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ABSTRACT

In this study, experimental data have been obtained which reveal taking place of

complex physical processes under conditions of the structural superplasticity

not only in the grain boundary, as it is commonly believed, but also in the grain

body. It was established for the first time that superplastic deformation of the

eutectic alloys is accompanied by significant changes in their Young’s moduli. It

was demonstrated that under superplastic deformation the observed changes of

the elastic properties of the eutectic Sn–38wt%Pb alloy under study are caused

mainly by the decomposition of supersaturated solid solutions on the basis of

the alloy components and the relaxation of internal stresses. It was also found

that the viscous dislocation–diffusion non-conservative flow is actively devel-

oping in the eutectic alloys under conditions of superplasticity, in contrast to the

existing ideas about grain boundary sliding as the main mechanism of the

matter transport. The experimental results obtained are important for the deeper

understanding of the physical nature of the structural superplasticity effect.

Introduction

The nature of the polycrystalline material structural

state ensuring the appearance of their superplastic

(SP) properties still remains one of the main unre-

solved problems of physics of superplasticity. One of

the possible ways of solving it is the investigation of

the structural and phase changes that take place

under conditions of the SP flow. A large number of

studies [1–5] are devoted to studying these questions.

However, in most cases, changes in the

microstructure of a material and, first of all, varia-

tions of a grain size are discussed.

The effect of superplasticity becomes apparent

most brightly in the eutectic and eutectoid alloys

[1–9], and it is referred to the structural superplas-

ticity that reflects the traditional point of view

according to which this effect is not connected with

any kind of transformations in the alloys. However,

in the previous studies [10–13], it was shown that the

phase state of the eutectic Sn–38wt%Pb alloy which

reveals SP properties does not correspond to the tin–
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lead phase diagram. It was also established that

natural aging is accompanied by the change of the

phase state of the alloy; however, even after a rather

long aging the equilibrium is not reached [14, 15]. It is

therefore natural to assume that the effect of super-

plasticity in the alloy results from the mutual influ-

ence of processes providing the alloy transition to the

equilibrium state, which, as it is known, are stimu-

lated by the action of the external stress and plastic

deformation processes. This point is supported also

by a number of results of the investigations [16] car-

ried out at the earliest stages of the superplasticity

study.

The acoustic spectroscopy methods are very sen-

sitive to structural and phase changes in the material

[17]. Nowadays, these methods are widely used for

studying the properties of the materials obtained by

means of the severe plastic deformation including

materials that demonstrate the effect of superplas-

ticity [18–23]. The efforts of the researchers are gen-

erally directed to studying the evolution of defective

structure, the influence of internal stresses on the

elastic properties after severe plastic deformation, the

consideration of recovery mechanisms of the elastic

modulus during annealing and natural aging of the

nanostructured materials obtained by the methods of

severe plastic deformation. These methods are not

used for the SP flow itself.

Taking into account the above considerations the

experiments have been carried out for the first time in

the present investigation to study the change of

Young’s modulus of the eutectic Sn–38wt%Pb alloy

during SP deformation (SPD) using the acoustic

spectroscopy. The experiments were carried out at

room temperature that allows to exclude a possible

influence of quenching and high-temperature

annealing on the elastic properties.

Materials and methods

The Sn–38wt%Pb alloy was prepared from pure

components by melting in the laboratory furnace

with a subsequent casting to a lune with the square

cross section of 25 9 25 mm2 and 5 mm depth carved

in the massive copper substrate. The ingots were

subjected to a preliminary uniaxial compressing

between two massive plane-parallel anvils on the

hydraulic press. The total deformation rate obtained

was * 75%.

Mechanical tests were carried out under conditions

of creep at an applied constant stress r = 4.5 MPa.

This stress, as it was established elsewhere [24], is

optimal for the occurrence of the superplasticity

effect under the selected testing conditions. Such r
value is in a good agreement with the data from Ref.

[25] about the conditions of the existence of the

superplasticity effect for the structural and phase

state of the alloy identical to the investigated one in

the present study. The initial size of the working area

of the samples was 10 9 2.3 9 2 mm3.

Acoustic measurements were carried out using a

method of the two-component composite piezo-

electric vibrator at a frequency of longitudinal oscil-

lations * 102 and * 113 kHz with the amplitude of

ultrasonic deformation e0 * 10-7. The experiments

were performed by the technique developed in [26].

