The Deformation Mechanisms of Superplasticity

H. W. HAYDEN, S. FLOREEN, AND P, D. GOODELL

Under various conditions of stress and temperature various deformation mechanisms

could be rate-controlling for superplastic deformation. In general at low stresses diffusion
creep should be rate-controlling. At temperatures between approximately 40 and 65 pet of
the absolute melting point grain boundary diffusion should be the dominant diffusion path
while at higher temperatures volume diffusion should dominate. At intermediate stresses,
grain boundary sliding should be the major deformation mode, but the sliding rate should
be governed by the lesser rate of dislocation creep within the grains. At temperatures be-
tween 40 and 65 pct of the melting point, the rate of dislocation creep should be controlled
by dislocation pipe diffusion, while at higher temperatures volume diffusion should be rate-
controlling, At high stresses the superplastic effect of unusually large tensile extensibility
should diminish due to the greater possibility of work-hardening processes such as dislo-

cation cell, tangle, and pile-up formation.

THE phenomenon of superplasticity has been observed
in a wide variety of alloy systems. These include cer-
tain alloys of Bi,' Pb,>® sn,® A1,”"!* Mg,*? Fe, '™
Ni,"*** Ti,'" and Zr.'” There is general agreement that
the superplastic effect of unusual tensile extensibility
can be expected when an alloy having an extremely fine
grain size is tested at a temperature in excess of 40
pct of the absolute melting point, and at strain rates
where the flow stress is highly strain-rate sensitive.

The mechanical behavior of a superplastic material
can be described by an equation of the form:

7 = Ke"™d 4D [1]

where ¥ is the strain rate, K a constant, ¢ the applied
stress, d the grain size, D a diffusivity, m the strain
rate exponent, and A the grain size exponent.

At very high stresses the observed deformation be-
havior is similar to the normal creep behavior of
coarse-grained material and superplasticity is not ob-
served. Values of m are typically less than 0.3, At in-
termediate stresses where fine-grained materials be-
come superplastic, values of m ranging from 0.3 to 1.0
have been observed. A value of m 5 0.5 is typical of
many alloys in the superplastic range. Frequently, but
not always, m decreases at low stress levels,

Within the superplastic range the grain size expo-
nent is often 2 or 3. From experimentally determined
activation energies, the diffusivity appears to corre-
spond to volume diffusion in some cases and to grain
boundary (or dislocation pipe) diffusion in others.

At the present time there is controversy as to the
deformation mechanisms of superplasticity. To date,
theories have been based on: diffusion creep,’’® grain
boundary sliding,'”~¢71°71#17"2! and dislocation climb
and glide.'®**?'*2 Although there are many pieces of
experimental evidence in partial confirmation of each
of these mechanisms, there is no single theory which
can account for the many differences seen in the vari-
ous alloys which have been reported.

In this paper, each of the possible deformation modes
will be analyzed, Particular emphasis will be placed
on differentjating between dominant observable proc-
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esses and rate determining processes. The bulk of

the analysis will be related to materials having equi-
axed structures. A brief section will deal with mate-
rials having fibrous structures. New experimental evi~-
dence will then be presented and related to several of
these analytical predictions.

ANALYSIS
A) Vacancy Creep

Two theories of vacancy creep have been advanced.
The first, involving volume diffusion, was originally
proposed by Nabarro® and Herring.** The second, in-
volving grain boundary diffusion, was proposed by
Coble.” The creep rates predicted by these mecha-
nisms are:

aDyb'e

')./D = dsz [2]
. Dgb'o
= ST (3]

where « and $ are constant, D, the volume diffusivity,
Dp the grain boundary diffusivity, b the Burgers vec-
tor, d the grain size, # Boltzmann’s constant, and T
the absolute temperature. At high temperatures, a
faster creep rate is predicted by the volume diffusion
mechanism, At lower temperatures (T < 65 pet Tyr),
a faster creep rate is predicted by the grain boundary
diffusion mechanism. For any condition, the process
leading to the fastest creep rate will be effectively
rate controlling,

Vacancy creep mechanisms have several inade-
quacies as sufficient explanations for superplasticity:

1) They predict a linear relation between stress and
strain rate which is rarely observed.

