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ABSTRACT: Poly(vinyl acetate) (PVAc) loaded bismuth
oxide (Bi2O3) nanowires was successfully prepared at low
temperature and ambient pressure. X-ray diffraction and
transmission electron microscopy were used to character-
ize the final product. It was found that Bi2O3 nanowires
were formed and the diameter of the rods was confined to
within 8 nm. The diameter and length of formed rods was
found increase by increasing the bismuth oxide concentra-
tion in the PVAc matrix. The current-voltage (I-V) charac-
teristic curves revealed that the charge transport is mainly
nonlinear due to grain boundary contribution. The com-
plex impedance spectroscopy was confirmed that the grain

boundary effect controls the charge transport mechanism
through nanocomposites. The deformation behavior after
preparing the nanocomposites, irrespective of Bi2O3 con-
centration, is similar to that of the unfilled elastomer,
implying that the mechanism of large deformation is
mainly governed by the matrix. The mechanical measure-
ments confirmed that the bismuth oxide has rod-like
shape. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 118: 1598–
1605, 2010
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INTRODUCTION

Nanostructured materials constitute a rapidly grow-
ing field, in terms of both scientific interest and
industrial application. Chemical structures and sys-
tems within the size range from 1 to 100 nm in one,
two and three dimensions are typical for such mate-
rials. They are attracting considerable attention,
because they present new challenges for the chemist.
Nanoparticles may take on quite different shapes
such as spheroids, mushrooms, platelets, rods or
tubes, and the form adopted plays a large role in
determining the basic properties,1 for example, iso-
tropic or anisotropic behavior and region-dependent
surface reactivity.2

In recent years, an enormous amount of research
work has been devoted to the study of one-dimen-
sional (1D) nanostructure materials such as nano-
wires, nanotubes and nanobelts, due to their novel
properties different from conventional bulk materials
and potential applications in nanoscale electronic
and optoelectronic devices.3 Nanowires of various
compositions have been synthesized using a wide

variety of methods including carbothermal reactions,
vapor–liquid–solid (VLS) growth, vapor–solid (VS)
growth, template-assisted route, and solvothermal
synthesis.3 Moreover, some nanowires have been
employed to construct such exciting systems as
nanowire integrated systems4 and nanolasers.5 Con-
sidering the importance of metal oxides in catalysis,
electrochemistry, optics, functional ceramics and sen-
sors, their fabrication in 1D nanostructured morphol-
ogy appears to be a particularly attractive goal.
Recently, bismuth oxide (Bi2O3) has been investi-

gated extensively due to its optical and electrical
properties such as refractive index, large energy
band gap, dielectric permittivity as well as remark-
able photoluminescence and photoconductivity.
These properties make bismuth oxide an interesting
candidate for applications in the fields such as optoe-
lectronics, optical coatings, gas sensors, Schottky bar-
rier solar cells, metal-insulator-semiconductor capaci-
tors, microwave integrated circuits, etc. Bi2O3 shows
four main structures that are denoted by a-, b-, c-,
and d-Bi2O3.

6 The low-temperature a-phase and high-
temperature d-phase are stable, and the others are
high-temperature metastable phases.7 These special
features explain the great effort devoted to the inves-
tigation of Bi2O3 polymorphs over the last years.
Typically Bi2O3 is prepared via the oxidation of

bismuth metal at 800�C via thermal decomposition
of carbonates or hydroxides produced by the addi-
tion of alkali-metal hydroxides to bismuth salt solu-
tion.8–10 These powders on calcinations yield fine
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particles of Bi2O3. Flame spray pyrolysis11 is also
used to produce nano-sized Bi2O3 particles. The
properties of ceramics are greatly affected by the
characteristics of the powder, such as particle size,
morphology, purity and chemical composition. Using
chemical methods, e.g., coprecipitation, sol–gel,
hydrothermal and colloid emulsion technique have
been confirmed to efficiently control the morphology
and chemical composition of prepared powders.
Here, we report a simple urea-nitrate process for the
preparation of nanowire Bi2O3. This method is com-
monly used for preparation of various oxides12–15 and
not yet reported for the preparation of Bi2O3

ceramics. Urea is used as a fuel, precipitating agent
and as a resin former with formaldehyde. When urea
is used along with nitrate salt of a cation and heated
at 400�C, the exothermic reaction between nitrate (ox-
idant reactant) and urea (fuel) leads to formation of
corresponding nanowire oxides.