Young’s modulus was determined by the equation

[17]:

ES ¼ 4ql2Sf
2
0S 1þ kS

p2m2S

6l2S

� �
; ð1Þ

where q is the density, ls is the length, f0s is the res-

onance frequency of the sample, m is the Poisson’s

ratio, ks is the coefficient close to 1 which exact value

depends on the shape of the sample cross section

with the area S. The relative error of the measurement

of the Young’s modulus is 0.14%.

The density of the working area of the deformed

samples was determined in the following way.

Using the method of absolute hydrostatic weighing

[27], the density of the entire sample was determined

by the formula:

q ¼ Paðqw � qaÞ
Pa � Pw

þ qa; ð2Þ

where Pa and Pw are the sample weights in the air

and in the liquid, respectively, qa and qw are the

densities of the air and the liquid at temperature and

atmospheric pressure under measuring conditions.

Weighing was made using the microanalytical scales

with the accuracy of ± 0.00001 g. The distilled water

was used as a working liquid. The data on its density

are taken from [28]. The temperature during weigh-

ing was controlled with the accuracy of ± 0.25 �C.
The relative change of the sample density is equal

to the relative change of its volume with the negative

sign: Dq/qin = - DV/Vin, where qin is the sample

density before deformation, Vin is the initial volume

of the sample which is defined as Vin = (Pa - Pw)/
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gqw. As it is seen from the measurements, the density

of the samples heads during SPD remains almost

constant. The change of the sample volume during

the deformation process is determined only by the

volume change of its working area. The initial vol-

ume of the working area is Vwa = S0l0, where S0 is the

initial cross-sectional area and l0 is the initial length.

Thus, the change of the working area density during

deformation can be calculated as follows: Dqwa ¼
�qinDVwa=S0l0 or

Dqwa ¼ Dq
Pa � Pwð Þ
gqwS0l0

: ð3Þ

The relative error of the density determination was

estimated by the formula:

dq ¼ Dmg Pw þ 2Pað Þ
PaðPa � PwÞ

þ Dqw
qw

: ð4Þ

The absolute error of the density value of the entire

sample was ± 0.0002 g/cm3; the absolute error of the

density values of the working area did not exceed

± 0.006 g/cm3.

Metallographic studies were carried out using the

SEM and the optical microscopy techniques by means

of the microscopes JSM-840 and MIM-7. The

microstructure of the samples was revealed by elec-

trolytic etching using a sequential circuit of the elec-

trolytic bath switch on. The electrolyte solution of the

following composition was taken as an etchant:

200 ml of fluoroboric acid (commercial-grade HBF4),

20 ml of sulfuric acid (H2SO4, specific weight 1.84),

and 780 ml of water. The required quality of reveal-

ing the structure was achieved at the bath voltage of

* 16–20 V and the current density in the sam-

ple * 1.5 A/cm2. The average grain size was esti-

mated by means of the secant method.

Results

During the mechanical tests, it was found that the

superplastic properties of the alloy under study

depend on the duration of its aging. In particular, it

was revealed that the elongation to failure d of the

samples deformed by compressing after casting

increases considerably as a result of their aging for

about 1.5 months. It reaches 475% at r = 4.5 MPa.

Further aging leads to the change of the flow rate of

the material without a significant change in d. The
achieved experimental data are in good agreement

with the results of the recently published research of

peculiarities of the superplasticity effect manifesta-

tion in the investigated alloy after a high-pressure

torsion [29].

Taking into account the results of the mechanical

tests, the acoustic measurements were carried out on

the alloy aged after preliminary compressing with

aging period of * 1.5 months. The samples were

deformed to the given relative elongation, and then

they were unloaded, and a part of the working area

without the localized deformation regions was cut

off. After the proper processing of the end faces of the

obtained deformed parts, the measurements of their

resonance frequency were carried out. The length of

the samples prepared for the acoustic tests was 10.40

or 9.60 mm. This length corresponded to the half

wave length of ultrasound in the initially compressed

sample at the frequency equal to the natural fre-

quency of the quarts oscillator. The change of the

resonance frequency of the samples in comparison

with the resonance frequency of the similar samples,

that were preliminary subjected only to compression,

has been determined. The results of the measure-

ments are normalized to the temperature of 293 K

taking into account the temperature dependence of

Young’s modulus of the alloy which was obtained

earlier in [30].

In all cases the average value of E = 40.04 GPa was

taken as an initial value of Young’s modulus. This

value was obtained from the measurements using the

samples which were cut off from different parts of

one and the same ingot and from different ingots.

It was established earlier [31] that the SP flow of the

eutectic alloys is accompanied by the decrease in

their density. Furthermore, it was found that after

superplastic deformation a considerable inelastic

aftereffect was observed, which is manifested by the

compression of the samples and the increase in their

density after unloading. In this connection, the

change of the alloy density q during SPD process and

aging in the unloaded state were determined to

obtain correct data on the elastic module value.