2) The predicted strain rates are generally much
lower than those observed experimentally.

3) Both mechanisms predict grain elongation which
is rarely observed after extensive superplastic defor-
mation,

It should be noted, however, that vacancy creep
processes arise from a vacancy concentration gradient
resulting from an applied stress. So long as there is
no impediment to grain boundary displacements,? it is
unlikely that there should be a limiting stress where
they should cease operating, Thus in the limit where
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the applied stress approaches zero, vacancy creep
should become rate-controlling and the strain rate ex-
ponent should approach unity. Observations on several
superplastic alloys show a trend toward decreased
rather than increased strain rate exponents at low
stresses. In the subsequent analysis and discussion,

a reasonable basis for rationalizing the apparent con-
tradiction between the above prediction and observa-
tions will be described. Studies on the deformation of
coarse-grained copper and gold have shown a definite
trend towards vacancy creep mechanisms at low
stress levels.”’

B) Grain Boundary Sliding

In coarse-grained polycrystalline materials, there
is abundant evidence that the rate of grain boundary
sliding is controlled by the rate of accommodating in-
tragranular deformation processes. A recent analysis
by Raj and Ashby®® has shown that when the accommo-
dation process is vacancy creep, the rate of grain
boundary sliding and the rate of vacancy creep are
identical, Similarly, when the accommodation process
is dislocation creep, there are many indications that
the rate of grain boundary sliding is controlled by the
rate of intragranular creep. These have been sum-
marized by Stevens:*®

1) The rate of grain boundary sliding is usually
proportional to the overall creep rate.

2) The activation energies for creep and sliding are
the same and usually equivalent to the activation ener-
gies for volume diffusion,

3) Factors such as age hardening or phase transfor-
mations which have predictable effects on intragranular
creep rates have comparable effects on grain boundary
sliding.

The data of McLean and Gifkins®® show that at high
temperatures the percentage of strain from grain
boundary sliding is independent of test temperature.

In the superplastic deformation of ultrafine-grained
materials there is no reason to believe that the sliding
rate is not controlled by the rate of intragranular de-
formation. In these materials a greater proportion of
the total strain could arise from sliding, and the fine
grain sizes might alter the mechanisms of grain defor-
mation. We would suggest that rates of grain boundary
sliding and dislocation creep are coupled, obeying a
relationship of the form:

yeB = %*‘ra (4]
where K; is an empirical constant, To the extent that
the above suggestion is related to geometrical con-
straints, the value of K; should not change for various
superplastic materials.

The above assumption should be applicable so long
as the predicted sliding rates are less than the maxi-
mum possible sliding rates (Y¢B)nax based on grain
boundary viscosity predicted by the Ke model** **?

. Dgob®
(%6 B)Max = _dBkT_ (5]

where Dg is the grain boundary diffusivity, b the Bur-
gers vector, and % Boltzmann’s constant. Making ap-
propriate substitutions in Eq. [5], the predicted strain
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rates are generally several orders of magnitude
greater than those observed in superplastic deforma-
tion. Hence it is likely that the rate of grain boundary
sliding is controlled by the rate of accommodation, Eq.
[4], rather than by grain boundary viscosity, Eq. [5].
Similarly, it is unlikely that a tendency towards a max-
imum strain rate exponent at intermediate stresses
could be explained by grain boundary viscosity limita-
tions as has been suggested by Hart.'®

C) Dislocation Creep

In general, superplasticity has been observed in ma-
terials having grain sizes less than 10 y tested at tem-
peratures greater than about 40 pct of the absolute
melting point. The phenomenon occurs at low enough
stress levels so that the expected dislocation cell size
would be equal to or greater than the grain size (or a
significant fraction thereof), Thus there is no cell for-
mation.?t*’182! At higher stresses where a cell struc-
ture would be expected and is produced,” there is a
decrease in the sensitivity of flow stress to strain
rate, indications of work-hardening®’*® and a decrease
in tensile elongation. At these higher stresses, the de-
formation behavior is similar to that of coarse-grained
polycrystalline material.