To the best of our knowledge, no experimental
work has been reported on the effect of Bi2O3 nano-
wire on polymeric materials. The future application
of these materials strongly depends on the success
of improving their mechanical and electrical proper-
ties. With this in mind, the purpose of the present
contribution is to present new data for the effect of
Bi2O3 nanowire on the electrical and mechanical
properties of poly(vinyl acetate) (PVAc) as much
detail as possible.

EXPERIMENTAL

Materials and processing

To synthesize Bi2O3 with the shapes of nanorods
and nanowires, 0.3 mol bismuth nitrate pentahydrate
(Bi(NO3)3�5H2O) was dissolved in 20 mL nitric acid
and 0.5 mol urea (NH2CONH2) was dissolved in
30 mL de-ionized water. These two solutions were
added to each other and kept refluxing on the mag-
netic stirrer at 120�C, until the mixture color changes
to yellow; indicating the formation of bismuth oxide.
The obtained powder was filtered and washed many
times by de-ionizes water and left in an electric oven
at 60�C to remove the solvent. Then the nanopwder
calcined at 400�C.

A solution of poly(vinyl acetate) PVAc (average
molecular weight 30,000 g mol�1; obtained from
Aldrich and used as received) was prepared by dis-
solving 6 g of PVAc into 100 mL benzene and kept
stirring at 90�C for 3 h to give a viscous transparent
solution. Required amount (0.1, 0.3, 0.5, 0.7, and
0.9%) of bismuth oxide was added to the polymer
solution and kept stirring for 1 h at 90�C, after that
they were cast in glass dishes and left to dry in a
dry atmosphere at room temperature. Samples were
transferred to an electric oven held at 60�C for 48 h

to minimize the residual solvent. The thickness of
the obtained films was in the range 0.2 mm.

Measurements

Transmission electron micrographs were obtained
from Philips CM 12 transmission electron micro-
scope (TEM). The colloidal solution containing Bi2O3

nanocrystals stabilized in the presence of PVAc was
dropped over a carbon coated copper grid and dried
in air at room temperature. The x-ray diffraction
(XRD) pattern was measured using (A Philips PW
1370) x-ray diffractometer operating at 35 kV and
15 mA, using a monochromated Ni filter, radiation
(k ¼ 0.1789 nm), a scanning rate of (2� min�1), and a
range of 20 < 2H < 60.
The stress–strain behavior in the case of uniaxial

extension was measured at room temperature using
a material tester (AMETEK) connected by a digital
force gauge (Hunter Spring ACCU Force II, 0.01 N
resolution) to measure the stress force. The force
gauge was interfaced with a computer to record the
obtained data. The stress–strain behavior was meas-
ured at a strain rate of 0.1 s�1.
For electrical measurements the samples were

made in the form of discs with 2 mm thick and 1 cm
diameter. Silver paste was painted to the parallel
faces of the samples as electrodes. In electrical meas-
urements a digital electrometer (616 Keithly) was
used. Aregulated noninductive furnace cell con-
nected to a temperature controller (Digi-Sense, IL
60,010) was used to vary sample temperature from
30 to 180�C with constant rate of 2�C/min.

RESULTS AND DISCUSSION

TEM analysis

Figure 1 depicts a transmission electron microscopy
(TEM) image of as-prepared PVAc loaded with 0.1,
0.5, and 0.9 wt % of Bi2O3. Bismuth oxide rods like
shape were formed in the PVAc matrix with a diam-
eter of 8.3 6 0.6 nm, 19.4 6 0.5 and 23.2 6 1.4,
respectively. On the other hand as the bismuth oxide
content increases in the PVAc matrix, the rod length
increases and mesh like shape had been formed. The
average particle size for all nanocomposite films was
presented in Table I.
For this work, the process of formation of Bi2O3

may be proposed as follows:
In acidic solution: Bi3þ þ Urea ! [Bi(Urea)3]

3þ !
Bi2O3 (yellow)
When Bi(NO3)3�5H2O and urea were dissolved in

nitric acid and de-ionized water, [Bi(Urea)3]
3þ com-

plexes formed. Subsequently, the [Bi(Urea)3]
3þ com-

plexes were decomposed at 120�C, and Bi2O3 yellow
precipitates were produced.16,17
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The acidities have a strong influence on the prod-
uct morphologies, controlled by the nucleation and
growth processes. In acid-free solution, the product
was irregular shape (result not shown). It is in ac-
cordance with those synthesized by Lu et al.18 and
Dong et al.,19 and the precipitates were expected to
be BiONO3.

