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Superplastic Deformation in the Low Stress Region
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Superplastic alloys generally exhibit a three—stage sigmoidal varition of stress (f) with strain rate 5), the stages being named
region 1, 2 and 3 according to the increasing order of stress or strain rate. In the recent years, two different types of papers
have been published on the plastic deformation of Zn-22% Al eutectoid in region I differing in strain-rate sensitivity m
(=dIn f/dIn s). In this paper, the data of the two groups have been analysed by applying Kim and Ree’s theory of super-
plastic deformation. (1) We obtained the paramteric values of X,i/a,; and B,;(g: grain boundary, j=1,2 indicating flow
units) appearing in Kim and Ree’s theory [Eq. (2a)]. (2) It was found that the value of Xeof/ag, is small for the group data
with small m, ie.. a3, which is proportional to the size of flow unit g2, is large whereas a,» is small for the groups data
with large m, i.e., the size of the flow unit g2 is small. In other words, the two types of behavior occur by the size difference
in the flow units. (3) From the §;; value, which is proportional to the relaxation time of flow unit &j, the 4H for the
flow process was calculated, and found that 4H % is large for the group data with small m whereas it is small for the group
data with large m. (4) The flow-unit growth was studied, but it was concluded that this effect is not so important for diffe-
rentiating the two groups.(5) The difference in a,zand in the growth rate of flow units is caused by minute impurities, crystal
faults, erc., introduced in the sample preparation.

1. Introduction

Superplastic alloys generally exhibit a three-stage sigmoidal
curve in the plot of log f (stress) vs. log § (strain rate). The
Zn-22 % Al eutectoid is one of the best known superplastic
alloys, and many studies have been carried out on this alloy.1~8
Experiments on Zn-22 % Al eutectoid alloys have revealed
marked differences in the low stress region 1 so that the
published data are divided into two distinct types as shown
in Figure 1. In Figure 1 curve A shows a normal sigmoidal
type of superplastic deformation,-3~% while curve B does
not,27.8 that is, curve B has a higher strain-rate sensitivity
{(m=dln f/dIn $)than curve A over the range of low stresses,
region 1. In spite of this obvious discrepancy in the strain-rate
sensitivity, the two plastic deformations in the low stress
region 1 show the same type of flow curves as will be shown
later. In this paper much interests are paid on the superplastic
deformation in the low stress region 1, and the behavior of
superplastic deformation are analyzed according to the Kim-
Ree theory.® The reason for the appearance of the two
different types mentioned above will be clarified.

2. Theory

(@) Anqusis of Flow Curves. According to the Ree~Eyring
theory,10~12 the relation between stress and strain rate for
dislocation movements are expressed as the following:

Ffe=3n X ginht (Bu80) (1a)
i=1 X

and
(AN (s \
s"—<71—2k )dismh[( %T )di f"‘] (1b)
= (Bas) L sinh{eg; fu:) (Ic)

where

and

) =(4-2¢) (1e)

Here, the subscript d represents dislocation, f is the total
stress applied on a dislocation slip plane, f;; is the stress
acting on the ith kind of dislocation flow units, X is the
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Figure 1. log f(stress) vs. log § (strain rate) for Zn-22 %

Al eutectoid. Figure 1 (a): open circles (curve A) represent Mo-
hamed er al.'s data where dashed line indicates schematically
the part over the high stress range; filled circles {curve B)
represent Mukherjee et a/.’s data. Figuré 1 (b): schematic drawing
showing more clearly the difference between curves A and B in
Figure la. In the figures, reference numbers are shown befonging
to the A type and B type curves.

fraction of the area occupied by the i th kind of dislocation
flow units, 2;, 5, 4; and 2 are the familar molecular para-
meters,’™2 a,; and 8, are flow parameters of flow unit
di, and §,; is a quantity proportional to the relaxation time
of the ith kind of dislocation flow units, &’ being the rate
constant for flow. Similar equations for grain-boundary
movements can be obtained by changing the subscript 4
into g, which signifys the grain boundary movement, i.e.,

F=fe=35= 2 Gan1gs,5)) (2a)
=1 Qgj
and
A . A2
— (1_1 2’ )gj smh[( Zk'lg) f,,] (2b)
= (ﬁg.,') sinh ((l'gj fgj) (:-)C)
where
AA32:
e=(5e1)., @0
and
-1 _- !
(e 7'= (42 (2¢)

In Kim and Ree’s theory, plastic deformation was dealt
with the cases in which the dislocation and grain boundary
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flows appear simultaneously. The equations derived in Kim
and Ree’s theory are considered as the generalized equations
for plastic deformations of polycrystalline solids, since by
various combinations of flow units di and g/ many types of
plastic deformation patterns could be described. In Kim
and Ree’s theory, four cases which are important in practice
were presented. For the details of Kim and Ree's theory,
reference is made to ref. 9.

