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Superplastic deformation accompanied by static grain growth is simulated in two-dimensional 
polycrystalline solids on the basis of a mantle model, where a soft zone called mantle is formed 
along grain boundaries by grain boudnary sliding, and where diffusion along the mantle controls 
the macroscopic deformation. The microstructural features during deformation are found to be 
different from those during static grain growth, and are characterized by the broader distribution of 
the number of sides. The simulated microstructural evolution also shows the characteristics of 
active grain boundary sliding and increasing grain aspect ratio with strain. It is noticeable that 
grain boundary sliding contributes considerably to the superplastic deformation even for highly 
elongated microstructures. 
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1. INTRODUCTION 
Recently, we conducted the simulation of high-tempera

ture deformation accompanied by both static and dynamic 
grain growths in two-dimensional (2D) polycrystalline sol
ids [1]. The simulation is based on the mechanism of grain 
boundary diffusion, and predicted the relationship between 
microstructural changes and mechanical responses for vary
ing grain boundary mobilities. According to the simula
tion, for zero grain boundary mobility, the grain aspect ra
tio during the deformation can be obtained directly from 
the grain strain, which. means that the grain strain corre
sponds to the macroscopic strain. With increasing grain 
boundary mobilities, the increasing rate of the grain aspect 
ratio with strain becomes lower. For superplastic deforma
tion, however, the experimentally observed relationships 
between the grain aspect ratio and the macroscopic strain 
have much lower increasing rate than the ones obtained by 
the simulation even for high grain boundary mobilities. 
Hence, the actual microstructural changes during superplas
tic deformation, where active grain boundary sliding oc
curs, could not be reproduced by the simulation. In the 
present study, we develop the algorithm for simulating su
perplastic deformation of 2D poly crystalline solids, which 
mechanism is deeply related to grain boundary sliding 
(GBS). 

2. MICROSTRUCTURAL SIMULATION 
2.1 A mantle model 

When two grains are slided by a shear strain ofy, the 
strain is concentrated around grain boundary, and grain in
terior far from the boundary remains rigid. According to 
the atomistic simulation ofGBS by Molteni et al. [2], bond
breaking spreads away from the boundary, and a zone of 
disordered atomic structure is formed around the bound
ary. This means that the strain decreases to zero gradually 
with increasing distance from the boundary. For infinitesi
mal y, the deformation is elastic, and above the elastic limit, 
the atomic structure around the boundary becomes unstable, 
providing that dislocation activity is limited. The unstable 
structure is assumed to be amorphous in this study. 

The GBS with the amorphous region is similar to the 
problem of shear of two rigid plates sandwiching a ductile 
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matrix (mantle). Such shear deformation can be described 
by introducing the concept of geometrically-necessary dis
locations. According to Ashby [3], the average density of 
geometrically-necessary dislocations p in the deformed 
mantle is represented by 2yl(bd), where b is the Burgers 
vector and d is the mantle width. p and d increase with 
increasing y. In the dislocation density, however, there is a 
limit value available in the material, and the atomic struc
ture with the limit density is often considered to be amor
phous. Hence, the dislocation density in the amorphous 
mantle can be represented by the limit value p*. 

If additional strain is not supplied, the excited atomic 
structure in the mantle will be relaxed and return to the 
original crystalline state. In contrast, at steady state ofGBS, 
d is constant and obtained by c1 'ltj(bp*), where c1 is a con
stant, 1' is the shear strain rate and tc is the characteristic 
time for the structure-relaxation. Providing that the amor
phous mantle is viscous, dbecomes c1tc-r:/(bp*'YJ), where -r: 
is the shear stress and 71 is the viscosity. The mantle ap
pears proportional to the shear stress at steady state. 

In polycrystals subjected to uniaxial tension, the com
ponent of shear stress on grain boundary depends on the 
boundary angle with respect to the tensile axis. The rate of 
GBS, however, is not dependent solely on the shear stress 
component, because all GB Ss are interrelated for maintain
ing microstructural coherency. The actual GBS behavior in 
polycrystals is quite complex. Hence, we assume that at 
steady state deformation, d is uniform at all grain bound
aries in polycrystals. 

