124-Zr is about
100 times faster than that for the coarse-grained
(both I/M and P/M) materials. Nonctheless, the
stress cxponent values for all these alloys are
dpproxnnd(cly S, In the high strain rate regime
(>10-1 s-1), however, the curve for the 2124-Zr
deviates greatly from those of 2124 and 2024 Al.
While, both 2024 and 2124 alloys exhibit power-law
breakdown behavior, a grain boundary sliding
(GBS) mechanism apparently begins (o intervene in
the fine-grained 2124-Zr alloy. This prevalent GBS
mechanism results in HSRS in the fine-grained
2124-Zr alloy.

1.3 Mechanically-alloyed 2124 Al (IN 9021)

One way Lo refine the grain size of an alloy is by
mechanical alloying. The mechanically-alloyed
version of 2124 Al is IN9021 (or Al 9021) which
has a chemical composition (by wt%) of 4.0% Cu,
1.5% Mg, 1.1%C, 0.8%0, and balance Al. In
addition to the S phase (CuMgAl) precipitates,
normally present in 2124 Al, the MA alloy contains
oxide and carbide dispersions of approximately 30
nm in diameter that have an interparticle spacing of
about 60 nm. The grain sizc is about 0.5 pum.

The clongation-to-failure for IN9021 alloy, as a
function of the initial strain rate, is shown in Fig. 4
for several temperatures.  Over the temperature
range from 425 o 500°C and at the strain rates at
which most duospau. dlummum atloys exhibit
superplasticity, i.c., 104-103 s-1 IN90Z1 shows a
ductility typical of most purc mcml.s and alloys, that
is, 30-40%. However, the values of clongation-to-
failure for IN9021 arc obscrved to increase
continuously as the strain ratc increascs. Al
extremely fast strain rates, nearly 151, extended
ductility was recorded. The maximum ductility,
about 300%, was obmmcd at or above the high strain
rate of 6.7 x 10 57" At 500°C there appears to be a
significant duculny loss by comparison with the
lower temperature range. Howcver, the trend of
increased ductility as the strain rate is increased is
still observed. Al the highest strain rate (~ 1.3 s°),
which corresponds to the highest valuc of
clongation-lo-failure (300%), a relatively high value
of strain rate sensitivity (im = 0.3) was observed.
The general characteristics of the curves in Fig. 4 are
noted 1o be similar to those for the fine-grained, Zr-
modificd 2124 Al, shown in Fig. 3. The optimal
supeiplastic strain rate for IN-9021 is also noted to
oc higher than that for the Zr-modified 2124 Al,
resulting from a finer grain size. It 1s important 1o
point out that Higashi er al. [7] have tested IN-9021
and obtained a maximum value of clongation of
1250% at 550°C and at a very high strain rate of
50 s7E This resultis also included in Fig. 4.
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Fig. 4 Elongation to failure for IN9021 showing
HSRS superplasticity.

1.4 2124 Al-based Metal-Matrix Compoistes

An additional method to produce HSRS through
grain size refinement is by adding ceramic
reinforcements, i.e., MMC. The microstructure of a
MMC s, in general, very complex and the grain size
is approximately 1 um. Reinforced 2124 Al
composites can be made by adding either SiC or
SiaN4 whiskers to the matrix alloy. Many of these
MMCs have been demonstrated to be superplastic at
high strain rates. As shown in Table 1, the
maximum elongation value of SiC,,/2124 Al is
about 300% and is found at 525°C.and at a strain
ratc of 0.3 s°1. Rather low strain rate sensitivitics
(m ~0.1), and thus low clongations to failure
(<100%), were generally observed at low strain rate
regions.

It is noted that 525°C is above the solidus
temperature of the 2124 Al matrix (502°C).
Mechanical tests were also carried oul on the
composite at temperatures of 475 and 500°C (i.c.
below the solidus temperature), and at 550°C (i.c.
yet further above the solidus temperature); these
results are depicted in Fig. 5. The data in Fig, 5
show that, at high strain rates, the values of strain
ratc sensitivity increased to about 0.3 at all
temperatures, and corresponding high values of
clongation-to-failure were also recorded in these
strain rate regimes. The data in Fig, 5 indicate that
the flow characteristics do not exhibit a discontinuity
across the solidus temperature, suggesting that the
presence of partial liquid phase may be not & unique
contributing factor (o the observed superplasticity.

It should be pointed out that HSRS is not
universally observed in finc-grained Al-based MMC
composites. Table 2 lists the SiCy,- and SizNg(w)-
reinforced composite combinations that arc
superplastic and non-superplastic.  As shown in
Table 2, specific combinations of matrix and
whiskers in a MMC are critical to the development
of HSRS. A simple criterion for superplasticity

based on the individual types of whisker or alloy
matrix appears to be impossible. This viewpoint is
supportcd by the observation that B Si3Ng(wy2124
and [ Si3sNg/6061 arc superplastic,” but
o Si3N4(w)y2124 and B SiC/6061 arc not. Thus, a
fine matrix grain size is a necessary but insufficient
condition for the HSRS phenomenon, A basic
understanding of the origin of HSRS in MMC is still
unclear. However, it is generally agreed that the
deformation process in these HSRS-MMC is
interfacial sliding, This statement is indirectly
supported by the fact that the fracturc surface of
superplastically-deformed specimens often exhibit
extensive metallic covered fiber pull out, suggesting
substantial sliding during deformation.
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Fig. 5 Strain rate-stress data for Al 2124 containing
20 vol.% SiC whisker at various temperaturcs.