According to Kim and Ree's theory, the plastic deformation
in the low stress region can be described by two grain boun-
dary flow units which are connected in parallel. For this casc,
the flow equations are expressed as the following:

2
f= ?;1 Xgifei (3a)
and
égj_Tslz sin h( Tei L Xeife) (3b)

The plot of f vs. — In § for Eqgs. (3a) and (3b) is schematically
shown in Figure 2. The broken lines GB! and GB2 in Figurc
2 indicate the curve for flow unit g1 and g2, respectively, and
the solid line is the curve synthesized from GBI and GB2,
i.e., by adding f,, and f,. at a given s.

In the reverse way, a real flow curve can be analyzed to
the curves of GBI and GB2 as shown graphically, in Figurc
2. The flow parameter X, ;/a,; (=1 or 2) can be obtained
from the slopes of the linear parts of these analyzed curves
GBI and GB2, and the flow parameters §,; (=1 or 2) can
be calculated from the relation of Eq. (3b) for each analyzed
flow curve using the obtained X,;/a,;. For the details of
the determination of flow parameters reference is made to
ref.9.

(6) Calculation of Activation Enthalpies. According to

-Ins

Figure 2. Schematic representation of flow curves { vs—
In § for each flow unit. Dotled fines, GBI and GB2, are the flow
curves of grain boundary flow unit g1 and g2, respectively.
and the solid line 1s the curve synthesized from GB1 and GB2,
i.e., by adding f contributed by each unit at a {ixed .
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Eyring’s theory,!® k' in Eq. (2¢) can be written as

k’-'—k—T-ex 457 ex (— AH*)
=Tp SPTRP\TRT

(4a)

Introducing this relation to Eq. (2€), one obtains the tem-
perature dependence of §,; as the following:

-ﬂ-];.—_ (Geio exp(-—' Z;{I-{I,") (4b)
where (§,;) is defined as
. _[A 2T 48
(sgj) 0= [71_ 13 pr( R )]gj (4C)

Here (5.)); can be treated as a temperature independent
quantity.® The B,; is also dependent on the grain size.
The relationship of §,; to grain size has not been completely
clarified yet, but many results of studies showed the variation
of AH}; with grain size, that is, it generally increases with
increasing grain size.!> The variation of 4S5 with grain
size can also be anticipated. But its detailed treatment is
omitted here, since the relationship of 4S5} to grain size
is not so important for solving the task to explain the pre-
viously mentioned difference in the behavior of plastic
deformation as will be clear later [see the part of Theory(d)].
Equation (4b) can be rewritten as the following:

44

i 1) T-InGeo ®)

in ﬁ‘j:

The plot of In 8,; vs. 1/ Tvyields a straight line whose slope
is 4H%/R. Thus, the activation enthalpy of the gj flow
unit, 4H;, is obtained from this slope.

(c) Dependence of a on the Size of Flow Units. The flow
parameter (a~!) is an intrinsic shear stress, and is defined by
Eq. (2d), where 1;, 4; and 2 are all proportional to the size
of the flow unit. Thus the product 4;4;4 can be written as

A3 =AG? (6)

where A is a proportionality constant and G is the flow—
unit size. As will be shown later, ¢ increases with increasing
temperature indicating the growth of flow-units during
creep processes. One may assume that the size factor G in
Eq. (6) can be expressed by the following equation,

G=G (t—to)?, @

according to Clark and Alden'® who used this equation to
express the growth rate of grains of their samples during
experiments. In Eq. (7), ¢ is the time of measurement, g is
an induction time, G’ is the rate of size-growth which is
constant under a given strain rate and temperature, and p
is a constant. The rate of size-growth G’ increases with in-
creasing temperature, and the temperature dependence of the
rate of the size-growth can be expressed as:

+

G =Gy exp(— ‘;’2%,' ) (8)

Here G, is treated as temperature independent, and it is a
constant at a given strain rate, 4E; is the activation energy

ST RETE T FAME AT

Sef TR A WAl VUL, J, IVU, &£, §J0%7 L4

for the size—growth, T is absolute temperature, and R is the
gas constant. Here the total volume of the test specimen is
assumed to be constant during the size-growth.