On the basis of these observations, certain precon-
ditions for any dislocation creep mechanism of super-
plasticity would seem reasonable:

1) Creep would occur without the formation of a dis-
location cell structure. This would require that at any
single time there be no more than three operative dis-
location sources in any grain.33

2) Because of the very low stresses at which super-
plasticity can be observed, it is improbable that dislo-
cation segments 10 i or less in length would be suffi-
ciently bowed out to act as Frank-Read sources.
Consequently, dislocations are probably nucleated at
grain corners or grain boundary ledges. Once nucle-
ated they probably travel as reasonably straight seg-
ments by glide and climb. After traversing the grain,
they are probably annihilated at suitable grain bound-
ary locations.

3) Because of the low stresses, the absence of Frank-
Read sources, and the great mobility of the grain
boundaries for sliding®~¢"*°7121"*8 and migration,* it is
improbable that dislocation pile-ups would be formed.

A dislocation creep mechanism for superplasticity
involving the climb-controlled motion of edge disloca-
tions has been proposed by Hayden and Brophy.'® The
analysis followed Weertman’s® suggestion that the
creep rate is the product

. 4
Y6 = MAb (6]

where M is the number of active dislocation sources
per unit volume, which would be on the order of one to
three per grain, A is the average cross sectional area
of a grain, V is the velocity of climb, and H is the dis-
tance a dislocation must climb above the plane of a po-
tential dislocation source before the back stress from
the dislocation is diminished to the point that a new
dislocation may be nucleated.

The product of the first three terms of Eq, [6] is'®

b

MAb~ = [7]
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Following Weertman’s analysis, in absence of pile-up
formation the height of climb should be

_ ub

= i =, (8]
where u is the shear modulus, v is Poisson’s ratio,
and o, is the effective stress on a dislocation, In the
earlier paper,'® it was assumed that o, was identical
to the applied stress. However, it is more likely that,
at least in some cases, the effective stress on a dislo-
cation should be

0, =0—0p f9]

where 0, is either the stress necessary to nucleate a
dislocation from a grain boundary source or the lattice
friction stress.

In the earlier paper a parallel diffusion model for
climb was assumed. It was further assumed that the
average diffusion distance between dislocations and
grain boundaries was d/4. However, it is more likely
that there is little resistance to glide motion until the
dislocations are quite close to the grain boundaries.
Thus the average diffusion distance is probably not
related to the grain size, but is instead in the order of
about 10b. Furthermore it is unlikely that the back-
stress affecting glide will have a similar effect on
climb, The predicted climb velocity is then

_ Dyb’o
V= 10rT

At intermediate temperatures there might be a greater
flux of vacancies to dislocations via pipe diffusion than
via volume diffusion. If so, then the diffusion path is
the dislocation itself gnd the average diffusion distance
should be approximately one-fourth the average dislo-
c?etzion length. This leads to a predicted climb velocity
o

[10]

_ 4Dpb’c
V=g [11]

where Dp is the pipe diffusivity. The temperature T,
at which the rate-controlling process would change
from pipe to volume diffusion is that at which the two
climb velocities are equal, or

-_Qv—-@p
e (2o 12
40Dopb
where Doy and Dop are the preexponential diffusion
terms, and Qy and @p are the activation energies for
volume and pipe diffusion. At temperatures above T,
the dislocation creep rate would be

_ 671 —v)Dybo(o — 0y)

e 04T [13]
Below T, the dislocation creep rate would be
247(1 — v)Dpb®o(c — o
o = 241(1 —)Dpb’o(o — o) [14]

d®ukT
These equations would apply for stresses at which the
dislocation,cell sizes would be greater than a signifi-
cant fraction of the grain size.

