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A local measurement technique for the study of the kinetic processes of emerging of grains or blocks of grains from the inner
volume to the free surface of superplastic materials during deformation is presented and used for the case of the Cd-Zn eutectic
alloy deformed at room temperature. This technique could be used to evaluate the approximate time of fracture due to fissure
or cavitation growth in samples under superplastic deformation. In principle, this technique will be useful for the development
of physical procedures, which allows retarding the process of formation of low mismatch angle, θ, between neighboring grains,
process which gives place to blocks of grains which dynamically behave as units under the shear stress action. For materials with
nanocrystalline structures, such processes are expected to be higher than those of the case of microcrystalline materials.

1. Introduction
Superplasticity is the ability of polycrystalline material to
exhibit, in a generally isotropic way, very high tensile
elongations prior to failure [1]. Such phenomena occur
mainly by grain-boundary sliding (GBS), between individual
grains, with size lower than 10 micrometers, which glide
relative to each other with little or no change in shape
during long plastic deformation [2, 3]. Also, there exists
some experimental evidence for cooperative grain-boundary
sliding during superplastic deformation [4–7]. Most of the
early studies dealt with microduplex metallic alloys which
make the grain growth very diﬃcult, and the unabated
scientific interest on superplasticity has from long ago
broadened the scope to include intermetallic compounds and
nanocrystalline materials [8]. This interest has arisen partly

from a scientific viewpoint and partly from the increasing
awareness that superplastic materials can be utilized in
forming complex shapes in simple and inexpensive forming
operations. There are two main advantages in utilizing superplastic materials for metal forming operations. First, large
strains can be achieved without necking. Second, the stresses
required for superplastic deformation are generally low [9].
Recently, a model which was validated against experimental
observations concerning metals, alloys and ceramics of
micrometer and submicrometer grain sizes, nanostructured
materials, and intermetallics has been proposed to account
for optimal superplasticity; their central assumption is
that the rate controlling deformation process on GBS is
confined to high-angle grain/interphase boundary regions
that are essential for grain-boundary sliding developing to
a mesoscopic scale (defined to be of the order of a grain
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diameter or more) and for superplastic flow setting in [10].
There are numerous reports of cavity nucleation and growth
at grain boundaries during superplastic flow in several
diﬀerent alloys, and some experimental data in Zn-Al alloy
shows that the cavities are initially reasonably spherical,
but they become elongated when the sample pulls out to
achieve the maximum superplastic elongation [11]; there
are also experimental data which states that superplastic
deformation is usually limited by the development of voids
or cavities which are seen to form at triple point grain
boundaries during the process of GBS [12]. And also there
exists direct correlation between the number of cavities
nucleated per unit volume and the cumulative average GBS
displacement which provides experimental evidence that
GBS is the driving force for creep cavity nucleation [13].
It is well known [14, 15] that superplastic flow of a
material is often described by a constitutive equation of the
form
˙ =

 p

ADGb b
kT
d

σ
G

n

,

(1)

where ˙ is the deformation rate, D is the coeﬃcient of grainboundary diﬀusion, G is the shear modulus, b is the modulus
of Burgers vector, k is the Boltzmann constant, T is the
test temperature in Kelvin degrees, d is the average grain
size involved in the grain-boundary sliding processes, p is
an exponent depending on the grain size (commonly equal
to 2), σ is the flow stress, n is a parameter inverse to the
coeﬃcient of strain rate sensitivity of the flow stress, and A is
a constant.
The main purpose of this paper is twofold: (1) to
presents a new scanning electron microscopy technique
which is applied for the case of the Cd-17.4% Zn alloy
to measure the kinetically evolution of the emerging of
grains or blocks of grains from the inner volume to the free
surface of superplastic material during deformation and (2)
to develop a simple thermodynamical model about the time
evolution of block size of sliding grains during superplastic
deformation in order to give some explanation about our
experimental data.