Introducing Egs. (6) to (8) to Eq. (2d), a can be expressed in
terms of temperature explicitly as the following:

_A 1 34E§
a=gp it p-oxp( -2 7H)

€)]
if the time ¢ for measurements of strain rates $ is kept about
equal for a series of experiments, a can further be expressed
as a simple function of temperature:

RT o)

a:B-—]T—-exp(— 3AE:)

where B is treated as a temperature-independent constant.
Equation (10) can be transformed to the following:

34E7 1

Inag T=— i —T—'rInB ¢5)

From Eq. (11), we can expect that the plot of Ina T vs. 1/ T
shows a straight line, and the activation energy of the size-
growth 4E% can be obtained from the slope of the straight
line.

(d) Strain-Rate Sensitivity (m). According to Figure 1, the
obvious difference between curves A and B is the difference
in strain rate sensitivity (m), that is, curve B has a higher
value of m than curve A, which shows a normal sigmoidal
type. This higher value of m of curve B is the main interest
in the present paper.

Strain-rate sensitivity m is defined as!?

_dinf

m— Y
dinj

12)

when m=1, the flow shows Newtonian behavior, and when
m>0.3, the flow shows the tendency of superplasticity.1®
In order to calculate the strain-rate sensitivity, the fiow
equation (2a) is differentiated with respect to § as the follow-
ing:

ﬁgjé ds

T AT s 1)

By a simple manipulation, Eq. (13) is transformed into

_dinf _1

X,
”l:—d_lﬁ-—_f_:.uz &/

Agj

Best
(14 (Bgs6)2]1 72
Here m,; represents the strain-rate sensitivity of the jth grain-
boundary flow unit, and is defined as

= ; mg; (14)

Xgj

Ay j

px.is
S N\ 2 E)
SEAOLIE

13)

m gj:__—_’%.

When 5,;§ > 1, which is satisfied even at low stress or
strain-rate, Eq. (15) can be approximated to

X
Mgn == % 8 gy

Ao

(16)

Equation (16) shows that the value of strain-rate sensitivity is
related to the flow parameter X,,/a,., since over the range
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of low stresses, the flow curve is controlled by the flow unit
g2 (see Figure 2), ie., m=1m,, The difference in the strain—
rate sensitivity over the low stress region of the two group
data seems to be duc to the difference in the X »/a,, of the
two groups.

3. Results and Discussion

(@) The Analysis of Flow Curves. As mentioned previously,
in the low stress region, the flow data for Zn-22 % Al
eutectoids can be divided into two distinct groups of curve
A and curve B in the plots of log f vs. log § as shown in Figure
1. The experimental data from Mohamed er al.’s group-3~6
showed normal plastic deformation like curve A, and those
from Mukherjee et al.’s group? 78 showed plastic deformation
like curve B with steeper strain-rate sensitivity at low stresses.

Lhun Rag Jang, Chang Rong Kim and laikyue Hee

The parametric values of X,;/a,; and B,; obtained by the
analysis of the data of Mohamed es al.l-* are shown in Table
1, and the parametric values obtained from Mukherjec et
al's experiment? are shown in Table 2. The flow curves
calculated from Egs. (3a) and (3b) with the parametric valucs
in Tables I and 2 are shown in Figures 3 and 4, respectively.
One notes that experimental data arc in good agreement
with theoretical curves. The theoretical curves in Figures 3
and 4 show the same pattern in the plots of fvs. —In 5. This
means that, there are no mechanistic differences in thc
behavior of plastic deformations.

