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Measurement of Lateral Deformation in Natural
and High Damping Rubbers in Large Deformation
Uniaxial Tests

ABSTRACT: In testing the mechanical behavior of rubbers, the incompressibility assumption is used to predict the deformed cross section under
loading and thereby to calculate the true stress. There are, however, cases where rubbers can undergo considerable volumetric deformation in large
strain experiments. Microstructural investigation through a scanning electron microscope was carried out on a void-filled natural rubber specimen
to clarify the effect of voids on the compressibility feature. The microstructure of the natural rubber was observed qualitatively and quantitatively
in uniaxial tension and compared to the microstructure in the undeformed condition. The existence of the compressibility feature in the void-filled
rubber was confirmed from amicrostructural viewpoint. The findings indicate the necessity of accurate measurement of the deformed cross section
in mechanical tests to obtain the true stress. To this end, an experimental setup capable of measuring the deformed cross section of the rubber spec-
imens subjected to large uniaxial compression is proposed. To do this, the accuracy of laser beams is used for measurement of distance and a me-
chanical jig is developed to synchronize the movement of the laser transducer with the vertical crosshead of the load cell of a computer-controlled
servohydraulic testing machine. Thus the constraints associated with conventional strain gagesin measuring large strains are overcome. Finally, two
natural rubber specimens and one high damping rubber specimen were tested in the proposed setup to display the adequacy of the devel oped device
in measuring lateral deformation of rubber-like highly deformable solidsin large strain uniaxial testing.

KEYWORDS: incompressibility, large deformation, void-filled microstructure, lateral deformation measurement, uniaxial test, natural rubber,
high damping rubber
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Natural gum rubber isderived from natural sources. It fallsinthe
class of polymeric materials. However, such rubber is unsuitable

for engineering applications and it therefore needs vulcanization 0 0 X

treatment. During the treatment, carbon black particles are added as

filler together with some sulfur and other elements to create o 0 0 O

crosslink bonds within the molecular chains of the polymer. Such o o h O 0O 1
treatment changes the rubber microstructure and improves some of O lo [ DO 1 0 U

its mechanical properties [1-3]. Vulcanized natura rubbers are = DO T 0 0=0 N1 [
now widely used as shock absorbers, mounts, bridge bearings, 0 0 [ 10
seals, wind shoes, and tunnel linings. Recently, high damping rub- 0o 0 lo 0 DO 0 O

ber has been developed for base isolation bearings that protect 0 | 0 .

structures from earthquakes [4].

The bulk modulus of a solid rubber is usually very large and
it islarger by several orders of magnitude than the shear modu-
lus. Hence rubber is called an incompressible material. When an
incompressible material is subjected to uniaxial stretch (\,), the
relationship of the positions in undeformed and deformed con-
figurations is described by the following deformation gradient
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where

N1, A2, A3 = stretchesin three principal directions;
N1 A2 A3 = 1, meets the condition of incompressibility;
| = thelength of the specimen at timet: | = I(t),

Equation 1 shows a way of predicting lateral deformation (F2,
and F33) of an incompressible material by knowing F1; from uni-
axial tests. The deformed cross section perpendicul ar to theloading
direction can be calculated from this expression, and is tradition-
ally used to calculate the Cauchy (true) stress[8-10].

However, earlier works indicated that there are cases where
voids can remain present in rubber microstructure. Cornwell and
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Schapery [11] studied the fracture of particulate-filled rubber ma-
terialsin tension through a Scanning Electron Microscope (SEM).
In the study, arole of existing voids in the fracture process was
clarified through SEM observation. In addition, Hermann et al.
[12, 13] reported the possibility of the effect of microstructural
voids on the incompressibility property. Recently, Amin et a.
[14] and Amin [15] presented some SEM micrographs of differ-
ent natural rubber and high damping rubber specimens, where the
existence of microvoids was detected. It is apprehended that these
rubbers with voided microstructure may suffer from volumetric
deformation upon external loading. Hence, the validity of in-
compressibility assumption used for calculating the true stress
(Cauchy stress) may be subject to question. This indicates the ne-
cessity of measuring lateral deformation for acquiring the exact
stress-strain relationship.