When diffusion occurs along the amorphous mantle, its 
contribution to deformation is considerable compared to 
that of grain boundary diffusion due to the wider path and 
high diffusivity. Since the atomic structure in the amorphous 
mantle is excited as in grain boundary, the diffusivity is 
expected to be nearly identical to that in grain boundary. 
Hence, at high stresses where the mantle is formed of suf
ficient width, the deformation mechanism can be changed 
to mantle diffusion from grain boundary diffusion. 

The deformation mechanism of mantle diffusion is very 
similar to that of grain boundary diffusion, so that we can 
modify the constitutive equation for grain boundary diffu
sion. For the deformation by grain boundary diffusion, 
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Fig. I Grain boundary mantle as a computing unit. 

Coble [4] obtained the strain rate t by c2DbhQaf(kTR3), 

where c2 is a constant, Db is the grain boundary diffusivity, 
h is the grain boundary width, Q is the atomic volume, k 
and Thave their usual meanings and R is the average grain 
radius. Replacing h by d, we obtain 

. Dbhafi 
e=c ---3 RJ (I) 

where c3 is a constant and an is the normal stress of Qa!kT. 
In this equation, d has been changed to an by letting c~! 
IJ=c3 an. Eq. (I) indicates a stress exponent of 3 and a grain 
size exponent of 2. 

2.I Computing algorithm 
The entire structure of the present computing algorithm 

is similar to that in the previous simulation for diffusional 
creep [I]. In the following, we describe the algorithm in 
brief. The other details are described elsewhere [I]. 

First, we formulate the relative velocity of two mantle 
surfaces between mantle and rigid grains, caused by diffu
sional flux in the mantle. When the tensile stress a is ap
plied to mantle i making an angle of fJ; with respect to the 
stress axis, the chemical potential in the mantle changes by 
Qacos2fJ;- The chemical potential is different between 
mantles, and the difference causes a diffusional flux be
tween them. The diffusional flux in mantle i occurs through 
two ends of the mantle facet; triple points A and B. Here, 
we divide the diffusion process into two units. Each unit 
contains one triple point, as described in Fig. 1. 

Consider the diffusion through triple point A. If the dif
fused matter is assumed to be distributed linearly along the 
mantle facet from 0 at the opposite triple point B, the rela
tive velocity v;A of mantle i at triple point A is obtained by 

c Db{J a2 2 ( cos2fi.- cos2fJ
1
) 

V = 4 n 1; I (2) 
lA I j (l. + 1.)/3 

I I ./ 

where c 4 is a constant and I; is the length of mantle i. In this 
equation, d has been changed to a

0 
by letting 2d/IJ=c4an. 

Although the relative velocity is varied along the mantle 
facet just after the diffusion, the average relative velocity 
vi of mantle i can be obtained by (viA +vi8 )/2. 

Once the relative velocities are known at all grain bound
ary mantles, the macroscopic strain rate t can be calculated 
by integrating the respective contributions to deformation, 
as in the previous simulation [1]. The translational veloci
ties of respective rigid grains are determined by t, under an 
assumption of macroscopically uniform deformation. 

The polycrystalline structure is deformed by increasing 
strain stepwise, and the positions of triple points at each 
step are determined in the following way. Before deforma
tion, we determine the positions of three corners of rigid 
grains, which have the same distance from the triple point 
in a direction to the gravitational centers of respective grains. 
Since the translational velocities of the grain corners are 
identical to those of the rigid grains, they are obtained by 
the above uniform deformation. After stepwise deforma
tion, a new triple point is determined to be located at the 
same distance from the three grain corners. Then, we can 
construct the deformed microstructure by connecting the 
triple points with straight grain boundaries. 

The initial microstructure for the simulation was obtained 
by growing statically the Voronoi microstructure composed 
of 6000 grains under periodic boundary conditions. The 
static grain growth reached steady state when the micro
structure consisted of3300 equiaxed grains with an aver
age grain size of about 1.5 times the initial size [5]. This 
microstructure is used as the initial one for the superplastic 
simulation. The theoretical kinetics of static grain growth 
at steady state can be represented by 

(Ji)2
- 1 =!!M t 

Ro 3 n n 
(3) 

where Ro is the initial value of R, a is the geometric factor, 

Fig. 2 Microstructural evolution for an=0.4 andMn=O.l05: (a) s=O.O and (b) r-1.067. The stress axis is vertical. 
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Fig. 3 Distribution of the number of sides. 

and~ and tn are the normalized grain boundary mobility 
and time, respectively. 