(b) The Differences in AH* of the Two Groups. In order to
study the reason for the distinct difference in the two group
data, we shall scrutinize the flow parameters a and 8 more
in detail. Flow paramert 5 is a material constant proportional

TABLE 1: Flow Parameters for Zn-22 % Al Eutectoids. Parameters X,;/a,; and S;; were Obtained from Mohamed and Langdon’s

Experimental datal-¢

Grain size Xa/a(Mpa) X2/ o 2(Mpa) Bei(sec) B,o(sec) Temp. (K)
2.3 ym 1.86 0.30 6.54-104 2.35-108 409
1.79 0.27 2.41-10¢ 8.65-107 433
1.64 0.26 8.12-133 9.25-108 463
1.48 0.18 1.86-103 4.20-106 503
2.5 ym 1.92 0.36 1.75- 104 2.84-105 423
1.83 0.34 2.15-10% 4.13-10% 473
1.70 0.31 8.56-102 5.73-10¢ 503

TABLE 2: Flow Parameter for Zn-22 % Al cutectoids. Parameters X ;/a,; and §;; were Obtained from Arieli, Yu and Mukherjece’s Experimental

Data?
Grain size X/an(Mpa) X, 2/a,2(Mpa) Bal(sec) Be2(sec) Temp. (K)
1.3 gm 1.74 0.42 9.25-102 1.13-105 450
143 0.35 3.13-102 3.72-104 500
0.95 0.29 2.33-102 2.15- 104 525
2.4 pm 1.99 0.59 1.19-103 2.53-10° 450
1.77 0.42 4.91-102 5.48-101 500
1.55 0.38 1.93-102 3.37-10¢ 525
3.7 um 1.62 0.51 6.12.108 6.25-105 450
1.89 0.46 1.46-10° 1.87-10° 500
1.56 0.47 6.19-102 4.17- 104 525
14 7 o
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Figure 3. Creep curves for Zn-22 v, Al eutectoid at various
temperatures. The data are from Mohamed e al.’s experiments,?
from which curve A in Figure 1 was drown. Initial grain size was
2.3 gm.

ins (sec™)
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Figure 4. Creep curves for Zn-22 Al eutectoid at various
temperatures. The data are from Mukherjee et a/.’s experiments?
from which curve B in Figure 1 was drown. Initial grain size was

2.4 ym.
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TABLE 3: Activation Enthalpies for the Two Types of Zn-22 % Al eutectoids

Mohamed er ol.’s samplel4

Mukherjec er al.’s sample?

Grain size 4dH7 4H}
: (kcal/molc) (kcal/mole)

az2/ X .:‘

Qo X

4H} 4H
(kcal/mole) (kcal/mole)

1.3 yem

2.3 pum 154 18.6 5.56
2.4 im

2.5 um 16.1 199 323
3.7 pm

*The data at 503K from Tabic 1. ®The data at 500K from Tablc 2
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Figure 5. Temperature dependence of relaxation times (ﬂgj.
J=1 or 2) for Zn-22 & Al eutectoids of Mukherjee et al.'s

experiment2 Data are for the sample of grain size 2.4 gm in
Table 2.

to the relaxation time of flow units in the flow process. By
applying the method mentioned in the Theory Part (b), the
activation enthalpies were obtained from the Be; values in
Tables I and 2. The plots of In Bg; vs. 1/ T by using the data
in Table 2, which were obtained from Mukherjee et al.’s
experiment,? are shown in Figure 5. Similar plots were ob-
tained by using the data in Table 1, which were obtained from
Mohamed er al.’s experiment.!4 But the plots are not shown
here. The 4H } values obtained from these plots [see Eq.
(5)] are summarized in Table 3 for various grain sizes. Com-
paring the values of activation enthalpies, onc notes that
Mohamed et al’s sample’? deforms with a little higher
activation enthalpies than Mukherjee er al’s samples.?

(¢) Consideration on the a Values. The obvious differences
between the two groups of experimental data js in the strain—
rate sensitivity over the low stress region (refer to Figure 1).
The strain-rate sensitivity is expressed by Eq. (14) or by
Eq. (15). According to Eq. (15), strain-rate sensitivity My
is dependent on the flow parameters, o and £, at a given
stress (or strain rate). But the effect of a is stronger than
on the strain-rate sensitivity because of the relation Bejs

8.8 10.3 2.86
10.7 12.8 238

13.0 13.1 217

>1.