19 When 20 mL of HNO3 was added to
the solution the reaction rate became much faster,
and a number of Bi2O3 nuclei formed. The nuclei
were so many that they clustered into spherical
cores16 with active sites on the surfaces. As time
passed, Bi2O3 nanorods grew out of the active sites
on the spheres, and nanorods were finally produced,
due to their inherent chain-type structure.

XRD analysis

XRD pattern of poly(vinyl acetate) doped bismuth
oxide at concentrations ranging from 0.1 to 0.9 wt %
is shown in Figure 2 for 2H values of 20 to 60�. This
figure shows that the bismuth oxide diffraction
peaks decreases in intensity due to the embedded
into poly(vinyl acetate) with an incremental broad-
ening of the peaks. This can be attributed to the
reduction in intermolecular interaction between
PVAc chains on incorporating Bi2O3. Above a mini-
mum fraction of Bi2O3 content (from 0.7 wt %
upwards), the samples exhibit additional peaks apart
from those below 0.7 wt %. Sample 0.9 wt %, maxi-
mum Bi2O3 content, exhibits Bi2O3 reflection peak
shaper than other samples. On indexing the peaks
the samples showed the pattern and the observed d

lines match the reported values for the b-Bi2O3

phase (JCPDS no. 27–50). The calculated lattice pa-
rameters by least square fit are a ¼ 7.732 Å and c ¼
5.618 Å. The average particle size for nanocomposite
films was calculated by using Scherrer formula20

d ¼ kk
b cos h

(1)

where k is a constant which is taken to be 0.9, k the
wavelength of x-rays used (0.1789 nm), b the full
width at half maximum (FWHM) and H is the angle
of diffraction. The average diameter of nanocompo-
site films was presented in Table I. From such table,
it is clear that the average particle sizes matche well
those obtained from TEM.

Electrical properties

The percolation threshold is a basic characteristic of a
conductive composite; in this case the percolation
threshold defines the composition range for studying
the effect of Bi2O3 on conductivity. Figure 3 shows the

Figure 1 TEM image for bismuth oxide doped PVAc at different concentrations (a) 0.1 wt %, (b) 0.5 wt % and (c) 0.9 wt %.

TABLE I
The Particle Size of Bi2O3 Nanoparticles Embedded Into

PVAc Matrix

Bi2O3

concentration
(wt %)

TEM XRD

Particle
size (nm)

Particle
size (nm)

0.1 8.30 6 0.60 8.23
0.3 12.10 6 0.20 12.20
0.5 19.40 6 0.50 19.50
0.7 21.10 6 0.20 21.20
0.9 23.20 6 1.40 23.80 Figure 2 XRD for PVAc loaded different concentrations

of bismuth oxide.
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variation of the resistivity with the volume fraction of
filler. A typical S-shaped curve is observed that sepa-
rates three regions: insulating, transition, and conduc-
tive. The model that is most often used to quantify
the changes in the transition and conductive regions
is the so-called statistical percolation model.21 Pro-
posed by Kirkpatrick22 and Zallen,23 this model pre-
dicts the electrical resistivity of an insulator-conductor
binary mixture by assuming random positions of the
filler particles. The result is a power-law variation of
the resistivity q, above the percolation threshold:

qa
V � VC

1� VC

� ��t

(2)

where V is the volume fraction of filler, Vc the per-
colation threshold and t is a universal exponent that
is close to 2 for a 3D dispersion.24 The two parame-
ters fit are represented in Figure 3 by the dotted line
and gives Vc ¼ 0.7 and t ¼ 2.01. The value of the
exponent t is consistent with the model prediction.
The significant point here is that the percolation con-
centration is low comparing with nano-spherical
particles. It may be attributed to the tendency of
nano-spherical particles to aggregates in the polymer
matrix, while nanorods have low tendency to aggre-
gates and dispersed well into the polymer matrix.