At higher stresses above the upper limit, a disloca-
tion cell structure should be formed and strain rate
should vary with the fourth to seventh power of
stress.”
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D) A Combined Relationship

On the basis of the foregoing analysis, the observed
strain rate during superplastic deformation should be
the sum of the separate strain rates of vacancy creep,
grain boundary sliding, and dislocation creep. At tem-
peratures below T, Eq. [12], grain boundary diffusion
should be rate-controlling for vacancy creep and pipe
diffusion for dislocation creep. At temperatures above
T, volume diffusion should be rate-controlling for both
vacancy and dislocation creep. The following creep
relationships would be predicted:

. K . .
T<T, vep = 5 Y6 < (JeBIM

Dpblc (K. 247(1 — v)Dpb’o(c — a5)
LET <d * l) kT [15]
YeB = (VoBIM

Dgb'c . Dgob® . 247(1 — v)Dpb’o(o — ao) [16]

YT =B sr T kT
. K, . )
T>T, ¥oB = 5 Y6 < leBlM
. _ _ Dybo (@ ) 247(1 — v)DybPo(c — 0,)
= g 1 10dukT [17]
T>T, 6B = (Y6BIM
. _ Dyb’c . Dgob® 6m(l —v)Dybioloc — go)
=t Taer Y 10dukT [18]

At low stress levels at any temperature, vacancy
creep would be the predominant and rate-controlling
mechanism. At higher stress, in fine-grained mate-
rials, grain boundary sliding would be the predominant
mechanism while dislocation creep would be rate-
controlling. At still higher stresses, if the grain bound-~
aries are not sufficiently viscous to allow sliding to
keep up with grain strain, dislocation creep could be-
come the predominant and rate-controlling mechanism,
As discussed earlier, it is highly unlikely that this lat-
ter possibility would be observed. Table I shows the
effective dependence of strain rate on stress, grain
size, and activation energy where ¢ > 0, and K;/d > 1,

E) Fibrous Grain Structures

In cases of materials where one grain dimension, L,
is much greater than the other two, d, different super-

Table 1. Effective Stress, Grain Size and Diffusion Dependencies for Superplastic
Flow of Equiaxed Materials for Various Stress, Grain Boundary, and
Temperature Conditions

Gy ~oA dB e ORT

Temperature Stress Grain Boundary A B Q*
<7, Low Fully Viscous 1 3 Ogp
>T, Low Fully Viscous 1 2 [
<T, Intermediate Fully Viscous 2 3 Op
>T, Intermediate Fully Viscous 2 ~2  Qy
<T, Intermediate ~ Limited Viscosity 2 2 0p
>T, Intermediate Limited Viscosity 2 ~1  Qy
<T, High - 4107 - Op
>T, High - 407 - Qyp

*Subscripts ¥ = Volume Diffusion, GB = Grain Boundary, P = Pipe Diffusion.
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plastic behavior might be expected than that for equi-
axed structures. Since boundaries at about 45 deg to
the maximum stress axis slide most freely, the ratio
of sliding rate to grain strain rate should be sensitive
to sample orientation. If the stress axis is parallel or
normal to the fiber axis, the ratio should be propor-
tional to the reciprocal of grain length, L. If the stress
axis is at 45 deg to the fiber axis the ratio should be
proportional to the reciprocal of the grain thickness, d.

When the grain length greatly exceeds the thickness,
the expected dislocation cell size may be greater than
the thickness but less than the length. Since cell size
usually varies with the reciprocal of the applied
stress,’ it would be expected that a dislocation cell
structure would form so as to divide the long axis of
the grain. After formation of the cell structure the in-
dividual subgrains would be free to rotate with respect
to each other. With continued straining, as the angle of
misorientation between subgrains increases, the sub-
boundaries should gradually approach the character-
istics of high-angle grain boundaries. Inasmuch as
such a process requires an increase in grain boundary
area it should occur only as a means towards lowering
the strain energy of the system. To the extent that the
development of a finer grain size would permit greater
ease for grain boundary sliding, this process would
lead to a lowering of strain energy.

