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High strain rate superplasticity in
microcrystalline and nanocrystalline materials
S. X. McFadden, A. V. Sergueeva, R. S. Mishra, and A. K. Mukherjee

Superplasticity has evolved to become a significant industrial forming process. The phenomenon of superplasticity is
explored at high strain rates where it is economically more attractive. True tensile superplasticity has been
demonstrated in nanocrystalline materials. The difference in the details of superplasticity between the

nanocrystalline and microcrystalline state is emphasised.
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High strain rate superplasticity in
microcrystalline matrix

During the early years of development of this field the grain
sizes used to be ~15 um and the optimum strain rate used
to be ~107% 57! (especially for Al alloys). With develop-
ment of processing methods to produce ultrafine grain size
materials, it has been possible to increase the optimum
forming rates to approximately 107 '-1072s™!. In this
range, high strain rate superplasticity (HSRS) has been
explored extensively in recent years.

The general features of HSRS are as follows:

(i) the parametric dependencies tend to be influenced by
the reinforcement size and grain size

(i) the optimum superplastic temperature changes with

the matrix material

(iii) the optimum superplastic conditions can be sig-

niﬁcaltntly altered by prior thermomechanical proces-

sing.
The natural question that arises is whether the rate
controlling mechanism is the same for HSRS in all
materials. The present study shows that the size of second
phase particles influences the parametric dependencies,
particularly the high activation energy for HSRS for large
reinforcing particle sizes. The results are explained on the
basis of a change in the rate controlling mechanism with
particle size.

The present analysis is based on the existence of a
threshold stress for HSRS in dispersion strengthened
materials. The variation of the activation energy (calculated
after taking into account the presence of a temperature
dependent threshold stress) with particle size is plotted in
Fig. 1 for a number of mechanically alloyed Al matrix
composites. The important observation that is apparent
from Fig. 1 is the change in activation energy for alloys with
bigger particle sizes. It is, therefore, appropriate to examine
the role of particle size on the accommodation process
during superplasticity.

Figure 2a shows the classic concept of slip accommo-
dation during grain boundary sliding. This has been shown
to be applicable for a number of materials,®> however for
materials with second phase particles the process is altered
as shown in Fig. 2b. The particles at grain boundaries (e.g.
particle marked Py, in Fig. 2b) impede the grain boundary
sliding and lead to stress concentration. This stress
concentration must be lowered for continuous sliding to
take place and to avoid cavity nucleation. The stress
relaxation can occur by diffusional flow of atoms around
the particles as depicted in Fig. 2b. If the rate of diffusional
relaxation is fast enough to remove the stress buildup, then

the overall grain boundary sliding would not be influenced
parametrically. The rate of such diffusional relaxation of
stress concentration has been calculated by Koeller and
Raj* and by Mori et al.? In addition, Koeller and Raj* have
pointed out that the increase in stress at the particle matrix
interface above a critical strain rate may result in
decohesion at the interface leading to formation of voids,
and a consequent loss of ductility. The critical strain rate for
cavity nucleation is given by

=1 —2v+Q)) <@) VioD,
w2 ) kT ( d; ) W

where & is the critical strain rate, v is the Poisson’s ratio, G
is the shear modulus, Q is the atomic volume, k is a
constant, T is the absolute temperature, V5 is the volume
fraction of particles, d,, is the particle diameter, and 0 is the
grain boundary width.?> The numerical constant C has the
value of 118 in the work of Koeller and Raj.? Subsequently,
Mori et al.* found that a more rigorous analysis results in a
lower value for the constant C equal to 9. This equation is
derived on the basis of interfacial diffusional relaxation.
The applicability of diffusional relaxation on the onset of
HSRS is evaluated in alloy MA6000 (an ultrafine oxide
dispersion strengthened Ni based alloy). Taking values of
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1 Variation of true activation energy with particle size
for mechanically alloyed Al alloys and Al matrix com-
posites: note that change can be predicted by diffu-
sional relaxation models
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a typical micrograin superplasticity in single phase material or
when all phases are deformable; 1: grain boundary sliding; 2:
dislocation accommodation; b modification of grain boundary
sliding and dislocation movement during slip accommodation
due to presence of second phase particles; 1: grain boundary
sliding; 2: diffusional accommodation at particle; 3: dislocation
accommodation; 4: dislocation glide; 5: dislocation climb over
particle