To simulate the superplastic deformation accompanied 
by static grain growth and the resultant microstructural 
changes, we regard that the static grain growth and the su
perplastic deformation work simultaneously and indepen
dently for infinitesimal time. Repeating the two processes, 
we can obtain largely deformed polyczystalline microstruc
ture. The simulation is carried out for various grain bound
ary mobilities under constant stress loading. 

3. RESULTS AND DISCUSSION 
3.1 Microstructural evolution 

Fig. 2 shows an example of the microstructural evolu
tion. With increasing strain, grain growth, grain elongation 
and GBS proceed concurrently. Particularly, GBS is remark
able compared with the previous simulation for diffusional 
creep [1 ]. While GBS in the diffusional creep appeared by 
the shrinkage and annihilation of grains, in the present su
perplastic deformation, it appears by the relative displace
ment of grains. The reference grains (a series of 'a') in Fig. 
2 show the separation behavior between them along the 
stress axis, which indicates the occurrence of active GBS. 
The role of GBS in the deformation is discussed later. 

In the simulated microstructural evolution, the grain 
growth behavior is found to be unnormal. For normal grain 
growth which occurs by the curvature-driven migration of 
grain boundary, gmins with larger number of sides than 6 
grow, while those with smaller number of sides shrink. For 
example, grain b with 8 number of sides at the initial state 
of Fig. 2(a) grows in normal grain growth. However, it 
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shrinks during the deformation. In addition, grain c which 
is smaller than grain b at the initial state grows to be larger 
at E> 1.0. Such unnormal grain growth behavior during the 
deformation can also be confirmed by the deviation from 
the normal distribution of the number of sides, as shown in 
Fig. 3. While the normal distribution at the initial state con
sists well with the theoretical prediction by Carnal and 
Mocellin [6], the distribution during the deformation devi
ates largely from the normal distribution. 

Since the phenomenon of grain switching changes the 
number of sides for the related grains, such unexpected 
growth behavior of grain c can occur with a low probabil
ity. However, we consider that the unnormal grain growth 
is due to the perturbed gmin growth mechanism. In the 
present simulation, the position of triple point after defor
mation was influenced largely by the presence of mantle at 
grain boundaries as well as by the normal static growth. In 
addition, superplastic deformation changes the grain bound
ary structure to be elongated. We consider that these pro
cesses perturbed the normal grain growth mechanism and 
resulted in the unnormal grain growth during the deforma
tion. 

3.2 Grain elongation 
Despite the microstructural adjustment for retaining the 

equiaxed shape of grains, grain elongation increases with 
increasing strain, as shown in Fig. 2. The variation of the 
grain aspect ratio r g with strain is shown in Fig. 4. The 
effects of the stress and the grain boundary mobility on the 
grain aspect ratio are similar to the case of the previous 
simulation for diffusional creep [1]. For high stresses and/ 
or low grain boundary mobilities, the rate of grain elonga
tion increases. The grain elongation is explained from the 
balance between the stress-directed diffusion along the 
mantle and the rearrangement of triple points during grain 
growth, both of which evolve the size and shape of grains. 
High stresses accelerate diffusion in the direction along the 
stress axis and low mobilities restrict the rearrangement of 
triple points, resulting in the enhanced grain elongation. 

For low stresses and/or high mobilities, however, the re
striction of the rearrangement is decreased, and accordingly 
grain elongation is tend to be suppressed. Under the load
ing condition of constant stress, as in Fig. 4, there appears 
a trend of decreasing aspect mtio at large strains. As a re
sult, low stresses and/or high mobilities result in more equi
axed microstructure after deformation. 

3.3 Gmin boundary sliding 
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Fig: 4 Vari_ation of the grai~ ~pect mtio at constant stress loading: (a) for various stress levels at Mn =0.269 and (b) for 
vanous gram boundary mobthties at an=0.4. The dotted curve represents the grain strain for~ =0 in tlie diffusional creep. 
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Fig. 5 Va~iation. of the ratio r
8 

of the GBS strain to the 
macroscopic stram. 

As shown in Fig. 4, the rate of grain elongation in the 
superplastic deformation is lower than that in the diffusional 
creep. Comparing r g for the two cases of Mn =0 in Fig. 4(b ), 
the increasing rate of r g in the superplastic deformation is 
less than half the rate m the diffusional creep. Since the 
macroscopic strain corresponds to the grain strain in the 
diffusional creep for Mn =0, the lower increasing rate of r 
in the superplastic deformation indicates that GBS contrib~ 
utes to the macroscopic strain. 