2. Model
It is well known that there are some general thermodynamical properties of grain boundaries in polycrystalline solids
which are relevant to the superplasticity phenomenon: (a)
the grain-boundary surface energy, γ(θ), is an approximately
linear increasing function of the mismatch angle between
neighboring grains to an angle of approximately 20 degrees
and then is essentially constant for all larger angles [16]. It is
generally recognized that in a completely recrystallized solid,
the driving force for grain growth lies in the surface energy of
the grain boundaries [17]. The information on the previous
section suggests that in a sample without the previous
deformation, superplastic deformation starts with grainboundary sliding of individual grains, and later according
to the second thermodynamic law during the superplastic
deformation such grains it tends to grow (however such
phenomena, it is almost controlled by diﬀerent experimental

techniques) and also grows a tendency to diminish the free
energy per unit volume, GPcs (θ), by diminishing the average
mismatch angle, θ, between neighboring grains. This last
phenomenon explains the tendency to grow the eﬀective size
on the gliding blocks formed by several grains, tendency
described by the time evolution of the Gibbs energy per unit
volume of the solid:
 

  



GPcs θ = 4Nπr 2 γ θ − TS,

(2)

where N is the number of grains per unit volume, r is the
mean grain radius, and S is the configurationally entropy
per unit volume due to the grains. In other words, if
during a superplastic deformation test the number of grains
remains constant, the only possibility to fulfill the second
thermodynamic law for a system deforming superplastically
far from thermodynamic equilibrium is
 



dGPcs θ

= 4Nπr

dt

 
dγ
θ

2

dt

≤ 0.

(3)

Such condition implies that as far as the deformation
test proceeds, the possibility of growing on the block size of
sliding grains grows which is given by the time evolution of
γ(θ),
 

dγ θ
dt

(4)

≤ 0.

Many physical phenomena are described by the firstorder diﬀerential equations whose solution is an exponential decay which are common in solid state physics,
medicine, biology and biophysics, geophysics, optics, engineering, chemistry, and electrochemistry [18]. In particular
for polycrystalline materials, it is known that the general
equations for the annealing of vacancies in metals containing
impurities has shown that the decay curve is exponential
[19], and also there is an exponential decay in nonlinear
thermoelasticity [20], and in dislocation creep during a total
unloading test, there is an exponential decay [21]; in all
these cases, the system evolution occurs in a monotonic
way and with an exponential decay of the free energy to its
equilibrium value. Based on the previous data, it is possible
to consider that during superplastic deformation the Gibbs
free energy per unit volume GPcs (θ) decays exponentially
with time, in other words,
 

dGPcs θ
dt

= − αe−βt ≤ 0,

(5)

where α is a positive constant and β ≥ 0 is the decay constant.
By using (3), it is straightforward that
 

dγ θ
dt


=−



α
e−βt .
4Nπr 2

(6)

In such scheme, it is possible to suppose that the local
or global cooperative grain-boundary sliding occurs by the
gliding of blocks of grains which glide as an physical entity
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and has been formed by many neighboring grains with low
grain boundaries energy states (low values of γ(θ)). As the
surface energy from grain boundaries provides the driving
force for grain agglomeration which gives place to blocks
of grains, then the simplest way to relate the change on the
grain-boundary surface energy, γ(θ), and the rate of grain
agglomeration is the following:


⎛

 ⎞


drBlock ⎝ dγ θ ⎠
= C,
dt
dt

(7)

where C is assumed to be a constant and (drBlock /dt) is the
rate of grain agglomeration which gives place to blocks of
grains. Then,


drBlock
dt


=C

4Nπr 2 +(βt)
e
.
α

(8)