2 Effect of second phase particles on slip accommoda-
tion during grain boundary sliding

v=0-33, V;=0-025, d,=10 nm, D,, G, and Q from Frost
and Ashby,’ é.=0-3 s !, and the constant C=9 (according
to Mori et al®), the critical temperature at which the
diffusional relaxation rate is fast enough to relax the stress
buildup comes out to be ~1150 K. The prediction of
equation (1) is compared with the data of Singer and
Gessinger® for alloy MA6000 in Fig. 3. It can be noted that
the increase in observed ductility agrees well with the
prediction of the diffusional relaxation model. Another way
to verify the applicability of this concept is to calculate the
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4 Typical stress-strain curves for Ti-6Al-4V processed
by high pressure torsion straining (HPTS)

critical particle size for a given temperature and strain rate
below which diffusional relaxation will be adequate. The
result of such a calculation for Al alloys is incorporated in
Fig. 1 (at 773 K, V=01, and é.=100 s !, see Ref. 9). The
critical particle size comes out to be 0-08 um, using the
constant C=9 from Mori et al.? in equation (1). The change
in activation energy agrees with the critical particle size for
relaxation by grain boundary diffusion, according to this
equation.

In the case of metal matrix composites, the microstruc-
ture is quite different. This situation has been treated in
detail by Mukherjee et al'! and will not be treated any
further in the present study. However, the analysis in Ref. 1
does explain the experimentally observed activation energy
that is often much higher than that for volume diffusion of
the matrix.

High strain rate superplasticity in
submicrocrystalline matrix

Experiments on superplastic materials have demonstrated
that a reduction in grain size has the potential of both
decreasing the temperature and increasing the strain rate
associated with optimum superplastic flow.'°~ 4 High strain
rate superplasticity has been evaluated by the present
authors in a Ti—6A1-4V alloy processed by high pressure
torsion (HPT) straining at different temperatures. This
severe plastic deformation (SPD) method allows the
production of specimens with no residual porosity and
with grain sizes of 100 nm or less.!3

The analysis of HPT Ti—6Al-4V alloy tensile tests at
elevated temperatures shows that the alloy exhibits HSRS.
Deformation of more than 250% was obtained at tempera-
tures above 650°C, at a strain rate of 1072 s !, which is two
orders of magnitude higher than the strain rate for
superplastic deformation of this alloy in the microcrystal-
line state.!® Moreover, this alloy showed elongation of more
than 200% at a strain rate of 10! s™!, and a temperature of
725°C. It is noteworthy that the maximum elongation (more
than 500%) was obtained after HPT at a strain rate of
107*s7 ! and a temperature of 650°C, which is ~047T,,
where T, is the melting temperature in degrees Kelvin.
Stress —strain curves for the alloy after HPT show high
strain hardening at strain rates above 10~* s~! (Fig. 4). A
common explanation for strain hardening during super-
plasticity is concurrent grain growth because of the grain
size dependence of superplastic flow. With this in mind, the
grain growth related strain hardening is expected to be
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—0O— Nanocrystalline, 60 nm (Ref. 18)

—®— Sub-microcrystalline, 400 nm (Ref. 18)
--O-- Microcrystalline Ti-6Al-4V, 5um (Ref. 19)
—®— Grain Boundary Sliding (Ref. 17)

—&— Present data, TS-SePD Ti-6Al-4V, 120 nm
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5 Flow stress normalised by modulus as function of
strain rate normalised by grain size and diffusivity for
Ti-6Al-4X alloys

greater at lower strain rates because more grain growth per
unit strain would occur. Values for the strain rate sensitivity
m were determined to be 0-38 to 0-42 in the strain rate range
1074-1073 s~ ! at 650°C for the alloy processed by both
routes. The m values decrease down to 0-2 at higher strain
rates. The activation energy determined from the slope of
the log & versus 1/T curves was 270 kJ mol~!, which is
much higher than that for grain boundary (97 kJ mol™})
and lattice (153 kJ mol ') diffusion in Ti. This value is close
to the activation energy of power law creep in Ti, which has
been reported to be 242 kJ mol ™! (Ref. 17).