Table 2 Superplasticity in SiCy, and Si3Ng(wyAl

Matrix Whisker  Superplastic?
2124 Al B SizsNg yes
6061 Al B Si3Ng yes
7064 Al o SizNy yes
2124 Al o SizNg no
2124 Al B sic yes
6061 Al B sic no

1.5 Mechanically-alloyed MMC

Another method to produce a fine microstructure
is by mechanical alloying of SiC particulate-
reinforced 2124 Al {21]. This material, denoted as
MA-SiCp/IN()()Zl. has a microstructure which




compriscs the microstructure of INY021 (grain
size ~ 0.5 um), superimposcd with uniformly
distributed SiC particulates (~5 pm in diameter).

Tensile true stress-true strain curves for the
mechanically alloyed SiCp/IN9021 aluminum
composxlc arc shown in Fig. 8 at strain rates from
10-3'10 100 s-1 and at a testing temperature of 550°C
(823K). The curve for constant truc strain ratcs over
5 s-1, corresponding (o the optimum superplastic
strain rates, yielding an elongation value over 400%.
Shown in Fig. § is the variation in elongation for the
MA-SiC,/IN9021 composite plotted as a function of
strain ralc for a tesling temperature of 550°C
(823K). Included in this figure are also results from
the IN9021 alloy for comparison. The addition of
SiC particles to IN9021 does not further refine the
grain size of the material. As a result, the optimum
superplastic strain rates for IN9021 and MA-
SiCp/IN9021 are virtually the same. However, the
presence of additional SiC particles apparently
causes a reduction of superplastic clongation; this is
attributed to enhanced cavitation in the SiC-
containing composite. The general behavior of the
two materials, however, are similar,
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Fig. 6 True stress-true strain curves for the
mechanically alloyed SiCp/IN9021 composile.
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Fig. 7 Elongation vs strain rate for SiC,,/IN9021
composite and IN90O21 alloy. (from Ref, '})

2. ORIGIN OF HSRS

There is no doubt that grain size plays an
important role in HSRS. Nonetheless, as shown in
Table 2, the fact that HSRS was observed in some
fine-grain materials, but not in other, presumably-
similar, finc-grained matcrials demonstrates that
there must exist other microstructural parameters
contributing to HSRS.

It is pointed out in Table 1 that, despite some
subtlc differcnces in the experimental procedures
and results, the tests were performed at temperatures
near to or above the matrix solidus temperatures of
the materials. In other words, materials were usually
lested in a semi-solid state. (Some materials may
have been tested at a nominal temperature which is
slightly lower than the solidus. Because of the
extremely fast strain rates, however, the cffective
temperature is expecled to be sxgmf:c‘mlly higher
than the nominal test temperature, as a result of
adiabatic heating.)

A question regarding the data in Fig. 5, and
especially the data for 475°C, is that it is below the
solidus of the 2124 Al matrix (505°C). The
deformation properties of 475 and 525°C are,
therefore, expected to be somewhat different.
However, the data in Fig. 5 clearly indicate that the
flow characteristics do not exhibit a discontinuity
across the solidus temperature. The discrepancy is
attributable (o two possible factors - adiabatic
heating during high rate deformation, and solute
redistribution.  In fact, the temperature rise during
the high strain rate testing of SiC/2124 is cstimated
1o be about 15°C (if no localized heating occurs),
Therclore, although the apparcnt test temperature is
475°C, the actual temperature will be higher.

Another factor, which can also contribute to
the presence of a liquid phase is related to solute
segregation at a reinforcement-matrix interface. For
example, Strangwood et al. [22] have used a special
FEM/STEM technique to study solute segregation 1o
SiC/Al alloys interfaces and showed that the Mg and
Cu concentrations at the SiC/matrix interfaces in an
underaged 15 vol%SiCp-2xxx Al (1.45 at%Cu,
1.67 at%Mg, 0.12 at%Zr, 0.1 a1%Mn) could reach
about 4.5 and 9 at%, respectively. Both the Mg and
Cu segregation are expecled to reduce the local
melting point of the Al matrix ncar the interface
region. (The cffects of Mg and Cu on the melting
point of Al arc estimated to be approximately
-6°Clat%Myg and - 6.5°C/a1%Cn [23]).

Therefore, although. the test temperature of
475°C in Fig. 5 (for Si(7/2124 Al) appears to be
within the solid range of 2124 Al, because of the Mg
segregation, it may nonctheless be sufficiently high
to result in local melting at the SiC/Al interface. For
example, a Mg concentration of over 6.5 at% at the




interface can by itself result in localized melting at
475°C, even in the absence of adiabatic heating from
high strain rate deformation. ‘Therefore, the HSRS
phenomenon may occur in the presence of some
liquid, even though the temperature appears 10 be
below the solidus in a SiC/Al or SigNg/Al
composite.

3. SUMMARY

High strain rate superplasticity (HSRS) has
been observed in a number of maierials, including
modified conventional alloys, mechanically-alloyed
alloys, and mectal-matrix composites. Despite
differences in the chemical compositions of the alloy
matrix, all these materials show similar superplastic
propertics; namely, exhibiting a maximum
clongation of over 300% at a strain rate of about
0.1-1 571, The HSRS results are important since onc
limitation of current superplastic forming tcchnology
is the slow forming rate which is typically 10 to
103 51, There exist some evidences suggesting that
the presence of a liquid phase, resulting from the test
conditions, or the presence of a low melting point
region caused by solute scgregation (e.g., at the
whisker-matrix interfacc in  metal-matrix
composiles, and at grain boudarics in alloys) may be
responsible for the observed HSRS phenomenon.
Upon high strain rate deformation, the above semi-
solid materials behave like non-Newtonian fluids. A
finc grain sizc is a neccessary but insufficient
condition for the observed HSRS phenomena.
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