The I–V characteristics of the PVAc loaded differ-
ent concentrations of biamuth oxide nanowire are
shown in Figure 4. The I–V behavior is linear (i.e.,
ohmic) at small voltages and becomes nonlinear
above a certain voltage, which is typical of a varis-

tor-like device. The a values were obtained from the
I–V curve in the nonlinear region, by a linear fit for
the log I versus log V data according to the relation
I ¼ KVa. The values of nonlinear coefficient a are
given in Table II. These data show that the values of
a decreased as the bismuth oxide concentration
increase. Since, the grains are much larger in size
and the grain surface area is much smaller. This
enhancement of density and intergrain contacts
leads to lower resistivity in the nanocomposite.
Therefore, one can conclude that there is a strong
correlation between the ceramic grain structure and
the values of resistivity and a. The a value of the ce-
ramic is higher when the resistivity is higher (when
Bi2O3 concentration is low in PVAc matrix), which is
attributed to smaller grain size and hence larger
grain surface area. When Bi2O3 concentration
increase, the resistivity will decreased and the a
value will become much smaller (compared to low
concentrations). The highly nonlinear I–V character-
istics indicate a tunneling type transport mechanism
across a highly resistive potential barrier created by
the grain boundary and the intergrain distance.25

Let us now consider the complex impedance spec-
troscopy which is a powerful tool in separating out
the bulk and grain boundary effects. The impedance
spectra of nanocomposites is measured and presented
in Figure 5(a). This figure indicates that, the spectrum
exhibits two semicircles. The low frequency semicircle
was interpreted as due to the grain boundary effects

Figure 3 The resistivity vs. bismuth oxide content.

Figure 4 The I-V characteristic curves of nanocomposites.

TABLE II
The Calculated Values of Nonlinear Coefficient (a),
Grain Resistance (Rg) and Grain Boundary Resistance

(Rgb) of Bi2O3/PVAc Nanocomposite Films

Bi2O3

concentration (wt %) a Rg X Rgb X Rgb/Rg

0.1 5.50 30 3.2 � 108 1.06 � 107
0.3 3.68 40 1.4 � 106 3.50 � 104
0.5 3.09 50 1.3 � 104 260
0.7 2.70 72 2.6 � 102 3.60
0.9 2.11 80 150 1.87
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and the higher frequency semicircle due to the nano
grain interior.26 According to Maxwell-Wagner two-
layer equivalent circuit model,27 the high frequency
semicircle was due to the contribution from the grain
boundaries. The modified Cole–Cole expression,28 for
the distribution of impedance based on the two-layer
model, in which the complex impedance Z*(x) con-
sists of two coincide semicircles, can be written as

Z�ðxÞ ¼ Ro þ R1 � Ro

1þ ðixsgÞ1�ag
þ R2 � R1

1þ ðixsgbÞ1�agb
(3)

where Ro, R1 and R2 are the intercepts with the real
impedance axis of the high frequency and low fre-
quency semicircle ends as indicated in Figure 5(b).
sg and sgb are the mean relaxation times for the grain
and grain boundary conduction processes, respec-
tively. ag and agb are two parameters indicate the
deviation of the impedance plot shape from the ideal
semicircular shape of the Debye model for the grain
and grain boundary, respectively.

The values of Rg and Rgb represent the contribu-
tions to the total resistance of the sample by the
grains and grain boundaries, which are given by the
diameters of the semicircles. The ratio of Rgb/Rg can
directly show the difference of grain and grain
boundary resistance. As can be seen from Table II,
the samples with higher ratio of Rgb/Rg exhibit elec-
trical properties and the samples with lower ratio of
Rgb/Rg exhibit approximately linear electrical prop-
erties. This is attributed to the trapping of electrons
by the localized states within or at the grain bounda-
ries of nanocrystalline Bi2O3. Grain boundaries in
nanostructured metal oxides contain a large number
of interface states localized between two adjacent
grains. Such interface states are possibly created by
dislocations introduced by crystallographic mis-
match between the adjacent grains, thereby leading
to dangling bonds or other interfacial defects.29,30 All
the traps present in grain boundaries capture free
electrons from the adjoining grains.31,32 For nano-

Bi2O3 of small grain sizes which are less than the
Debye length (22 nm for nano-Bi2O3

9), bulk grains
can be fully depleted by the traps and the whole
specimen may behave like a compensated semicon-
ductor with nonuniform spatial trap distribution.
This results in the accumulation of electrons at the
grain boundary region, which become electrically
active, causing the enhanced conductivity of the grain
boundary region. In this contribution, since the grain
size of nano-Bi2O3 (at low concentrations) is less than
the Debye length, the trap-limited process might be
more predominant. The conduction along the grain
boundaries is attributable to the trapping and detrap-
ping,33 and nearest-neighbor hopping of electrons.34

Figure 6 shows the variation of electrical conduc-
tivity with temperature for PVAc loaded different
concentrations of bismuth oxide. Several features are

Figure 5 Impedance spectra of nanocomposites.

