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Superplastic deformation of engineering materials is often represented by high elongation values obtained in conventional
tensile tests carried out in specific ranges of temperatures and strain rates. This behavior is characterized by high strain rate sen-
sitivity (SRS) indices obtained by a variety of techniques. The SRS of a fine-grained Sn-1 wt% Bi alloy, processed by multi-direc-
tional forging (MDF) was studied by indentation testing at room temperature (T > 0.6T%;,). The microstructural homogeneity
increased with increasing the number of MDF passes, and the grain size decreased from 3.2 to 2 pum, as the number of passes
increased from 1 to 8. The SRS indices 0f 0.08, 0.24, 0.31, and 0.49 were obtained for the 2, 4, 6 and 8 passes of MDF, respectively.
The high SRS index of 0.49, calculated from different analysis methods of the indentation tests are in good agreement with each
other and with those of the other testing methods and severe plastic deformation processes on the same alloy reported in the
literature. These SRS indices together with the uniform fine-grained equiaxed microstructure with an average grain size of 2
pm, observed after 8 MDF passes, are indicative of a superplastic deformation behavior dominated by grain boundary sliding.
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CBepXIIacCTUIHOCTD METKO3€PHIICTOrO CIVIAaBA 0/I0BA,
IOJBEPTHYTOT0 BCECTOPOHHEN KOBKe

CBCpXHTIaCTI/I‘{eCKaH ne(’popMaum{ KOHCTPYKIMIOHHBIX MAaTE€PNA/TIOB YaCTO XapaKTEPNU3YETCA BbICOKVMIMN 3HAYEHMAMUI YT -
HEHVA, II0/Ty9a€MbIMI B OOBIYHBIX UCIBITAHUAX HA pacTsKeHne, IpOBOAVIMBIX B OIIPE€AE€TEHHDIX MTHTEPBAIaX TEMIIEPATYPbI
I CKOpOCTIN I[e(i)OpMaIH/H/I. 310 TIIOBENEHNIE XapaKTEPU3YETCA BPICOKMIMY 3HAYEHIAMY ITOKA3aTE/NA 9YBCTBUTEIbHOCTI K CKO-
poctu gedopmanun (UCJI), KOTOpbIe OMpeensIoTCs Pa3IMIHbIMU METOLAMM. ITyrem McnbITaHMIT Ha TBEPAOCTD IPU KOM-
HarHot remneparype (T > 0.6T ) 6b1ma nccnenosana YCB menkosepuucroro cimasa Sn—1 sec. % Bi, mogBepruyToro Bcecto-
ponHelt koBke (BK). OpHOpOZHOCTD MUKPOCTPYKTYPBI BO3pacTaeT ¢ yBelM4YeHyeM ducia nepexonos BK, a pasmep sepen
yMeHbIaeTcs ¢ 3.2 10 2 MKM, KOT7Ia YMC/I0 IepexofioB yBemuunBbaeTcs ot 1 1o 8. [Tomydens noxasarenu YCJI 0.08, 0.24, 0.31
u 0.49 nna 2, 4, 6 n 8 nepexonos BK, coorBercTBeHHO. Bricokne nokasarem YCJI okono 0.49, paccuynTaHHBIE C IPUMeEHe-
HVIEM PAa3INYIHBIX METONOB aHa/MN3a VICTIBITAHUM Ha MUKPOTBEPAOCTD, HAXOAATCA B XOPOLIEM COT/IaCUM JPYT € APYTOM U CO
3HAa4YE€HNAMM, ITIOTYIE€HHBIMI APYTVIMI METOAMNI UCTIBITAaHUN U A7 APYIUIX IIPOLECCOB VHTEHCUBHOM IJTaCTUYeCKON [[e(bop—
MaIvy, UMEIUMICA B muTeparype. O1tu nokasarenu YCJI, BKyme ¢ OTHOPOZHON MENTKO3€PHUCTON PAaBHOOCHON MUKPO-
CTPYKTYPOII CO CPeIHUM pa3MepOM 3epeH 2 MKM, HalmofaeMoli nocte 8 nepexonos BK, cBUeTeNbCTBYeT 0 CBEpXIIACTHU-
YECKOM XapaKTepe ne(bopMauvm, AOMMHMPYIOINM MEXaHN3MOM KOTOpOf/l ABIACTCA 3EPHOTPAHNYIHOE IIPOCKAa/Ib3bIBaAHME.