To address this problem, Kugler et al. [16] used a direct optical
measurement technique to measure the lateral strain and Poisson’s
ratio in tension experiments. Later, Fishman and Machmer [17] in-
vestigated the capability of three possible test setups for bulk mod-
ulus determination. These were named the deformation jacket
method, volume change device method, and piston method. In an-
other effort, Migwi et al. [18] used thermal mechanical analysis
measurement equipment to measure the shear modulus and Pois-
son’s ratio and aso studied the effect of temperature on these pa-
rameters. Peng et a. [19] proposed an inexpensive testing method,
where a rubber disk can be tested in a fully confined condition
achieved by using ametal jacket. Nevertheless, it is worthwhile to
mention here that the primary motivation for proposing these ex-
perimental methods was to measure Poisson’s ratio, which is only
meaningful in small strain cases.

In contrast, due to large deformations (in arange of 50 % strain
or more), conventional strain gages fail to measure the strains.
This indicates the necessity of an optical measurement of the dis-
placement normal to the loading direction. In optical measure-
ment techniques, another problem arises due to the significant
shift of the measurement plane caused by avery large applied dis-
placement. However, no work is reported until now for a direct
measurement of the deformed cross section of a specimen that is
subjected to a large strain. In such a situation, Arruda and Boyce
[20], Lion [21], Boyce and Arruda [22] depended on engineering
stress (nominal stress) calculated on the basis of initial cross sec-
tion to present the experimental results. The standard procedure
for testing rubber in uniaxia tension (ASTM D 412-98a [23])
suggests a way for measuring nominal stress, but it does not sug-
gest any way for measuring the true stress. On the other hand,
Anand [24] and Peng and Cheng [25] indicate lack of published
experimental findings for validation of their theoretical models
for compressible rubbers.

With thisbackground, the paper comparesthe SEM micrographs
of avoid-filled natural rubber specimen in an undeformed state and
under uniaxial tension. An image analysis technique is used to
quantify the void area ratios of the specimen at different strain
magnitudes to show the effect of strain amplitude on the com-
pressibility. A mechanical test setup capable of measuring the lat-
eral deformation in alarge strain uniaxial compression test is pre-
sented. The measured lateral stretch and the corresponding Cauchy
stress-stretch relations are compared with those obtained from the
incompressibility assumption. Results obtained from three differ-
ent specimens with different microstructures are presented to dis-
play the applicability of the device to varied material types.

Specimens

Two types of natural rubber specimens (NR-1 and NR-I1) and
one high damping rubber (HDR) specimen are used in the present
work. Table 1 shows the details of the specimens. The earlier pre-
liminary study on rubber microstructure [14] has shown that the
NR-I contains a significant amount of microvoids, while in the
other two specimens void presence is very rare. The presence of
microvoidsin NR-I istherefore addressed in more detail in the cur-
rent work through qualitative and quantitative SEM observation to
learn their effect on microstructural deformation. However, due to
the scarce presence of voidsin NR-11 and HDR, no information on
microstructure could be gathered from the present SEM study.

Change of NR-I Microstructure Under In Situ Tension

SEM observations were performed to study the microstructure
of NR-1 in the undeformed state and under in situ tension. Obser-
vations were made using a computer-controlled SEM apparatus
(Jeol JSM 5600L V). Specialy prepared samples of the specimens
were placed in the SEM chamber after preliminary treatment.

Sample Preparation

Specimens (approximately 3 mm X 5 mm X 1.5 mm) were
prepared from the rubber blocks. A very sharp cutting edge and
the same cutting method were used for all specimens. Compara-
tive observations were made. Undeformed samples were mounted
on the SEM chamber using double-sided adhesive tapes. How-
ever, in case of applying in situ tension, glue was used to mount
the specimens at their edges. Ink marks were used to measure the
applied strain. After mounting, the samples were coated with a
conductor to ensure an electron-conducting path for the electron
beam. A gold-palladium coating was applied by using a vacuum
evaporator (Jeol JFC 1200 Fine Coater) operated at a pressure of
8 Pafor 45 s.