The change of q depending on the exposure time

t of the samples after unloading at different values of

the relative elongation e is presented in Fig. 1. The

change of q with increasing e is shown in Fig. 2.

The provided dependencies reflect the interval of

changes of q observed in different samples. Points of

the curves 1 and 2 are obtained by extrapolation of

the experimental dependences q = f(t) (see Fig. 1) to
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the value t = 0. The curves 1’ and 2’ show the change

of the density in 1 h after unloading. Approximately,

such a period was required for the preparation of the

samples for acoustic measurements.

As it can be seen from Fig. 2, a noticeable decrease

in the density is observed with e increasing from 0 to

* 150%, and then the value of q remains practically

constant. The maximum relative decrease in the

density reaches 2.5%.

The acoustic measurements were carried out for

different values of e in the process of the exposure of

the samples in a free state during a few hours. The

data on the changes of the resonant frequency and

density were used to obtain the dependencies of

Young’s modulus of the alloy on the exposure time

after SPD. To account for the length changes due to

the volume change during the exposure after

unloading, the initial length of the sample measured

immediately prior to the acoustic measurements was

multiplied by the factor x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vt=Vwa

3
p

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qt=qwa

3
p

,

where Vwa and qwa are the volume and the density of

the working area of the deformed sample before the

measurement, and Vt and qt are these parameters

during measurement process, respectively. The

change of the sample cross section during the mea-

surements of the resonance frequency was neglected

as it did not exceed an error of its experimental

determination.

The relaxation curves of the elastic modulus of the

alloy during the exposure of the samples which were

superplastically deformed after unloading are selec-

tively presented in Fig. 3.

Figure 1 Density q of the Sn–38wt%Pb alloy as a function of the

exposure time t after the deformation under conditions of

superplasticity at the values of the relative elongation e: 1–20;
2–40; 3–90; 4–140; 5–475%.

Figure 2 Density q of the Sn–38wt%Pb alloy as a function of the

value of the relative elongation e under optimal conditions of

superplasticity (see the text).

Figure 3 Change of Young’s modulus E of the Sn–38wt%Pb

alloy during the exposure for the time period t after unloading of a

superplastically deformed samples. The relative elongation e is:

1–21; 2–120; 3–182; 4–266; 5–350%.
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The change of Young’s modulus during deforma-

tion under conditions of superplasticity of the Sn–

38wt%Pb alloy is shown in Fig. 4. The dependence of

E on e is obtained taking into account the results of

the investigation of the modulus relaxation after

unloading. The values of E were calculated using the

data on the maximum change of the density during

the deformation process (see curves 1, 1’ of Fig. 2).

Accounting for the density changes corresponding to

curves 2 and 2’ in Fig. 2 leads to the increase in

E value by no more than * 1.8%, which does not

cause radical changes in the dependence of E on e.
The error shown in Fig. 4 reflects a possible disper-

sion of Young’s modulus values which corresponds

to the mean-square-root deviation rE (0.62 GPa) from

the average value of Young’s modulus of the alloy

after the preliminary compression.

As it is shown in Fig. 4, SP flow from the very

initial stages up to the relative elongations of about

150% is accompanied by a noticeable decrease in

Young’s modulus of the eutectic Sn–38wt%Pb alloy.

At the same time, it should be noted that at the

deformations of 25750% the change of elastic mod-

ulus has a non-monotonic character. The accumula-

tion of the relative elongation at this stage is

accompanied by an insignificant increase in E. The

maximum relative decrease in E value in the experi-

ment is about 15%. A considerable increase in

Young’s modulus is observed at the relative

elongation of * 200%. The further deformation leads

to some decrease in E again and then Young’s mod-

ulus of an alloy remains almost unchanged.

The changes of the microstructure of the alloy

during SP deformation were investigated in order to

establish the possible reasons of Young’s modulus

changes. The results of the study are presented in

Fig. 5.

It was established that the average grain size of

both phases in the initial state is about 3 lm. In the

samples deformed up to * 100% the elongated

grains are detected in some parts of the working area,

while their slight growth is registered in other parts.

After deformation between 100 and 150% the

appearance of the regions of significantly more fine-

grained microstructure is observed (the average grain

size is * 1 lm). Many grains are extended along the

direction of the external r action (Fig. 5b, c). At the

relative elongation of * 200% the precipitation of the

other phase is registered inside the grains of both

phases. This process is especially brightly manifested

in the a(Pb)-phase (see Fig. 5d). In the samples

strongly deformed at e C 300%, the grains are mainly

equiaxed, and their average size increases to 5.5 lm.