KnroueBbie cmoBa: BCECTOPOHHAA KOBKa, IIapaMeTp CKOPOCTHOﬁ YYBCTBUTEIBHOCTH, CBEPXIVIACTUIHOCTD

1. Introduction

Severe plastic deformation (SPD) processes have received
great attention for their capability in producing very fine
grain sizes. Different processes have been developed and their
potentials and limitations have been documented. Among
these, multi-directional forging (MDF) has proved to be a
possible means for attaining fine grain structures suitable

for superplastic deformation of aluminum [1], magnesium
[2], and titanium alloys [3]. In principle, MDF is a repeating
compression process in which the axis of the applied strain
changes in each step [4]. Considerable plastic strain is
accumulated in the material as it is repeatedly deformed at
ambient to elevated temperatures. It has been shown that the
evolution of equiaxed fine grains relies mainly on the strain
accumulation applied from various directions [5].
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Most of the studies on the superplastic deformation of
severely deformed materials have employed the conven-
tional tensile methods. Localized tests such as indentation
creep test, however, can be very useful in this respect. This is
because they can be particularly advantageous when the ma-
terial is only available as small test-pieces or there are some
difficulties with the machining of samples made of very soft
materials [6]. The indentation creep process can be defined
as the time dependent penetration of a hard indenter into
the material under constant load and temperature [7]. The
variation in penetration depth, expressed as a change in di-
agonal length, is monitored with dwell time. Accordingly,
the stress exponents and strain rate sensitivity (SRS) indi-
ces of materials can be determined by these simple hard-
ness tests. The superplasticity of the rolled Sn-Pb eutectic
[8], Sn-40%Pb-2.5%Sb peritectic [9,10], and Sn-1%Bi alloy
[11] has been investigated by indentation creep test. In all
of these studies, it has shown that the parameters which are
commonly considered as characteristics of superplasticity
can be obtained by this simple test. One of these parameters
is the SRS index (m), which can be used to assess the super-
plastic behavior.

It is the aim of this study to investigate the superplastic
behavior of the fine-grained Sn-1%Bi alloy processed by MDF
at room temperature (T >0.6T;). This was achieved through
indentation creep test by measuring the stress exponents and
SRS indices, using different methods of analysis.

2. Experimental Procedure
2.1. Materials and processing

The material used was a Sn-1 wt% Bi alloy. It was prepared
from high purity (99.9%) tin and bismuth, melted in an elec-
trical furnace under an inert argon atmosphere, and cast into
110x13x13 mm slabs. The slabs for MDF were cut into bil-
lets with dimensions of 20x13x13 mm. In order to ensure
that the billets had similar initial microstructures, they were
homogenized at 425 K for 8 h. The samples were multi-direc-
tionality forged at room temperature at a pressing speed of
2 mm min”. A 0.05-mm thick PTFE film was wrapped
around the samples as a lubricant during MDE. As shown
in Fig. 1, the loading direction was changed by 90° se-
quentially along the three axes of the sample from pass to
pass, in such a way that the dimension ratio of 2:1.3:1.3
of the billets was kept unchanged during MDE The axial
pass strain of Ae=0.43 was employed, which is defined as
Ae=In|h /h|, where h_and h, are the respective initial and fi-
nal heights of the billets, resulting in an equivalent strain of
e=(2/N3)In|h /h.|=0.5 [12]. MDF was carried out up to a
maximum cumulative strain of YAe=3.44, i.e., a total of eight
passes.

The specimens were examined by optical microscopy
to determine the grain size and distribution of the forged
material. After mechanical polishing, samples were etched
using a solution of 60 ml alcohol, 30 ml H,O, 5ml HCland 2 g
FeCl,. The grain sizes and distributions were calculated using
the Clemex professional image analysis program according to
the ASTM E112 standard.

2.2. Indentation creep tests

The samples were polished and then tested in a Vickers hard-
ness tester where the testing time was the only variable. The
Vickers indenter was mounted in a holder that was positioned
in the center of the vertical loading bar. The specimen was
placed in an anvil below the loading bar. The Vickers hardness
number is given by H =0.1854 F/d’, where F is the applied
load in N and d is the average diagonal length in mm. Inden-
tation creep measurements were made on each sample using
10 N load for dwell times up to 120 min. After each loading
schedule, the sample was unloaded and the indentation diag-
onal was measured under a traveling microscope. Each read-
ing was an average of at least three separate measurements
taken at random places on the surface of the samples.
Sample —
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Fig. 1. Schematic illustration of multi-directional forging.
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3. Results and discussion

The Optical micrographs of the material before the
MDF process and after 8 passes of MDF are shown in
Figs. 2 and 3, respectively. As can be observed in Fig. 2a, the
unMDFed microstructure consist of some large grains to-
gether with many smaller grains which are believed to be
formed as result of high cooling rates imparted by the cold
mold and the possible static recrystallization at room tem-
perature. The corresponding grain size distribution data,
collected from a number of samples, are shown in Fig. 2b. It
is clear that a somewhat skewed distribution with an average
grain size of about 4.2 um and a standard deviation of 1.9 pm
has been achieved. However, the microstructure of the mate-
rial after 8 passes of MDEF, depicted in Fig 3a, is indicative of
a more refined state, implying that dynamic recrystallization
has occurred during the MDF process. The grain size data
histogram in Fig. 3b exhibits a normal distribution with an
average grain size of about 2 um and a small standard de-
viation of 0.6 um. In fine-grained materials, a uniform grain
size distribution is important in achieving homogeneous
mechanical properties.