With β−1 = τ and with τ as the exponential time constant,
or grow time constant, it is clear that such thermodynamical
process eventually gives place to the fracture of the sample
under superplastic deformation.
2.1. Experimental Procedure. The material used for this
experiment was a Cd-17.4% Zn alloy. The alloy was prepared
by melting cadmium and zinc in air furnace at 823◦ K
and, then, poured into a copper ingot mold, and it was
allowed to cool at room temperature. In order to avoid
crack propagation during rolling due to the presence of
dendrites, an annealing at 453◦ K was applied. The alloying
element contents were measured by chemical method [22].
The material was laminated at room temperature at 4.6 m/s
with three rolling reduction steps 0.25 cm each, the plate
obtained by lamination resulting in a grain size of 4.9 μm.
After that, flat standard specimens for tensile tests parallel
to the rolling direction were prepared with the following
dimensions: 0.5 cm thick, 0.20 cm wide, and 1.6 cm of
gage length. The samples were mechanical polished until
reaching 0.5 micrometers diamond polishing paste. The
tension tests, with an average constant crosshead velocity of
1.5 ∗ 10−3 cm/s, were conducted at room temperature into
a tension plate of a scanning electron microscope (SEM)
model Jeol T20 which allows amplifications from 35 to
10,000.
The new technique is a variation of one previously
proposed [23–25] which provides a mesoscopic coordinate
system inscribed on the surface of the tension test specimen.
Such technique allows to establish in a repeatable way any
angle relative to any axis of any coordinate system, or
distances between grains, or to measure local or global true
deformation in parallel or perpendicular directions relative
to the tension axis. Here, such technique was adapted to
measure grain area and perimeters of specific grains for a case
where plastic deformation is so high that it is not possible
to inscribe durable Vickers indentations on the surface of
the deforming sample and, then, to take some particular
defect of the sample as the origin of coordinated system is
required.

Figure 1: Scanning electron microscope micrograph for Cd-Zn
eutectic alloy after 0.75 mm of elongation at room temperature,
depicting GBS, which appears like bright lines.

3. Experimental Data
The local superficial deformation on diﬀerent zones of the
tension test sample was studied by using a coordinated
reference system. During certain periods of time, the sample was deformed at the previously mentioned crosshead
velocity; in each occasion after reaching some predetermined
deformation test was interrupted to proceed to take photos of
the superficial microstructure in diﬀerent regions. The same
procedure was repeated several times until fracture of the
sample under tension occurs. The dispersion of experimental
data was high, and only some data were presented to show the
essential features of the corresponding phenomena. Among
other parameters, the corresponding areas of emerging of
grains or blocks of grains from the inner volume to the
external surface of the sample, and their perimeters were
measured for diﬀerent times and deformations.
Figure 1 is a scanning electron microscope micrograph
for Cd-Zn eutectic alloy after 0.75 mm of elongation at
room temperature, depicting GBS, which appears like bright
lines and corresponds to a typical zone in the surface of
the deforming sample. During the experiments of sample
deformation, two types of emerging populations of grains or
blocks of grains from the inner volume to the external surface
of the sample were found: emerging individual equiaxial
grains and blocks of grains which arising from cavitation
with form of cracks or fissures, as could be observed in
Figure 2. These populations have diﬀerent properties in their
temporal evolution. In Figure 3, the rate of change of area
of one emerging equiaxial grain is presented; it is clear that
once the grains have emerged their changes in area are due
to the interaction with neighboring grains during the plastic
deformation of the sample. In Figure 4, the emergence of a
block of grains appears arising from a fissure. The same zone
appears in Figure 5 as a temporal sequence in a collage, where
the kinetically process of the emerging of a block of grains to
free surface could be appreciated; the quantitative data for
such block appears in Figure 2. In Figure 6, some perimeter
measurements are presented.
3.1. Analysis of Experimental Data. In order to obtain
the scanning electron microscope micrograph for Cd-Zn
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Figure 4: The emergence of a block of grains which travels from the
inner volume and produces a fissure at the external surface.
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Figure 2: The area of grains from the inner volume emerging on
the external surface of the sample during plastic deformation on a
Cd-Zn eutectic alloy as a function of time.
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Figure 3: The rate of change of area of one emerging equiaxial
grain emerging to the external surface from the inner volume as a
function of time is presented for a Cd-Zn eutectic alloy deformed at
room temperature.

eutectic alloy, it was necessary to stop the deformation for
several minutes; this procedure may have led to possible
changes in the microstructure observed, due to relaxation
of internal stresses at the free surface. From Figure 3, it
is immediate that during the plastic deformation the area
of emerging equiaxed grains is changing with time by the
interaction with their neighbors (above, below, and lateral
neighboring grains). The positive change in area corresponds