In predicting the creep rate for fibrous structures,
the assumption for dislocation source density should
be modified over that for equiaxed structures. In the
latter case it was assumed that there should be one to
three sources per grain, In the case of fibrous struc-
tures there should be about three sources per sub-
grain, or

_ 12 _ 120
7d’d,

TKod® [19]
where K; is a constant relating the cell size, d., and
the applied stress. The area swept out by a dislocation
would be 7d%/4. The relationships for the height and
velocity of climb should be the same as Egs. [8], [10],
and [11]. Combining these relationships, the dislocation
creep rates should be

187(1 — v)Dyb*c?(o — 0,)

at T> T, yG = 0Ky kT [20]
. 727(1 — v)Dpb° (o — G
at T < T, 5o = 12 KSLMJZT (6= o) [21]

Neglecting a small vacancy creep contribution, for
sample oriented either parallel or normal to the fiber
axis the observed creep rate should be

K, .
YT = (f + 1) Ze
For samples oriented 45 deg to the fiber axis the creep
rate should be

[22]

K .
yr = (71 + l)vc [23]
EXPERIMENTAL
A) Material Preparation
The three alloys whose compositions are shown in

Table II were studied. All were vacuum melted and
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Table Il. Compositions of Materials Investigated

Alloy Fe Ni Cr Cu Al T1
Ni-Base 26.2 Bal 349 - — 0.58
IN-744 Bal 65 26 — 0.05 0.2
Fe-Cu Bal - — 50 - -

cast as 30 1b, 4 in. by 4 in, ingots.

The nickel-base alloy was hot-rolled from 2300°F to
% in. bar stock. Samples of the bar stock were an-
nealed 2 hr at 1800°F; 48 hr at 1800°F; or 100 hr at
1850°F plus 100 hr at 1800°F to produce the micro-
structures shown in Fig, 1,

Samples of IN-744 were prepared in two ways. Ma-
terial having a reasonably equiaxed grain structure
was taken from plate material which had been rolled
from a 4 by 4 in. ingot to 2 in, thickness from 2300°F,
reheated to 1700°F and rolled to £ in. thickness. Sam-
ples were tested in either the as-hot worked condition
or after 1 hr anneals at either 1700°, 1800°, 1900°, or
2000°F. These latter annealing treatments were used
to produce coarser grain sizes than those obtained in
the as-worked stock., Material having an elongated
grain structure was taken from bar stock rolled to
2 by 2 in, from 2300°F, reheated to 1700°F and rolled
to $ in. sq. This material was tested in the as-hot
worked condition.

Samples of 50-50 Fe-Cu were taken from < in. sq
bar stock which had been hot-rolled from 1700°F.

" These samples were tested in the as-hot worked

condition.

B) Experimental Results
1) NICKEL-BASE ALLOY

The superplastic behavior of two-phase nickel-base
alloys has been described earlier.'*”'® At tempera-
tures between 1400° and 1800°F, the strain rate was
proportional to the second power of stress divided by
the second power of grain size over a wide range of
stress. The activation energy of 60 kcal/mole was
comparable to that expected for volume diffusion in
nickel-base alloys.*® These findings agree with the
predictions for the model involving a dislocation climb
process controlled by volume diffusion. In the present
investigation testing was extended to lower tempera-
tures to see if an activation energy comparable to that
of pipe diffusion and the grain size sensitivity pre-
dicted by the pipe diffusion process would, in fact, be
observed.

Fig. 2 presents the results of tensile tests between
1400° and 1800°F and creep tests between 1200° and
1400°F for samples of the nickel-base alloy having a
grain size of 4.8 1. There was a broad range of condi-
tions where stress was proportional to the square root
of strain rate, similar to earlier findings.'*’*® An Ar-
rhenius plot based on this data is shown in Fig. 3. Be-
tween 1800° and ~1400°F the apparent activation energy
is 61,000 cal per mole which is in excellent agreement
with the value of 60,000 cal per mole reported in Ref.
15. Between ~1400° and 1200°F the activation energy
was 36,000 cal per mole., This latter value is in reas-
onable agreement with published values for both grain
boundary diffusion in nickel®® and dislocation pipe dif-
fusion in nickel,**’*°

METALLURGICAL TRANSACTIONS



" o —ta&‘ -,l
n‘fm, {

PO
,:.-;, T
-.“‘- -

#}3'

. §
Lo~ .‘41\ h‘laj

. “ *..‘"
ux ‘v\ .