The results of indentation tests are shown in Fig. 4,
where the indentation length is plotted against time. It can
be inferred from this figure that the indentation diagonal

100
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Fig. 2. (a) Optical micrograph and (b) grain size distribution of the
unMDFed material.

length increases with the loading time and the number of
MDF passes. In other words, the level of indentation curves
and their slopes in the steady-state region are higher for the
8-pass condition with a grain size of 2 um, while for the 2-pass
material with a grain size of 3.5 pm there is not much increase
in indentation diagonal length. Hence, indentation creep
occurs more readily in the material with a finer grain size.

It is generally accepted that the mechanical behavior
of metallic materials at homologous temperatures higher
than 0.3 can be fairly expressed by the power-law creep in
a wide range strain rates. Thus, for steady-state creep, the
relationship between the strain rate, ¢, and the tensile stress,
o, at a constant temperature can be expressed by:

é:AO_n:AO_I/m (1)

where A is a constant, n is the steady-state stress exponent,
and m is the SRS index defined as:
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&

Assuming an analogy between strain and diagonal length
from one side, and stress and hardness from the other side,
the following relationship is obtained:
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Fig. 3. (a) Optical micrograph and (b) grain size distribution of the
material after 8 passes of MDE
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Fig. 4. Indentation creep curves for different conditions.
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where H_ is the Vickers hardness number, d is the indentation
diagonal length, and d is the rate of variation in indentation
length. This implies that if H, is plotted against d on a
double logarithmic scale, a straight line would be obtained,
the slope of which is the stress exponent, m. This is shown
in Fig. 5, where m-values in the range 0.08-0.5 are obtained
for the materials experiencing 2-8 MDF passes, respectively.
Sargent and Ashby [13] carried out hot hardness tests on
a wide range of materials and proposed a dimensional analy-
sis for indentation creep. According to their model, the dis-
placement rate of an indenter has been derived as:

1/m

-
slefem] o

2 0
where A is the projected area of indentation, C, is a constant,

¢, is the rate at a reference stress o, 7 is the SRS index, and P
is the applied load. For a pyramid indenter the penetration is

proportional to V4, i.e.,
u= C3\/Z

(5)
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Fig. 5. Plots of In(H, ) against In(d°) after different MDF passes to de-
termine the SRS index, m.

Differentiating Eq. (5) with respect to time and
substituting into Eq. (4) gives
dA ) P
L =Cié A —
dt Ao, (6)

1/m

where C, and C, are constants. When P is held constant,
Eq. (6) can be rewritten as

1/m

1 \(dH, (H

— =—C,| =¥ 7
Hv(dtj oo 7

0

According to Eq. (7), a plot of In(H,) versus In[(-1/Hv)
(dHv/dt)] at a constant temperature has a slope of m. The
results obtained by this approach are illustrated in Fig. 6 for
all material conditions. Similar to the previous method of
analysis, lines with different single slopes of m are obtained
for each condition. The obtained m-values are in the range
0.08-0.48 for the materials after 2 to 8 MDF passes.

Sargent and Ashby have also derived the following
relationship between indentation hardness and dwell time:

O,
H,(t)=——"— (8)
(nC 480t)

where H () is the time-dependent hardness. Hence, from Eq.
(8), the slope of a plot of In(H ) against In(f) at a constant
temperature is — m. The results obtained based on this
approach are demonstrated in Fig. 7. This figure shows that
the hardness of all tested conditions of the material can be
represented as linear functions of time. Accordingly, m-values
calculated from the slope of the fitted lines were found to be
0.08-0.48 for the materials after 2 to 8 MDF passes.

One interesting point on the hardness results in Figs. 4
through 7 is that the Hv values are reduced with increasing
numbers of MDF passes whereas grain sizes are reduced. This
may seem to be against the Hall-Petch relationship, from
which one may expect higher hardness values at smaller grain
sizes. The softening behavior of the HPT-processed materials
is recently reviewed by Kawasaki [14]. It has been stated that
there is a unique softening behavior in metals and alloys after
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Fig. 6. The In(Hv) vs. In[(-1/Hv)(dHv/dt)] curves with the slope of m.
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Fig. 7. Hardness-dwell time log-log plots giving straight lines with
the slope of -m.