Metallographic studies reveal another feature of

the microstructure of the superplastically deformed

Sn–38wt%Pb alloy which, as far as it is known, has

not been reported earlier. At large elongations, the

b(Sn)-phase becomes strongly dispersed (see Fig. 5f).

On the one hand, it can indicate the existence of

considerable internal stresses under conditions of

superplasticity and the fragmentation of b(Sn)-phase
grains. On the other hand, it can be assumed that the

reason for the b(Sn)-phase dispersing could also be

the diffusion, activated by superplastic deformation,

of lead atoms along the boundaries of subgrains and

fragments, dislocation clusters and other areas of the

grain structure distortions that are being formed in

the process of deformation. As it was shown in [32],

the diffusion of lead along the surface of tin is a

thermodynamically beneficial process in the SP Sn–

38wt%Pb alloy under study. A considerable part of

the sample surface of this alloy is intensively covered

with lead during the exposure at room temperature.

It was established, on the basis of the secant

method analysis, that SPD of the alloy is accompa-

nied by an increase in the relative fraction of b(Sn)-
phase. This increase reaches 35% in the destroyed

samples.

Figure 4 Dependence of Young’s modulus E of the Sn–38wt%Pb

alloy on the relative elongation e under conditions of superplas-

ticity. Open circle represents E values in 1 h after unloading.

Filled circle corresponds to the values of E obtained by the

extrapolation of the curve E = f (t) to the time t = 0.
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A decrease in the relative fraction of the a(Pb)-
phase as a result of superplastic deformation is rather

convincingly revealed in the analysis of the low-

temperature fracture surfaces of the head and the

working area of the samples (see Fig. 6).

Thus, the changes of the grain structure consisting

in the change of the average grain size, the appear-

ance of the elongated grains and areas with a fine-

grained structure, the precipitation of a new phase,

and the change of relative fractions of a(Pb)- and

b(Sn)-phases are observed during SPD in the Sn–

38wt%Pb alloy. Therefore, the experimental data

obtained in the present study reveal rather a com-

plicated nature of structural and phase transforma-

tions in the alloy, including significant changes not

only in the boundary, as it is commonly believed, but

also in the grain itself under conditions of structural

superplasticity. These changes also do not support, in

any way, the existing ideas that the main mechanism

of the matter transport under conditions of super-

plasticity is the grain boundary sliding. In addition to

the results received earlier [33] the observed pecu-

liarities indicate the active development of a dislo-

cation–diffusion viscous flow of the material under

these conditions. It is this type of the flow which is

revealed in the SEM analysis of the unprocessed

surface of the samples working area after SPD

(Fig. 7).

20 μm

(c)

(а)

(b)

(d)

(e)

20 μm

(f)

20 μm 20 μm

20 μm

20 μm
Figure 5 Optical micrographs of the surface of the Sn–38wt%Pb alloy at different stages of SP flow. The relative elongation e is: a 0;

b 120; c 140; d 200; e, f 390%. Electrolytic etching.
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Discussion

As it is known, the ability to realize SP properties is

characteristic of eutectic alloys obtained under rapid

crystallization conditions [1–3]. In [13] the authors

found that the phase state of the investigated alloy

formed by quenching of the liquid melt is charac-

terized by a volume ratio of phases, that is by solid

solutions based on tin and lead, of about 1.44:1 on

average. The specified phase volume ratio in an

equilibrium state at room and at eutectic temperature

is 2.45:1 and 1.67:1, respectively, and the increase in

Young’s modulus by * 3% accompanies the transi-

tion from the phase state of as-cast alloy to the

equilibrium phase state at room temperature [13].

Thus, the change of relative fractions of a(Pb)- and

b(Sn)-phases during SP deformation, indicating the

approaching of the phase state of the alloy to the

equilibrium one at the room temperature, cannot be

the reason of the decrease in Young’s modulus reg-

istered in the experiment. An expected change of the

phase state of the alloy can only make this effect less

expressed.

The density change observed in the experiment

(see Figure 1 and 2) that is also leads to Young’s

modulus change may result both from a change of

the phase state of the alloy and from the appearance

of porosity. According to the carried out calculations,

the relative increase in the X-ray density of the Sn–

38wt%Pb alloy at its transition from the equilibrium

state at the eutectic temperature to the equilibrium

state at the room temperature is about 0.3%. At the

volume phase ratio in the alloy, registered in the

experiment, the changes of the X-ray density caused

by a possible change of the phase state under SPD

conditions cannot differ significantly from the value

above. Therefore, the change of the alloy density

observed in the experiment is caused mainly by

porosity.