Figure 6 The variation of electrical conductivity with
temperature for PVAc loaded different concentrations of
bismuth oxide.
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observed, the first, all samples below the percolation
concentration (from 0.1 to 0.5 wt %) exhibits PTCC
(i.e., positive temperature coefficient of conductiv-
ity), this means that the conductivity increases
against temperature. The second, the samples above
percolation concentration (0.9 wt %) exhibits i.e.,
negative temperature coefficient of conductivity
(NTCC), this means that the conductivity decreases
against temperature. The third, sample 0.7 wt %,
which belongs to the region of percolation concen-
tration, exhibits NTCC up to temperature 393 K and
after this temperature it exhibits PTCC.

From such behavior one can conclude that, at low
concentrations the distance between bismuth oxide
nanorods is large, results in an increase of the elec-
trons hopping path, as the temperature increase
there will be a completion between thermal activa-
tion and polymer expansion, until certain tempera-
ture 340 K the thermal activation is the predominant
results in an increase of the conductivity. At high
concentration the distance between bismuth oxide
nanorods is very small and the distribution of bis-
muth oxide becomes in the form of mesh like shape
as shown in TEM figure. As the temperature
increase the polymer expanded results in a destruc-
tion of this mesh, so the hopping path of electrons
decrease and the conductivity decrease in turn.

At percolation concentration the sample has both
behavior, a decrease in the conductivity due to the
polymer expansion up to 393 K and then increase in
conductivity as a result of thermal activation.

The NTCC and PTCC can be estimated according
to the equation:

ðNTCC;PTCCÞ ¼ 6
1

r

� �
dr
dT

� �
(4)

NTCC and PTCC values for all samples are
recorded in Table III.

To compare the NTCC and PTCC intensity quanti-
tatively, the NTCC intensity (INTCC) and the PTCC
intensity (IPTCC) is defined as35:

INTCC ¼ log
r
rRT

� �
(5)

where r and rRT are the conductivities at higher
and at room temperature respectively. The NTCC
and PTCC intensities were calculated and summar-
ized in Table III.
It is found that PTCC increase with increasing bis-

muth oxide concentrations while NTCC decrease
with increasing bismuth oxide concentrations. This
indicates that bismuth oxide increases the ordering
and/or texturing of the polymer matrix as men-
tioned earlier. This means that PVAc/Bi2O3 nano-
composites can be used as NTCC and PTCC
thermistors.

Mechanical properties

Stress–strain behavior

Figure 7 shows the stress–strain curves obtained
with various amounts of bismuth oxide dispersed in
the PVAc matrix. The stress–strain curves were fit-
ted by the Ogden model36 and plotted in Figure 7.

r ¼ 2l1
a1

½1þ e�a1�1 þ ½1þ e��
a1
2 þ1ð Þ� �

(6)

where l1 ¼ lo ¼ Eo/2(1þm) ¼ Eo/3 for an incom-
pressible material, with Eo and m being Young’s
modulus at the small strain deformation state and
Poisson’s ratio, respectively. r is the applied stress
and e is the strain. a1 is a material parameter
depends on the host polymer.

TABLE III
The Calculated Values of NTCC, PTCC, INTCC, and IPTCC

of Bi2O3 /PVAc Nanocomposite Films

Bi2O3

concentration
(wt %)

NTCC
(10�3 �C�1)

PTCC
(10�3 �C�1) INTCC IPTCC

0.1 – 0.02 – 0.39
0.3 – 1.12 – 2.28
0.5 – 1.64 – 2.42
0.7 7.12 3.01 1.16 2.77
0.9 4.49 – 0.50 –

Figure 7 The stress–strain curves for all polymer sam-
ples; --- line represents the fitted curves by the Ogden
model.
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The fitting parameters, which are derived from
the Ogden model, for all samples are presented in
Table IV. From such table, it was found that by
increasing the concentration of filler, a gradual
improvement in modulus was observed. The results
were compared with the Guth reinforcement
model.37 The model for spherical reinforcing par-
ticles has the form:

E ¼ Eoð1þ 2:5V þ 14:1V2Þ (7)

An alternative formulation accounts for nonspheri-
cal particles. For rod-like particles of aspect ratio f,
the reinforcement is given by38:

E ¼ Eoð1þ 0:67fV þ 1:62f 2V2Þ (8)

Using f as an adjustable parameter, an excellent fit
was obtained with f ¼ 7, Figure 8. The importance
of particle–particle interactions was inferred from
the need for the second term in eq. (8), to describe
the mechanical reinforcement. These results confirm
the TEM photographs for rod-like shape.