: ﬁ-i?m,.m

®)
Fig. 1—Microstructures of nickel-base alloy samples.
nealed 2 hr at 1800°F, magnification 1125 times; (b) annealed
48 hr at 1800°F, magnification 1125 times; (¢) annealed 100
hr at 1850°F + 100 hr, 1800°F, magnification 845 times. All
samples electrolytically etched in 50 pet H3POy.

(a) An-
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Fig. 2—Stress-strain rate data for a two-phase nickel-base
alloy at various temperatures (°F).
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Fig. 3—Arrhenius plot based on the data of Fig. 2.

Fig. 4 shows the strain rates measured at several
applied stresses in creep tests at 1400°, 1300°, and
1250°F for samples having grain sizes of 4.8, 8.3, and
13.5 u. Over this temperature range strain rate was
proportional to the reciprocal of the third power of
grain size rather than the second power grain size as
was previously observed in tests at 1800°F.'°

In the temperature range 1200° to 1400°F, the defor-
mation behavior may be represented by the equation

023 exp <—Q ) [24]

e~
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Fig. 4—The effect of grain size on strain rate at various
stresses and temperatures.
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Fig. 5—Stress-strain rate data for samples of IN-744 having
equiaxed grain structures.

The dependencies of strain rate on stress and grain
size and the activation energy are all in agreement
with the model based on dislocation pipe diffusion as
the rate-controlling mechanism. Combining the pres-
ent results of this investigation with those of previous
studies of the superplastic behavior of two-phase
nickel-base alloys leads to the following conclusions:

1) The rate of the predominant grain boundary
sliding process is controlled by the rate of the lesser,
though necessary, intragranular dislocation creep
mechanism.

2) At temperatures above about 1400°F, volume dif-
fusion is the rate-controlling process for dislocation
creep, and hence for the overall deformation,

3) At temperatures below ~1400°F, dislocation pipe
diffusion is the rate-controlling process for disloca-
tion creep and hence for the overall deformation.

2) IN-T744

Stress vs strain rate data at several temperatures
for samples of IN-744 having equiaxed grain structures
are shown in Fig. 5. Over a wide range of conditions
stress was proportional to the square root of strain
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Fig. 6—Arrhenius plot based on stress-strain rate data for
IN-744.

rate. An Arrhenius plot based on this data is shown in
Fig, 6. The apparent activation energy of 60,000
cal/mole is in reasonable agreement with published
values for volume diffusion in iron.*® Fig. 7 shows that
at 1700°F stress was linearly dependent on grain size
at two different strain rates. Combining the results,
the deformation behavior may be represented by the
equation

€~ (%)2 exp (—Qq/%T)

This functional relationship is the same as that for
superplastic two-phase nickel-base alloys at tempera-
tures above 1400°F. It is in agreement with the pre-
dictions of the model based on volume diffusion being
the rate-controlling process.

Stress vs strain rate data for samples of IN-744
having fibrous grain structures are shown in Fig. 8.
All of these data were obtained from a single sample
using strain rate and temperature cycling procedures
similar to those described in Ref. 15. The total plastic
strain was less than 10 pct. In this material stress
varied with the cube root rather than the square root
of strain rate. The Arrhenius plot of these data, Fig,
6, gives an apparent activation energy of 64,000
cal/mole, in reasonable agreement with the 60,000
cal/ mole value obtained for equiaxed material and also
with published values for volume diffusion of iron.*®

[25]
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Fig. 7—The effect of grain size on the flow stress for IN-744
at two strain rates.
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Fig. 8—Stréss-strain rate data for IN-744 having an elongated
grain structure.