Quite a great number of models are known to

describe the dependence of the elastic characteristics

of crystal materials on porosity [34, 35]. Being created

for the description of different porous materials (re-

fractory metals, ceramics, powder alloys and others),

these models yield qualitatively different results at

the calculation with the given value of porosity.

In some cases [36, 37] to estimate the effect of

porosity on the value of Young’s modulus, the con-

ceptions of an effective Young’s modulus are con-

sidered. This parameter differs from the Young’s

10μm

10μm

(a)

(b)

Figure 6 SEM images of low-temperature fracture surfaces of the

Sn–38wt%Pb alloy aged for * 3 years: after a preliminary

compression on the press (a); after superplastic deformation (b).

Composition contrast: light areas—a(Pb)-phase; dark areas—

b(Sn)-phase.

10μm

Figure 7 SEM image of the surface of the Sn–38wt%Pb alloy

after superplastic deformation. Composition contrast: light and

dark parts correspond to a(Pb)- and b(Sn)-phases, respectively.
The direction of the strain is vertical.
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modulus of a non-porous material because of the

decrease in the effective cross section in the plane of

the acting external load on the cross-sectional area of

the pores in the same plane.

Let us estimate the influence of porosity on

Young’s modulus of the investigated alloy on the

basis of the model of the elementary volume in the

form of a cuboid with the initial cross section S0.

According to [36, 37], the appearance of pores with a

cross section Sp in it determines the value of Young’s

modulus of the material equal to

Eeff ¼ E0 S0 � Spð Þ=S0; ð5Þ

where E0 is the Young’s modulus of a non-porous

material.

Neglecting the change of the density due to the

change of the phase composition, we determine the

level of porosity P in the investigated alloy as

P = 1 - (qwa./qin) or P = |DV/Vin|, where qwa is the

density of the working area after SPD. If the pores are

evenly distributed across the sample section, which is

typical for superplastisically deformed materials [31],

according to Cavalieri’s principle, then (S0 - Sp)/

S0 = (1 - P).

Let us estimate, according to [38, 39], the limits of

the change of Young’s modulus of the alloy for the

maximum pore concentration value of 2.5% using the

values of the elastic modulus of a dense medium and

the effective elastic modulus of the ‘‘porous phase’’

consisting of elementary volumes with a pore.

Averaging by Voigt [38] provides a simple con-

nection between Eeff and E0:

Eeff ¼ E0 1� Pð Þ: ð6Þ

For averaging by Reuss [39] we obtain the

expression:

Eeff ¼
E0ðCp � PÞ

Cp � Pþ CpP
; ð7Þ

where Cp is the volume concentration of the ‘‘porous

phase’’ which is 50% at the uniform distribution of

pores, and P = 5%, i.e., it is twice greater than the

level of porosity in the entire sample. The calculations

show that the ratio of the effective Young’s modulus

to the Young’s modulus of a non-porous material Eeff/

E0 in this case ranges from 0.974 (Reuss) to 0.975

(Voigt). Therefore, the contribution of porosity to the

registered change in Young’s modulus does not

exceed 2.5%.

This conclusion is in a good agreement with the

results of the theoretical calculation of elastic con-

stants of the porous material carried out in [40] with

the use of the so-called effective medium method.

The influence of grain boundaries as a material

with Young’s modulus different from the elastic

modulus of a crystal matrix can be attributed to

another possible reasons of the decrease of Young’s

modulus of the alloy during SPD process.

Let us estimate the effective elastic modulus of the

material Eeff, which is connected, according to aver-

aging by Reuss [39], with the elastic modulus of the

grain boundary Egb by the following ratio:

1=Eeff ¼ 1� að Þ=Em þ a=Egb, where Em is the elastic

modulus of a crystal matrix, a ¼ 3Dd=d is the relative

volume of grain boundaries, Dd and d are the width

of the boundary and the grain size, respectively. The

value of an elastic modulus of a metal in an amor-

phous state can be taken as the Young’s modulus of

the boundary which, according to [41], is about 30%

lower than the Young’s modulus of the material in

the crystalline state. The evaluations indicate that

Young’s modulus decrease conditioned by the

appearance of the non-equilibrium boundary and by

the reduce of the initial grain size to * 1 lm with

growth of the relative elongation e to * 150% may be

not greater than 0.5%. It is necessary to point out at

once that the same insignificant increase in Young’s

modulus can be due to the grain size growth up

to * 4 lm during a further deformation gain up to

200%. Therefore, it is obvious that one can neglect the

contribution of the grain boundary as an area with a

different elastic modulus, as compared to the crystal

one, to the change of Young’s modulus value during

SPD.