The development of ultrafine grain structures by HPT
led to HSRS in a commercial Ti—6A1-4V alloy. But the
deformation behaviour of such an alloy is quite different
from the microcrystalline superplastic alloy. Sherby and
Wadsworth!” have proposed a phenomenological relation-
ship that fits the experimental data for superplasticity in
microcrystalline Ti—6Al-4V alloys quite well. The phe-
nomenological relationship is given as'’

é=5><109(%) (%)2 S )

where ¢ is the strain rate, D; is the lattice diffusion
coefficient, E is the Young’s modulus, d is the grain size, and
o is the applied stress. Figure 5 shows a plot of ¢ versus
édPIDy to compare the experimental kinetics of deforma-
tion in Ti—6Al-4V alloys with different grain sizes with
the phenomenological relationship in equation (2). The data
from Salishchev et al!®!! for nanocrystalline and sub-
microcrystalline Ti— 6Al—4Mo alloys and Meier et al.?° for
microcrystalline Ti—6A1-4V are also included in Fig. 5.
The noteworthy aspect is that while the data for the
microcrystalline state corresponds well with equation (2),
the ultrafine grained materials show slower kinetics. This is
interesting in view of the various discussions in the literature
on the possibility of enhanced superplasticity in nanocrys-
talline alloys. While refinement in grain size does lead to
lower superplastic temperatures at comparable strain rates,
the kinetics is clearly slower on a normalised basis. The
implication is that a simple extrapolation to the nanocrys-
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6 Stress-strain curves for nanocrystalline 1420 Al alloy
processed by HPTS

talline range using the constitutive relationship for micro-
grain superplasticity is not going to work.

NANOCRYSTALLINE SUPERPLASTICITY

A significant level of superplasticity has been observed in
nanocrystalline Ni3;Al, and 1420 Al alloy (Al-Mg-Li)
processed by HPT.2! Experimental observations include
both high strain rate and low temperature superplasticity.
High strain rate superplasticity was observed in the 1420 Al
alloy at temperatures as low as 250°C. These results

7 a bright field TEM of 1420 Al alloy as processed by
severe plastic deformation and b dark field TEM of
1420 Al alloy after superplastic deformation to ~325%

elongation at 250°C and strain rate of 1x 10 's™’
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"""" Theoretical Model (Ref. 22)
---- Theoretical Model (Ref. 23)
Constitutive Equation for Microcrystalline Aluminum Alloys
(Ref. 24)
O ECAE 1420 Al-alloy, 1.2 ym, Test temp. 523-673 K
(Ref. 25)
HPT 1420 Al-alloy, As Processed-83 nm (Present Results)
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8 Flow stress normalised by modulus as function of
strain rate normalised by grain size and diffusivity for
1420 Al alloy: three constitutive models are also
plotted to demonstrate difference in flow stress
between nanocrystalline and microcrystalline material

are compared with those obtained from microcrystalline
1420 Al in Table 1. An elongation of ~390% was taken
as a frame of reference. At 300°C, the strain rate was
increased from 1x1073 to 5x 107! s™! by grain size re-
finement from 6 um to 100 nm. Stress—strain curves for
nanocrystalline 1420 Al are shown in Fig. 6. Bright field
TEM of the HPT as processed microstructure is shown
in Fig. 7a, while Fig. 7b shows dark field TEM after
superplastic deformation at 250°C and a strain rate of
10~ s™!'. From Fig. 7b it is apparent that grain growth
occurred in the 1420 Al alloy even at the lowest superplastic
temperatures. After deformation at 250°C, the grain size
was submicrocrystalline.