TABLE 1—Details of the specimens.

Specimen Designation

NR-I NR-I1 HDR
Application Genera purpose Bridge bearing Bridge bearing
Manufacturer Shinoda Rubber Co. Y okohama Rubber Co. Y okohama Rubber Co.
Strength 4.0 MPa* 0.98 MPar* 0.78 MPar*
Shape Cubic Cylindrical Cylindrical
Size H:50 mm, L:50 mm, W:50 mm H:41 mm, D:49 mm H:41 mm, D:49 mm

H: Height, L: Length, W: Width, D: Diameter, T: Thickness. * Tensile strength, ** Shear modulus tested according to J'S K 6301.
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Observations

The SEM image was viewed on amonitor and it was captured as
bitmap data using a personal computer. The observations were
done on undeformed specimens as well as on specimens under in
situtension at 1.2 and 1.4 stretch (giving 20 % and 40 % engineer-
ing strain) levels. Figure 1 presents the photomicrographs of NR-I
in the virgin state and under in situ tension. The figures clearly
show the presence of a significant number of voids in the mi-
crostructure that change in shape with application of stretch. Here
the voids are found to transform from a circular shape to a com-
pletely elliptical shape and to orient in the stretching direction with
increasing applied tensile stretch. The change in void shape can be
attributed to the application of tensile displacement. The voids ex-
tend in the stretching axis (associated with A1) and are compressed
in the two other axes (associated with A, and A3). The orientation
of voids along the direction of applied stretching can be noted from
the figure. This phenomenon also hints at the situation that voids
may experiencein the case of applying compressive stretch, which
isdifficult to observe in the SEM. In such a case, the applied com-
pressive stretch in one axis (associated with \;) causes a tension
stretch in the other two axes (associated with A, and A3). This ac-
tion will be further discussed when presenting the mechanical test
resultsin uniaxial compression.

Void Area Measurement

The samples were observed in different magnifications for pre-
cise measurements of the ratio of void area on a cross section. The
observations were made at the middle of the specimen to minimize
the boundary effects. Measurements of comparative void areas in
undeformed specimensand in situ tension specimenswere made us-
ing an image processing and analysis program (Scion Image 2000
[26]). To obtain representative values from the measurements, four
independent cal culations were done. The average values were then
recorded. The variations between the cal cul ations were found to be
within 0.7 %. The comparative voids measured from the SEM pho-
tographs are listed in Table 2. The values show that void arearatio

Jadeygl 3Ky decreases with increasing applied tension. This indicates the com-

. - ' X 53 pressibility featurein thevoid phase of the material at higher stretch

S8 160 dnDoed L e : levels. On the basis of mechanical test results, this observation will
P be further clarified in the later part of this paper.

M echanical Test Setup in Compression

The objective of devel oping the test setup wasto measure the de-
formed cross section of a rubber specimen subjected to large uni-
axial compressive strains of the order of 50 %. Displacement was
applied in the vertical direction (associated with A;) on the speci-
men that resulted in extension in the other two directions (associ-
ated with N\, and \3). To do this, a computer-controlled servohy-
draulic testing machine was used for loading the specimen. A laser
transducer was used to measure the deformed cross section. A me-
chanical device was devised to synchronize the laser device move-
ment with the movement of load cell crosshead. Measures were

TABLE 2—Measured void area ratiosin NR-I.

gy e ] ; : Specimens Void Area Ratio (%)
SO Vi Moy B L S SR )
C U Y YA N SN L $ s L1 A Undeformed _ 157x 07
FIG. 1—SEM micrographs of NR-1. (a) At undeformed state, (b) At 1.2~ Deformed under in situ tension (1.2 stretch level) 151=07

sretch level, (C) At 1.4 stretch level. Deformed under in situ tension (1.4 stretch level) 142+ 06
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FIG. 2—Schemetic flow chart of mechanical test setup.

taken to obtain a homogeneous deformation in the specimen by re-
ducing friction between the plates and the specimens to the mini-
mum. Figure 2 shows a schematic chart of the setup.