The results of investigations carried out by the

authors earlier in [13] agree with such a conclusion. It

was established that self-annealing at room temper-

ature of the alloy Sn–38wt%Pb during more than

1 year accompanied by the grain growth from 2 to

5 lm leads to Young’s modulus increase by no more

than * 1.5%.

According to [42], the decrease in the elastic mod-

uli of the materials, which is observed under condi-

tions of usual plastic deformation, is a result of the

action of two factors caused by the dislocation nature

of the deformation process. During plastic deforma-

tion, the density of dislocations and point defects

(vacancies and the dislocated atoms created by non-

J Mater Sci (2018) 53:8590–8603 8597



conservative dislocations movement) increases. It

leads to the increase in the friability of a crystal lat-

tice, the growth of a number of places with the

weakened interatomic interaction that leads to the

decrease in the elastic moduli. The action of the sec-

ond and the main factor is connected with the

increase in a contribution of the dislocation inelas-

ticity to the formation of the effective values of the

elastic moduli. The analysis of the published data

shows that at usual plastic deformation the decrease

in the elastic moduli, connected with the dislocation

inelasticity, is observed only at early stages of

deformation of the material. In this case, plastic

deformation produces the increased density of the

recent dislocations without the formed dislocational

atmospheres in the material. The inelasticity caused

by such dislocations leads to the appearance of the

modulus defect. In case of steel, for example, such

effects are observed at the deformations of only

2.5–3% [42]. During the further deformation, the

modulus defect usually comes to saturation and then

it decreases. Therefore, if the increase of the density

of the recent mobile dislocations is one of the basic

reasons of Young’s modulus decrease observed in the

investigated alloy, then there should be a reason by

which such dislocations must be intensively gener-

ated in the process of the intensive tension of the

samples by 100 and more percents. The slow relax-

ation of the internal stresses present in the non-

equilibrium alloy in the initial state can be one of

such reasons. The authors have already reported the

existence of significant internal elastic stresses in the

initial alloy in [24].

As it is noted in [43, 44], an abrupt decrease in the

elastic modulus and the formation of the additional

dislocations are often observed just before the phase

transformation and at its earliest stages. It can be

assumed that the action of these factors is the most

probable under conditions of the conducted experi-

ment. The results of the microscopic analysis, pre-

sented in Fig. 5, the data on the change of volume

fractions of a(Pb)- and b(Sn)-phases in the creep

process together with the results of previous X-ray

studies [32], quite convincingly show the phase

transformation in the Sn–38wt%Pb alloy during SPD.

The observed Young’s modulus increase with a

significant relative elongation gain (see Fig. 4) can be

first of all caused by the growth of a relative fraction

of the b(Sn)-phase during the deformation in the

alloy structure that has a greater elastic modulus if

compared to the elastic modulus of the a(Pb)-phase.
But, as it was already mentioned above, the transition

of the alloy into the equilibrium state can lead to the

elastic modulus increase only by about 3%.

A noticeable increase in Young’s modulus of the

alloy at e * 200% can be connected with an increase

in a relative fraction of the b(Sn)-phase having a

much higher elastic modulus in comparison with the

elastic modulus of the a(Pb)-phase with the relax-

ation of an initial defective alloy structure and also

with the decrease in the dislocation density due to the

relaxation of the internal stresses.

The texture change of the material can also provide

considerable changes of Young’s modulus. However,

previous X-ray studies [32] show that the texture in

the a(Pb)-phase is absent in samples both prepared

for tests and deformed under conditions of super-

plasticity. There are no noticeable changes in the

intensity ratio of the main lines (200)a, (100)a, (220)a,

and (211)a of the initially textured b(Sn)-phase as a

result of SPD. This allows to conclude that the

observed change in E value of the superplastically

deformed alloy is not connected with a change in the

texture of the material.

The relaxation of the initial defective structure of a

material can also be a cause of the discussed increase

in Young’s modulus. We mean, in particular, the

disappearance of an X-ray amorphous component as

a result of the superplastic deformation and a

vacancy supersaturation in the b(Sn)-phase [32]

which are found in the alloy in an initial state. The

growth of the elastic modulus can be also connected

with a reduction in the dislocation density in con-

nection with the relaxation of internal stresses. It is

necessary to provide further experimental research in

order to establish the role of these relaxation pro-

cesses in the observed change of elastic properties of

the studied alloy and, therefore, in realization of its

superplastic flow.