The effect of increasing temperature on the superplastic
behaviour of nanocrystalline 1420 Al is shown in Fig. §,
which is a plot of modulus normalised stress as a function of
strain rate normalised by grain size and diffusivity. Super-
imposed on this plot are lines corresponding to three
constitutive models of superplasticity. From 200 to 250°C
(473 to 523 K) the behaviour of nanocrystalline 1420 Al is
clearly distinct from microcrystalline 1420 Al. At 300°C
(573 K) the behaviour merges with that of microcrystalline
material because of rapid grain growth.

Table 1 Comparison of superplastic results for 1420-Al
1:2 um grain size 6 um grain size

100 nm (data from (data from
grain size Ref. 18) Ref. 19)

Elongation, % 390 380 400

Temperature, °C 300 300 450

Strainrate (s™') 5x10°'  1x107" 1x1073

Flow stress at 220 88 6

50% strain, MPa

__‘.{‘_-j”i I_'t La

a-"q:v’ o

9 Bright field TEM images of Ni;Al a as processed by
severe plastic deformation and b after superplastic
deformation at 650°C

Nanocrystalline Ni3Al, processed by HPT, demonstrated
a significant lowering of the superplastic temperature
compared with the microcrystalline material.!> For an
equivalent elongation of 460%, the superplastic temperature
was reduced from 1050 to 725°C. This result introduced the
possibility of forming structural intermetallics with con-
ventional dies and tooling, such as those used to form Ti
alloys. The HPT as processed microstructure is shown in
Fig. 9a, while Fig. 95 shows the microstructure after
deformation at 650°C. From Fig. 9b, it is apparent that
the grain size after deformation was 100 nm or less. The

Stress, MPa

20

Strain

10 Stress-strain curves for nanocrystalline NizAl
deformed at constant strain rate of 10 3s ": very
high flow stresses are unusual for superplastic flow
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comparatively greater stability of grain size is attributed to
preferred atomic pairing in the ordered structure.

One of the general features of nanocrystalline super-
plasticity is high flow stress. The stress—strain curves in
Fig. 10 demonstrate very high flow stresses in nanostruc-
tured NisAl. Although the well-known temperature depen-
dent strength anomaly and strong strain hardening in NisAl
occur near the test temperature of 725°C reported for
the present work, a ductility minimum of the order of
20% elongation also occurs at this temperature for micro-
crystalline NizAl.2® Furthermore, fine grained specimens
(2:9-9-5 um) have not shown the strength anomaly.?’
Therefore, the stress anomaly alone is not sufficient to
account for the observed behaviour, particularly in the light
of the large elongation achieved. High flow stresses are
apparent in nanocrystalline Ni3;Al even when normalised by
grain size and diffusivity.!? Higher normalised flow stresses
are also apparent in nanocrystalline 1420 Al alloy as shown
in Fig. 8. This leads to the conclusion that nanocrystalline
superplasticity is not a simple extension of microcrystalline
superplasticity scaled by grain size.

Conclusions

In microcrystalline materials where the grain size is
stabilised by particles, the activation energy for high
strain rate superplasticity changes with particle size.
Diffusional relaxation models can be used to explain this
change as well as predicting the temperature for the onset of
high strain rate superplasticity in mechanically alloyed Ni or
Al based alloys.

Nanostructured materials can offer enhancements of
superplastic properties such as an increase in superplastic
strain rate or a decrease in superplastic temperature. The
large driving force for grain growth in these materials
results in strain-enhanced grain enlargement during testing.
The limited grain growth observed in nanocrystalline Ni3;Al
has been attributed to the kinetic barrier of preferred atomic
pairing in the ordered structure. Comparison of nanocrys-
talline and microcrystalline superplasticity indicates that
nanocrystalline behaviour is not a simple extension of
microcrystalline behaviour scaled by grain size.
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