We compare the value of Xga/atg3(=0.31 MPa) obtained
from Mohamed et al.’s experiment (grain size 2.5 pzm, tem-
perature 503 K) in Table | with that (Xg2/a,2=0.42 MPa)
obtained from Mukherjee ¢f al’s experiment (grain size 2.4
am, temperature 500 K) in Table 2. One notes that Xpola,
(=0.31) value obtained from Mohamed er al’s experiment
is smaller than that (=0.42) obtained from Mukbherjee et
al’s group under similar experimental conditions. Thus,
over the range of low stresses, the strain-rate sensitivity m for
Mohamed et al’s data is smaller than that for Mukherjee
et al’s data according to Eq. (16), i. e., the behavior of
curves A and B in Figure 1 is thus explained.

In Table 3, the values of @2/ X2 at S00K (or 503K) are
also included which were obtained from Tables 1 and 2. From
Table 3, one notes that the relation’s AH *=a+bln X
(a, b: constant, X: grain size) is well followed. But agg/ng
decreases with increasing initial grain size of the samples.
The reason is not immediately clear, However, by comparing
the data of a,,/ X, in columns 4 and 7 of Table 3, one notes
that Mohamed et al.’s samples have larger flow units than
Mukherjee er al. ’s since ag; o size of flow unit [Eq. d)],
and since X,, is considered to be independent of the size.
From the data of @,2/ X5 at other temperatures than at 500K
in Tables 1 and 2, are obtained similar results, but the details
are omitted here. Anyway, it may be concluded that the
difference in the strain-rate sensitivity in curves A and B in
Figure 1 is caused by the difference in the a-factor, i.e., in
the flow-unit size,

(d) On the Growth of Flow Units. From Tables 1 and 2, one
notes that the X, ;/a,; values decrease with increasing tem-
perature, if X ; is assumed to be temperature independent;
it indicates that @ increases with increasing temperaturc;
according to Eq. (10). As menthioned in the Theory Part
(c), the activation energy for the size-growth 4E} can be
calculated from the slope of the plot In[{a i/ X DT Ivs. 1/ T
according to Eq. (11). Figure 6 is the result from the data in
Table 2 which were obtained from Mukherjee er al.’s experi-
ment.Z The plots from Mohamed et al. ‘s experiment’-4 were
performed in a similar way, but the figure was omitted here.
The activation energy A4E/} obtained from the plots are
summarized in Table 4 for the (wo samples.!- .4

Comparing the two different samples of similur grain
sizes in Table 4, the JE}; of Mukherjee ef al. s sample?
are a little greater than those of Mohamed et al. ’s samples.!-4
The higher values of activation energies for Mukherjee er
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TABLE 4: Activation Energies for the Size-Growth of Flow Units for the Two Types of Zn-22 % Al Eutectoids

Mohamed ef al.’s samplel-+

Mukherjee et al.’s sample?

Figure 6. Temperature dependence of In (a"-/Xu-)Tfor In-22
9 Al eutectoid of Mukherjee et al.’'s experiment.2 Data are for
the sample of grain size 2.4 um in Table 2.

al’s samples may indicate that the size-growth is slower in
the experiment at a given temperature than that for Mohamed
et al’s samples. [Note: Since we are not able to estimate
482 because of the unknown factors involved in the expres-
sion for the size-growth process, the above statement is not
based on a theoretical basis, but deduced from various
experimental results as well as from the 4E} values.] The
difference in the size—growth rate may take a role in differentia-
ting curve A from curve B in Figure 1 besides “the a effect”
mentioned above [see the part of Results (c). Curve B stays
lower than curve A in Figure 1 because of the difference in
the a's, but also by the difference in the growth rates since
the slow size-growth rate in curve B makes it stay always
lower than curve A in which the rate is faster. But, the growth—
rate effect may be considered as a secondary effect. Then
the following questions occur about the samples of the two
research groups: (1) why the « values are different in spite
of the fact that the sample of Zn-22 % Al eutectoid was used
by the two groups both, and (2) why the rates of grain~growth
are different in the two samples. Both factors, @ and size~
growth rate, are sensitively influenced by minute impurities,
crystal faults, ledges, etc. Thus, we belive that these unknown
factors have caused the difference in the strain-rate sensitivity

grain size A4E} (cal/mole) 4E; (cal/mole) 4E; (cal/mole) 4Eg (cal/mole)
1.3 pm 1211 1503
2.3 yum 639
2.4 ym 615 1001
2.5 um 506
3.7 pm 209 378
8- over the range of low stresses.
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