HPT when the homologous temperature of processing is
very high. This has been reported to be the case in ultrafine-
grained Zn-22% Al eutectoid and ultrafine-grained Pb-62%
Sn eutectic alloys after HPT at room temperature. Different
microstructural reasons such as significant reduction in
the distribution of the stable hexagonal close-packed Zn
precipitates in Zn-Al [15] and similar loss in precipitation in
the Pb-Sn alloy during deformation by HPT [16] have been
put forward for the observed softening after severe plastic
deformation of these materials. Inarecentreport, the plasticity
and strain rate sensitivity of an ultrafine-grained Zn-22% Al
alloy after HPT was examined by nanoindentation which
demonstrated the clear softening and increasing m-values
with increasing number of HPT turns [17].

In all of the above studies, softening has been manifested
by a detectable drop in either yield stress or hardness values
measured after deformation. The nature of this softening
behavior is different from that observed in the present
study. Here, the short-term hardness values obtained at the
dwell time of 0.5 min are very close for all conditions of the
material, as shown in Fig. 4. On the other hand, the difference
in the measured hardness values of the material after different
MDF passes at longer dwell times is significantly high. This
implies that creep resistance is strongly affected by the
number of MDF passes, while the short-term hardness that
is an indication of the yield stress is not much changed. In
other words, smaller grain size has provided a higher density
of grain boundaries, which can ease grain boundary sliding
of the stressed material during dwell time, the effect which is
not dominant in short-term hardness tests.

A summary of the SRS indices calculated via each of
the above mentioned approaches are given in Table 1 for all
tested conditions. As can be seen the m-values calculated by
different approaches are in good agreement with each other,
indicating the similarity of the derivation methods. It is also
evident that the obtained m-values increase with increasing
the number of MDF passes. The average m-values of 0.08,
0.24, 0.31 and 0.49 are obtained for the material after 2, 4, 6
and 8 passes of MDE, respectively.

The observed difference in the indentation behavior, as
indicated by different m-values of the material after several
MDF passes, can be attributed to their grain sizes and grain

Table 1. The SRS indices of the materials after different passes of MDF
derived from different methods.

SRS index, m
. In(Hv) vs.
Condi-  In(Hv) In[(-1/Fv) In(Hv) Average
tion Vs. i vs.In(t) m-value
In(d°) (dHv/dt)]
2 Passes 0.08 0.08 0.08 0.08
4 Passes 0.25 0.23 0.24 0.24
6 Passes 0.32 0.30 0.30 0.31
8 Passes 0.50 0.48 0.48 0.49

types. By increasing the number of MDF passes the grain
size decreases and SRS index increases. This behavior is in
agreement with the Gifkins' core-mantle theory suggesting
that for a constant width of mantle, an increasingly fine grain
size results in a domination of the mantle behavior and thus,
the SRS index begins to increase [18]. It is worth noting that
although the unMDFed material possesses a relatively small
grain size of 4.2 pm, its SRS index of less than 0.08 is not
as high as those of the material after MDEF. This is believed
to be due to the presence of some coarse grains, which have
resulted in the non-uniformity of the grain structure with a
relatively high standard deviation of 1.9 pm in the unMDFed
condition. Moreover, the lack of high angle grain boundaries
that are essential for the achievement of high SRS indices
can be another possible reason for the observed behavior.
On the contrary, it seems that processing by MDF not only
refines the grain structure, but also increases the density
of the high-angle grain boundaries. The high m-values of
0.49 obtained after 8 passes of MDF are in accord with this
argument. It is well accepted that at SRS index values close
to 0.5, superplastic deformation mechanisms such as grain
boundary sliding become prominent [19]. SRS indices of
about 0.45 to 0.5 have been reported in the indentation creep
of a superplastic lead-tin eutectic alloy [8]. More recently,
SRS indices of about 0.4 have been reported for the Sn-1Bi
alloy processed by four passes of ECAP [11]. It is therefore
concluded that after 8 passes of MDE, the present Sn-1Bi alloy
can develop a fine-grained microstructure with superplastic
indentation behavior caused by grain boundary sliding.

4. Conclusions

1. It is experimentally shown that an indentation creep
test provides a convenient method for measuring strain rate
sensitivity (SRS) and thereby assessing the ability of a material
to undergo superplastic deformation.

2. The SRS indices calculated from different methods of
analysis are in good agreement with each other. The average
SRS values obtained from different approaches were found
to be 0.08, 0.24, 0.31 and 0.49 for the 2, 4, 6 and 8 passes of
MDE respectively. This implies that with increasing numbers
of MDF passes, the SRS indices increase and superplastic
deformation is encouraged.

3. The highest m-value of 0.49, obtained for the alloy after 8
MDF passes, together with a very fine-grained microstructure
with an average grain size of 2 pm are indicative of a grain
boundary sliding mechanism at room temperature
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