The observed stress-strain rate relation and activa-
tion energy follow the model for longitudinal cell
structure development through volume diffusion con-
trolled dislocation climb.

Fig. 9 shows stress vs strain rate data for a single
sample which was successively cycled between high
and low crosshead speeds at 1700°F. It is evident that
as the testing progressed the strain rate exponent
gradually increased from 2 to L. The exponent of
was established after about 80 pct total plastic strain,
Continued cycling at larger plastic strains caused no
further change in the strain rate exponent. It is also
apparent from Fig, 9 that deformation led to strain
softening, particularly at the lower strain rates, Ex-
amination of deformed tensile samples revealed that
this process was accompanied by a significant change
in microstructure. The micrographs in Fig. 10 are
from the grip, flange, and gage sections of a tensile
bar which had been deformed in the manner described
above. The grip section of the tensile bar had a de-
cidedly fibrous microstructure, while the flange and
gage sectipns show a definite trend towards the de-
velopment of an equiaxed structure. Similar changes
in microstructure also were observed in tensile sam-
ples which were deformed at fixed crosshead speeds
rather than at varying speeds.

Although the initial deformation behavior of samples

METALLURGICAL TRANSACTIONS

40001

2000

wl=

INCREASING STRAIN

TRUE STRESS - PSI

1000
1700°F

500 . | L \
ool 002 005 ol
TRUE STRAIN RATE = IN/IN /MIN.
Fig. 9—The change in deformation behavior with increasing
strain of a sample of IN-744 having an originally elongated
grain structure.

having equiaxed and fibrous microstructures are dif-
ferent, the agreement of the activation energies sug-
gests that the rate-controlling processes in both cases
are the same, namely volume diffusion. The behavior
of samples having originally fibrous structures sug-
gests a continuous trend from the cell structure model
to that appropriate to equiaxed structures. It seems
highly unlikely that these observations could be ra-
tionalized by any mechanism not involving the forma-
tion of dislocation cells and subboundaries.

3) Fe-Cu

Stress vs strain-rate data for this alloy which had a
fibrous grain structure are shown in Fig. 11, It can
be seen that stress varies with strain rate to the 0.39
power. This exponent is somewhat in excess of the
exponent of % proposed in the model for fibrous struc-
tures. An apparent activation energy of 54,000
cal/mole has been calculated from these data, which
is within the range of published values for the activa-
tion energies for volume diffusion in iron and copper.*®
Fig. 12 shows data for a single sample deformed at
1500°F where the crosshead speed was successively
cycled between high and low rates. As in the case of
fibrous IN-T744 there was a trend towards increasing
strain rate exponent with continued deformation. As
before, once an exponent of 0.5 became established
there was no further change with subsequent deforma-
tion. The grip, flange, and gage section microstruc-
tures shown in Fig. 13 are similar in their trend to-
wards spheroidization to those of IN-744 shown in
Fig. 10.

SUMMARY

The present results suggest that although grain
boundary sliding may be a predominant deformation
process in superplasticity its rate, and hence the over-
all deformation rate, is governed by intragranular dis-
location climb,

The present results are functionally in agreement
with the analytical models presented in this paper.

The crucial test of the validity of these models is
whether they will lead to quantitative predictions of the
behavior of various superplastic alloys. As a means to
this end the proportionality factor, K,, between grain
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Fig. 10—Microstructures from a tensile sample of IN-744 de-
formed at 1700°F having an originally elongated grain struc-~
ture. (a) Grip section, magnification 844 times; (b) flange
section, magnification 844 times; (¢) gage section, magnifica-
tion 634 times. Etched in 10 pct oxalic acid electrolytically.
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Fig. 11—-Stress~strain rate data for an Fe~Cu alloy having an
elongated grain structure.
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Fig. 12—Change in deformation behavior with increasing
strain of a sample of Fe-Cu having an originally elongated
grain structure.