The strain rate _c during the superplastic flow is

usually given by a relation of the form [45–47]:

_c ¼ A
DGb

kT

b

d

� �p s
G

� �n
; ð8Þ

where D is the appropriate diffusion coefficient, G is

the shear modulus; b is the Burgers vector; k is the

Boltzmann constant, T is the absolute temperature; d

is the average grain size; s is the applied shear stress;

p is the exponent of the inverse grain size (p = - qln
_e/qlnd); n is the reciprocal of strain rate sensitivity m
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(n = qlg _e /qlgr) [48], and A is a dimensionless

constant.

Under optimal conditions for occurrence of

superplasticity effect (in the region II), when grain

boundary sliding is considered as the main mecha-

nism of the mass transfer, the stress exponent n is

close to 2 (m & 0,5), and the inverse grain size

exponent p is also equal to 2 [45]. As for the constant

A, as far as it is known, the available experimental

data on its value strongly differ from each other and

are not in good agreement with the theory. For

example, for the investigated alloy at the testing

temperature of 413 K in the region II, A = 3.8 9 105

according to the experimental data, while the theory

gives A = 10 [47]. In [46] the constant A was

1.3 9 105 for the temperature range of 336–422 K, and

in [49] different values of A for the pre-eutectic and

room temperatures were determined to be 8 9 106

and 59, respectively. According to some authors,

parameters A and n are not independent [43].

In the investigated alloy, the average strain rate _e is
2 9 10-5 s-1 at r = 4.5 MPa at room temperature.

The steady-state flow is established at relative elon-

gations of about 20% and is observed throughout

almost all the deformation process of the samples.

Under stresses that do not correspond to optimal

conditions of superplasticity, two stages of creep are

observed. At the second stage of creep, the strain rate

is higher than at the initial stage.

During aging from 1 to 2 months, the average grain

size in the alloy increases from * 2.1 to * 2.8 lm,

and the strain rate at the mentioned r decreases from

3.8 9 10-5 to 1.6 9 10-5 s-1. The p parameter esti-

mated from these data is 3.

The change of the parameter m determined from

the slope of curves lgr = f(lg _e) for different stages of
creep in the range of the investigated r is presented

in Fig. 8. The analysis shows that m value is changing

during the deformation process of the samples at

r = 4.5 MPa. At the initial stage of creep, it is * 0.36,

and at the relative elongation of about 150% m is

almost 0.5. Therefore, the parameter n in the Eq. (8)

decreases from * 2.78 to * 2.0.

Let us estimate constant A using the obtained

experimental data and the known relations between

the shear stress and the strain rate (s and _c) and the

normal stress and the strain rate (r and _e) [50], and
also the relations between the shear modulus and

Young’s modulus (G = E/2(1 ? l), where l is the

Poisson ratio). A appears to be equal to 3.4 9 1010 at

the initial stage of creep and 2.6 9 106 at the relative

elongation of about 150%. The estimated grain size

d is * 2.5 lm in the former case, and * 1 lm in the

latter case (see Fig. 5a, c). According to [47], Burgers

vector b in the investigated alloy is 3.2 9 1010 m. The

grain boundary diffusion coefficient Dgb determined

in [51] for Sn–38wt%Pb alloy at room temperature

is & 10-14 m/s2.

Thus, according to the existing conceptions [47, 52],

the deformation under conditions of superplasticity

in the investigated alloy at the initial stages is con-

trolled by the dislocations glide (n = 3) and the grain

boundary diffusion (p = 3). This conclusion is in

good agreement with the results of the study of

microstructural changes in the alloy under conditions

of superplasticity which was carried out by the

authors earlier in [12, 33]. As it is shown in these

papers, SPD in the alloy is starting from the appear-

ance of the localized deformation bands similar to the

Lüders band with their subsequent spreading all over

the section of the sample. When the elongation is

about 150%, the flow of the material gains the rheo-

logical features of the superplasticity region II

(n = 2). However, at the same time, we do not

observe the development of the grain boundary

sliding in the investigated alloy. At this stage, as it

was already noted, the viscous dislocation–diffusion

non-conservative flow of the material is actively

implemented, the hydrodynamic deformation mode

becomes apparent [12, 33]. It should be noted that we

also observed a similar nature of microstructural

Figure 8 Dependence of lgr on lg for Sn–38wt%Pb alloy at

different relative elongations e: 1–22, 2–50, 3–100, 4–146%.

T = 293 K. The values on the abscissa axis refer to curve 1. The

difference in actual values of the abscissa axis for curves 1–2, 2–3,

and 3–4 is 0.2.
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changes under conditions of superplasticity in the

eutectic alloy Bi–43wt%Sn [53].