Load Cell

A computer-controlled servohydraulic testing machine (Shi-
madzu Servo Pulser 4800) was used with aload cell of 20-ton ca
pacity to apply displacement. The maximum stroke rate of the load
cell cross head was 50 mm/s. Displacement was applied in the ver-
tical direction on the specimen and the corresponding reaction was
obtained from the load cell as load.

Lateral Deformation Measurement Using Laser Transducer

Rubbers are relatively soft materials that undergo large defor-
mation upon loading. In the large deformation range, conventional
strain gages, having limited strain-measuring capacity, fail to give
any strain values. Furthermore, any conventional strain-measuring
deviceisrequired to be physicaly attached to the specimen. How-
ever, due to the soft nature of the material undergoing large defor-
mation, the strain gage itself causes local deformation of the spec-
imen. To overcome al these problems, an optical measurement
technique was adopted. The accurate laser beam was used for pre-
cise measurement of lateral displacement of the specimen at its
midheight. This opens the way for evaluating Cauchy stress (true
stress) at a cross section perpendicular to the direction of loading.
In the current work, alaser transducer (Ono Sokki LD-1110M-020)
having a measurement range of 100 mm was used. The transducer
uses laser rays of 3B class with 0.6 mm resolution. However, due
to the application of large vertical displacement to obtain a com-
pressive strain of around 50 %, the midheight point of the deformed
specimen shifts significantly from its undeformed location and the
laser transducer fails to catch the target point. To overcome this
problem, a special mechanical device was designed and con-
structed to synchronize the laser ray movement in the vertical di-
rection with the vertical movement of the load cell crosshead.

Mechanical Device for Controlling Laser Transducer Movement

The mechanical device consists of three horizontal plates,
namely afixed top plate, amovable |oad transfer plate, and afixed
bottom plate framed in two stiff vertical columns. An integrated

system consisting of boom, horizontal bar, slider channel, and
slider ring was designed to control the synchronous movement of a
laser transducer. To minimize the friction and thereby ensure fric-
tion free movement, the moving components were made from
smooth-surfaced stainless steel. Some additional lubricants also
were used with the moving components. Figures 3-5 show the de-
tails of the device.

Fixed Top and Bottom Plates—The bottom plate is a solid plate
and it is attached to the bottom frame of the testing machineto sup-
port the specimen. The top plate, however, contains a circular
opening and allows the free movement of the load cell crosshead.

Siff Vertical Columns—Two vertical columns are attached to
the fixed top and bottom plates. The columns are made of smooth
stainless stedl to allow friction-free movement of the load transfer
plate and the dlider rings.

Load Transfer Plate and Sider Rings—This is the plate where
the vertical crosshead of the load cell rests. The plate allows the
transfer of load to the specimen. It is attached to stainless steel
slider rings, which are capable of moving through the vertical
columns.

Boom, Horizontal Bar, and Sider Channel—The boom is made
of four steel limbs hinged at each end. One end of each of these
limbsis hinged either with the load transfer plate or the fixed bot-
tom plate. The other remaining ends of these limbs are hinged and
finally attached to a stainless steel horizontal bar through a specia
sliding ring. The ring allows only horizontal movement of the hor-
izontal bar and restricts vertical movement (Fig. 4). One end of the
horizontal bar is attached to a sliding channel and an L-cross sec-
tioned fixing plate to fix the laser transducer. The vertical reaction
produced by the specia dliding ring on the horizontal bar is trans-
ferred to the L-shaped fixing plate causing its vertical movement.
The sliding channel alowsthe friction-free movement of thefixing
plate along with the laser transducer in the vertical plane while pre-
venting any movement in the horizontal direction.