METALLURGICAL TRANSACTIONS



Sg
Vi

7 it ed %%.\%f

e R
%
o,

)

s ni—

S
Sgk]
-

‘;;-u
i
D

_._' qe‘-’&'_
e RN
S,

R
338

ik vga\

37'._\ % ;
i
UEYE R

ol - =
s -
_-s;'.r‘:‘gv 1o
Tkt

(@) @) (e)

Fig. 13—Microstructures from a tensile sample of Fe-Cu deformed at 1500°F having an originally elongated grain structure.
(a) Grip section; (b) flange section; (c) gage section. Etched in 1 pct nital, magnification 1030 times.

Table 111. Predicted and Experimentally Observed Strain Rates for Several Superplastic Alloys

é - min™!

Alloy T°K o,ksi  d cmX10*  b,emX 10®  u ksiX 10°  Q kcal/mole D, cm?/sec. X 10" Predicted Observed Mechanism
Ni-Cr-Fe* 1256 1 2.8 2.5 11.5 60(15)t 3.8 12X 107 12X 102(15)t v
Ni-Cr-Fe 1256 1 4.8 2.5 11.5 61 3.0 31X 107 3.5X10% 14
Ni-Cr-Fe 1033 10 4.8 2.5 11.5 61 0.014 1.7X10% 17X 107 4
Ni-Cr-Fe 1033 10 4.8 2.5 11.5 36 56 1.8X10°% 1.7x10° P
IN-744 1198 1 37 2.5 11.1 60 1.18 23X 10  22X10° 14
Sn-Pb 298 1 2.46 3.2 2.5 11(20) 17.8 1.6X 107 138X 1072(2) P
Sn-Bi 298 1 2.3 3.2 2.5 11(20) 17.8 19X 107 3 X 107%(6) P
Zn-Al 523 142 2.5 2.7 4.9 26 14 7.8 X 107 6 X 1072(10) 14
Zn-Al 523 142 25 2.7 4.9 23(37) 25 1.39 6 X 1072(10) v
Zn-Al 423 142 25 2.7 49 16.5 6 19X 107 6 X 107(10) .
Zn-Al 423 142 2.5 2.7 49 14.5(10) 66 2% 10 6 X 107(10) P
Al-Cu 793 1 17 2.8 3.7 40(11) 1 52X 102 24X 107%(11) 14
Ti-Al-V 1223 1 66 2.9 6.0 57.5(17) 5.6 83X 107 18X 107%(17) 14

*Basis for calculation of K ;.

tParentheses refer to Ref. number.
boundary sliding and dislocation creep may be evalu- boundary sliding strain rate is over 50 times greater
ated. This is done in Table III, starting with data from than the dislocation creep rate.

a Ni-Cr-Fe alloy reported in Ref, 15 and assuming Using this value of K;, calculations based on either
mechanism 4 of Table I, Thus if the grain boundary the volume diffusion or pipe diffusion mechanism have
sliding rate is much greater than the rate of disloca- been made for various superplastic alloys. The choice
tion creep, the locking or friction stress is much less of mechanism was based on reported grain size expo-
than the applied stress, and the vacancy creep rate is nents and/ or activation energies., With the exception of
negligible, the deformation behavior should be closely the Zn-Al system, the predicted and observed strain
approximated by the equation rates are well within order of magnitude agreement. In

the case of Zn-Al, activation energies ranging from 33

i 2
. _ 67(1' — v)K, Dyo®b [26]  to 14 kcal/mole'®’?°*?? have been reported in the liter-

10d® kT ature. It can be seen in Table III that activation ener-
Substitution of the quantities shown in Table III leads gies within this range can lead to reasonably accurate
to a calculated value for K, of 0.015 cm. This would predictions. In all cases the room temperature value
suggest, Eq. [4], that at a grain size of 2.8 u the grain of the shear modulus of the major component of each
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alloy has been employed. Similarly, values of 1.0 and for other superplastic alloys are in qualitative and

0.02 cm"ysec have been used for the preexponential quantitative agreement with the predictions of the
factors for volume and pipe diffusion. More accurate analysis presented in this paper.
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