to an emerging stage of some particular grains, and the
negative area changes to a partial sinking process of the grain.
Their shapes keep changing in the short term, but finally tend
to reach a state of thermodynamic equilibrium (in particular
mechanical equilibrium); please see Grain 2 in the figure. The
materials emerging from the inside of cracks or fissures are
block of grains formed by contiguous or neighboring grains
which have common low-energy grain boundaries, that is,
their common grain boundaries are strongly linked and slide
like a unit, as can be seen from Figure 2, in which it is possible
to see that the area of a totally emerged block of grains is
about 26 times greater than the area of an average equiaxed
grain. For our experimental data, showed in Figure 2, about
material arising from the inside of cracks or fissures, it is
clear that during the first 950 seconds an exponential growth
on the area of the arising block of grain occurs, with a
grow time constant of about 210.4 s. Therefore, with our
technique, it is possible to determinate some critical time
(in our case τCrit = 950 s) for which the cracks or fissures
can develop in two directions: (1) decreasing its speed, due
to the total emerging of blocks of grains towards the surface
or (2) continuing to grow exponentially as a crack that gives
rise to fracture of the tension test sample under the action
of the applied stress, because the block of grains partially
under the free surface is not able to glide fast enough as
required to fulfill the corresponding fissure. As shown in
Figure 4, which corresponds to a block of grains that appears
emerging from a fissure such fissure corresponds also to one
of the areas depicted in Figure 2, for the block of grains
where it is possible to see that the area of this block of
grains as measured at the free surface of the sample under
superplastic deformation tends to an equilibrium value. The
corresponding kinetically processes indicated in Figure 5.
It is clear that the technique proposed and used here for
Cd-Zn eutectic alloy could be applied to the study of the
superplasticity phenomena as a complementary technique
to the previously existing. In particular, such technique will
be useful for the study of superplasticity in materials with
nanocrystalline structures where, due to thermodynamical
reasons, the kinetically evolution of the emerging of grains
or blocks of grains from the inner volume to the free surface
of superplastic material during deformation is expected to be
higher than for the case of microcrystalline materials.
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Grains emerging from fissure, in quadrant 2
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Figure 5: The same zone that appears in Figure 4 for the alloy Cd-Zn 17.4% deformed at room temperature is presented here as a temporal
sequence in a collage. The temporal emerging process of a block of grains to the external surface of the deforming sample could be
appreciated; the plot of the quantitative data of area appears in Figure 2.
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Figure 6: Some perimeter measurements for the alloy Cd-17.4%
Zn deformed at room temperature is presented.

4. Discussion
Our experimental results is to support the basis of a theory
recently published [10], as well as in a more quantitative way the model here presented (based on the second
law of thermodynamics) for the diminishing on the free
energy per unit volume, GPcs (θ), by diminishing the average
mismatch angle, θ, between neighboring grains. And also,
our results are in agreement with some experimental data
for superplastic deformation in a Zn-Al alloy which shows
that cavities are initially reasonably spherical, but they

become elongated when the sample pulls out to achieve
the maximum superplastic elongation [11]; however, in
our case, such cavities are mainly fulfilled with the grains
or block of grains that merge to external surface from
inferior layers. And obviously, for the case of superplastic
deformation of the Cd-Zn eutectic alloy deformed at room
temperature, we provide direct experimental evidence that
GBS is the driving force for creep cavity nucleation, as
deduced previously by an experimental correlation [13]. The
technique presented here will be useful for the development
of physical procedures, which allows to retarding the process
of formation of low mismatch angle, θ, between neighboring
grains; process which gives place to blocks of grains which
dynamically behaves as units under the shear stress action.
For materials with nanocrystalline structures, such processes
are expected to be higher than for the case of microcrystalline
materials.

5. Conclusions
(1) A new local measurement technique for the study
of the kinetic processes of emerging of grains from
the inner volume at the free surface of superplastic
materials during deformation has been presented
and used for the case of the Cd-Zn eutectic alloy
deformed at room temperature.
(2) This technique can be used to evaluate the approximate time to fracture by fissure growth in samples
under superplastic deformation.
(3) The technique presented here will be useful for the
development of physical procedures, which allows to
retarding the process of block by grains agglutination
in materials with nanocrystalline structures, where by
thermodynamical reasons, the process of formation
of low mismatch angle, θ, between neighboring
grains, which gives place to blocks of grains, is
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expected to be higher than for the case of microcrystalline materials.
(4) In principle, the present technique may be used
to study the local surface forces which are acting
over individual surface grains during the superplastic
deformation.
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