Effect of tensile strain on electrical conductivity

Figure 9 represents the relative conductivity (r/ro),
as a function of tensile strain for all nanocomposites.
From such a figure, it is found that r/ro increases
linearly with the applied load in certain range; after
it the change is marginal. The change of r/ro

results in the change in hopping distance between
Bi2O3 nanowires during the applied strain. This dis-
tance is determined according to eq. (9) and pre-
sented in Table V.

u
1
3 ¼ D� ðL�DÞ

ðDþ aÞ � L
(9)

where L is the sample length, D the particle size of
the conducting filler and a is the interdomain dis-
tance which depends on the concentration of con-
ducting phase (u).39,40

Table V indicates that during application of tensile
strain the interparticle distance changes giving rise

TABLE IV
The Fitted Parameters of the Ogden Model for Stress–Strain Behavior

Sample 0.1 (wt %) 0.3 (wt %) 0.5 (wt %) 0.7 (wt %) 0.9 (wt %)

l1 (MPa) 0.30 6 0.02 0.83 6 0.03 1.65 6 0.12 2.69 6 0.13 4.16 6 0.13
a1 1.2 6 0.03 1.2 6 0.04 1.2 6 0.08 1.2 6 0.07 1.2 6 0.03

Figure 8 The relative modulus (E/Eo) as a function of bis-
muth oxide volume fraction.

Figure 9 The relative conductivity (r/ro) as a function
of tensile strain for nanocomposite films.
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to a rapid change in electrical conductivity. Thus, a
small change in (a) gives rises to a large change in
(r). To get maximum piezo-sensitivity, the value of
(a) should be optimum since its change with applied
strain will decide the change in sample resistance.41

For low concentrations of Bi2O3, (a) will be large and
change in (a) small while at high concentrations, (a)
is small and change in (a) is large. Accordingly, the
piezo-sensitivity will also change according to com-
position and it shows the maximum value at a cer-
tain critical composition, 0.7 wt %, at which (a) is
optimized.

CONCLUSION

Different concentrations of nanoscale Bismuth oxide
doped poly(vinyl acetate) was successfully prepared.
The nanocomposites were characterized by TEM and
XRD. The results have been indicated that b-Bi2O3

phase in the form of rod-like shape. The diameter
and length of bismuth oxide was increased as its con-
centration in the PVAc matrix increase. The typical
I-V characteristic curve of the nanocomposites is indi-
cated a nonohmic behavior. This nonlinearity is due
to the grain boundary effect. The complex impedance
spectroscopy confirmed that the charge transport
mechanism is mainly governed by grain boundary
effect. The percolation concentration was found equal
to 0.7 wt %. All samples below this concentration
have PTCC, above it have NTCC and at the percola-
tion has both behaviors. These results indicate that
PVAc loaded bismuth oxide can be used as a therm-
istor. The mechanical measurements confirmed that
the bismuth oxide in the form as rod-like shape
which agrees with the TEM results. The polymer con-
tains 0.7 wt % of bismuth oxide nanowire was the
most sensitive to tensile strain variation.
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TABLE V
The Interparticle Distance Between Bi2O3 Nanowires for
All Nanocomposites Under the Effect of Tensile Strain

Bi2O3

concentration
(wt %)

a (nm)

Strain
¼ 5%

Strain
¼ 10%

Strain
¼ 15%

Strain
¼ 20%

0.1 125 6 2 130 6 1 134 6 2 137 6 2
0.3 119 6 3 121 6 2 128 6 2 130 6 3
0.5 99 6 1 102 6 3 112 6 4 121 6 6
0.7 81 6 5 126 6 5 145 6 4 163 6 3
0.9 76 6 3 89 6 4 106 6 1 117 6 2
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