According to the deformation mechanism map for

the investigated alloy constructed in [54], mechanical

tests in this study were carried out under conditions

corresponding to the transition area of the rate

dependence of phenomenological parameters of the

superplastically deformed materials from the region I

to the region II. According to [45] the constant A in

the region I for the investigated alloy is equal to

1.5 9 1014, and in the region II, as it was already

noted, A = 3.8 9 105 in the case of the deformation at

the pre-eutectic temperature. Such a change of A is

qualitatively similar to its changes observed in the

present experiment during the samples elongation in

spite of the fact that quantitative values are consid-

erably different. However, this can be due to the

difference in the deformation temperature. From the

physical point of view, this can reveal a certain

analogy in the change of the deformation mecha-

nisms realized in both cases. This, in turn, can sup-

port the ideas presented in [12, 33, 53] concerning the

important role of the dislocation glide in the creation

of the structural-phase state that ensures the realiza-

tion of the superplasticity effect in the investigated

eutectic alloys.

Finally, one more feature of the plastic behavior of

the studied Sn–38wt%Pb alloy under the chosen test

conditions should be noted. As it can be seen in Fig. 8

at the initial stages of the deformation, the parameter

m has the maximum value at stresses higher than

4.5 MPa. In this range, another maximum is also

observed on the curve d = f(r). However, the elon-

gations reached are significantly lower and d is about

200%. The decrease in the parameter m as the defor-

mation develops at elevated stresses (see Fig. 8)

indicates the structure changes in the alloy that are

negatively effecting its superplastic properties. This

may be due to the unconformity of the kinetic fea-

tures of the processes caused by the plastic defor-

mation and the phase transition that occurs

meanwhile. However, these questions were not the

subject of this research.

The results received in the present study, together

with results published earlier in [10–15, 24, 30–33, 53],

demonstrate the variety of physical processes which

occur in the eutectic alloys under conditions of SP

deformation. They confirm the opinion of the authors

that the effect of superplasticity in the eutectic alloys

is the result of the mutual influence of the processes

of the plastic flow and the phase transitions in ini-

tially metastable materials. The obtained results also

supplement the available databank on rheological

parameters of the superplastic deformation of poly-

crystalline metallic materials.

Conclusions

1. For the first time the Young’s modulus changes of

the eutectic Sn–38wt%Pb alloy under conditions

of superplastic deformation have been studied.

The acoustic spectroscopy method was applied. It

has been shown that these changes have a com-

plex non-monotonic character. SP flow at the

initial stages is accompanied by a considerable

decrease in Young’s modulus of the alloy. The

maximum decrease in the modulus value is

observed at the elongation of about 150% and is

of * 15%. At later stages of the deformation, a

significant increase in the elastic modulus and its

subsequent decrease are registered.

2. Superplastic deformation of the eutectic Sn–

38wt%Pb alloy is accompanied by the changes

of its structural and phase state consisting in the

change of an average grain size, the appearance

of the elongated grains, the appearance of the

areas with a more fine-grained structure com-

pared to the initial one, a new phase precipita-

tion, a change of relative fractions of a(Pb)- and
b(Sn)-phases and the dispersion of the b(Sn)-
phase. These data demonstrate the variety of

structural and phase transformations which are

realized under conditions of superplasticity in the

alloys of the studied type unlike the data on the

preservation of equiaxed grains and the increase

in the linear grain size which are traditionally

reported in the literature.

3. The observed change of Young’s modulus of the

eutectic Sn–38wt%Pb alloy during the SP flow

can be caused by the realization of the initial

stage of the decomposition of the supersaturated

solid solutions stimulated by the plastic defor-

mation, by a change of the relative fractions of

phases in the alloy structure, by the relaxation of

internal stresses, and by the change of the

dislocation density and the concentration of

vacancies, connected with it, and by the change

of the alloy density as well.

8600 J Mater Sci (2018) 53:8590–8603



4. The realization of structural and phase changes

caused by the non-equilibrium initial phase state

provides the active development of the viscous

dislocation–diffusion non-conservative flow in

the eutectic alloys under the superplastic defor-

mation. This kind of the matter transport is

dominant in contrast to the existing traditional

ideas about the grain boundary sliding as the

main deformation mechanism under superplas-

ticity conditions.

5. The obtained experimental results are in good

agreement and essentially complete the authors’

views on the structural superplasticity as the

effect arising as a result of the mutual influence of

the processes of the plastic deformation and the

phase transformation in the initially non-equilib-

rium systems.
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