GBS can be classified into two types [7]. One is Lifshitz 
GBS which accommodates stress-directed diffusion, and 
the other is Rachinger GBS which displaces grains with 
respect to each other by retaining essentially their original 
shape. Lifshitz GBS contributes to the axial strain, but the 
contribution is included in the grain strain, so that the mac
roscopic strain in the previous simulation corresponded to 
the grain strain for Mn =0. The slight GBS observed in the 
previous simulation [1] is a result of the Lifshitz GBS. Most 
GBSs observed during superplastic deformation is a 
Rachinger type. Rachinger GBS has been considered to 
contribute to the total strain along with the grain strain, and 
is regarded as a primary deformation mechanism in super
plastic deformation. Hence, the active GBS observed in Fig. 
2 can be defined as a Rachinger type. 

When the macroscopic strain during superplastic defor
mation is represented by a sum of the grain strain and the 
(Rachinger) GBS strain, the GBS strain can be obtained 
simply by subtracting the grain strain from the macroscopic 
one. Fig. 5 shows the variation of the ratio r of the GBS 
strain to the macroscopic strain during the d~formation at 
constant stress loading. At e>0.15, the ratio r for M =0 
decreases with increasing e, while it increases for

8
M =0.269. 

This results from the varying grain aspect ratio d;ring the 
deformation. For Mn =0, the grain aspect ratio r increases 
with strain to be 2. 72 at e=1, so that it becomes Jifficult for 
GBS to occur due to the extending diffusion distance, which 
causes the decreasing r 

8
• It is should be noted, however, 

that the contribution of grain boundary sliding to the su
perplastic deformation is still considerable ~ven for the 
highly elongated microstructures. For Mn>O, the migration 
of grain boundary reduces r g and assists GBS to occur, 
which causes the increasing r

5
• 

On the other hand, r
5 

shows a transition behavior at the 
initial state of the deformation, as shown in Fig. 5. The 
case of Mn =0 is typical, where the initial r represents rela
tively large variation. This is because offue transition of 
the microstructure from static to dynamic steady state. As 
shown in Fig. 3, the microstructural characteristics during 

deformation are different from those during static grain 
growth. The static microstructure which is stable before 
deformation changes to the dynamic one which is stable 
during deformation. Hence, the transition behavior of r

8 
appears at the initial state of the deformation. Extrapolat
ing the curve for Mn =0 to e=O, we obtain the r s -value of 
about 0.7 for the equiaxed microstructure (rg=1). 

4. SUMMARY AND CONCLUSIONS 
We made a mantle model for superplastic deformation, 

where a soft zone of disordered atomic structure is formed 
along sliding grain boundaries. The mantle is formed pro
portional to the sliding rate or the applied stress, and is 
assumed to have uniform width at all grain boundaries in 
polycrystals. When diffusion along the mantle controls the 
deformation of the polycrystals, a stress exponent of2 and 
a grain size exponent of 3 are obtained from the model. 

Based on the mantle model, we developed a computing 
algorithm for simulating microstructural evolution during 
superplastic deformation of2D polycrystals composed of 
flat grain boundaries. The simulation was performed under 
constant stress loading by taking the effect of static grain 
growth into account, and revealed the following character
istic features of superplasticity. 

I. The microstructural characteristics at steady state dur
ing deformation are different from those during armeal
ing alone. The distribution of the number of sides during 
deformation are broader than that during static grain 
growth. A transition behavior from static to dynamic 
steady state occurs at the initial state of deformation. 
2. Grain elongation is controlled by the balance between 
the grain boundary mobility and the rate of stress-directed 
diffusion. The grain elongation is enhanced for high 
stresses and low mobilities, while it is suppressed for 
low stresses and high mobilities. 
3. Active grain boundary sliding is found to occur in the 
present simulation of superplastic deformation. The ra
tio of the strain by grain boundary sliding to the macro
scopic strain decreases with increasing grain aspect ra
tio; from 0. 7 for equiaxed grains to 0.5 for r g_=2.72. It is 
noticeable that grain boundary sliding contributes con
siderably to the superplastic deformation even for highly 
elongated microstructures. 
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