Sopper—To prevent any damage to the boom and its other ac-
cessories due to the accidental excess application of vertical dis-
placement, a steel block isfixed to the bottom plate.
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FIG. 3—Details of mechanical device for synchronized laser transducer movement. (a) Elevation; (b) Plan view at Section A-A.
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A

Centering— n the laser displacement measurement, the center-
ing of the specimen in the direction of loading and the alignment of
the specimen along the laser beam are very important. Figure 3b il-
lustrates the coincidence of the location of the center of gravity of
the specimen with the path of the laser beam. It is obvious that the
size and dimensions of the laser transducer dominate the design of
the whole system (Fig. 5). The dotted circular rings (Fig 3b) indi-
cate the crosshead location and the probable extent of areas that a
cylindrical specimen can laterally occupy in a deformed state.

Reducing Friction Between the Specimen and Plates and Attain-
ment of Homogeneous Deformation in the Specimen—This is the
other important aspect of thetest setup. Tothisend, poly(propylene)
sheets at the top and at the bottom surface of the specimen along
with [ubricants were used to cut the friction between the movable
load transfer plate, fixed bottom plate, and the specimen surfaces.
Figure 5illustrates the deformation homogeneity achieved at 50 %
compressive strain. The attainment of homogeneous specimen de-
formation allowed considering F», and F33 valuesto beequal incal-
culating the deformed cross sectional area.

Mechanical Test Resultsin Compression

The experimental setup presented in the last section was used to
test the mechanical behavior of NR-I, NR-Il, and HDR under
monotonic compression. Tests were performed at room tempera-
ture on preloaded specimens after removing Mullins' effect
(Mullins[27]). A five cycle preloading up to 0.5 stretch level was
applied at a stretch rate of 0.1/s. Such preloading is commonly
practiced for removing Mullins' effect from other phenomena and
was followed by Yeoh [28], Yamashita and Kawabata [29], Lion
[21,30], Bergstrom and Boyce[8], Miehe and Keck [31], and Amin
et a. [14]. The specimens were stretched in the vertical direction
(\1), whilethelateral stretch (\,) was measured using the proposed
test setup. The lateral stretches and the calculated Cauchy stresses
as obtained from the direct lateral cross section measurement and
those from the incompressibility assumption are compared. In ad-
dition, the volumes of the specimens are calculated using the mea-
sured specimen dimensions to show the effect of uniaxial com-
pression on volume. Tests were performed at different stretch rates
to show the synchronization capability of the proposed device at
varied stretch rates.

Figure 6 presents comparative results as obtained in NR-| tested
at a0.001/sstretch rate. Figure 6aillustrates the difference between
the measured and the incompressibility-assumption predicted

Deformed specimen

m Laser transducer
ﬂ_; ._!

FIG. 5—Photograph showing the laser trans-
ducer and the mechanical device with a specimen at
50 % compressive strain. The attainment of defor-
mation homogeneity can be noted.

Lambda-2 (\,) histories. The measured Lambda-2 history isfound
to be much lower than that predicted by the incompressibility as-
sumption. This clearly indicates the compressibility of the speci-
mens. Figure 6b gives the Cauchy stress-stretch relations as ob-
tained from the measurement and the incompressibility assumption
prediction. Here the measured Cauchy stressvalues are found to be
higher than those obtained from the prediction.

Finally, to show the extent of volume change under uniaxial
compression, Lambda-1 (\;) versus volume is plotted in Fig. 6c.
Thefigure clearly indicates the decrease of volume with increasing
applied vertical stretch (A4). It was found that NR-I is compressed
by 4.1 % of its initial volume at 45 % compressive strain (0.55
stretch). This change in the volume is much lower than that ob-
tained from the quantitative SEM observation on NR-I subjected to
in situ tension. In that case, higher compressibility was noticed by
areduction of 9.6 % of void areaat 1.4 stretch (40 % tensile strain).
To explain this difference in the volume changes, it can be noted
that, when a specimen is subjected to auniaxial tensile stretch (A1),
it undergoes compression in the other two directions (A, and A3).
On the other hand, in the case of uniaxial compression (\,), the
specimen in the other two directions (A, and \3) suffers extension.
Hence, the compressibility feature in uniaxial loading should be
more prominent in the tension regime than in the compression. The
corresponding results for NR-Il at a 0.075/s stretch rate and for
HDR at a 0.001/s stretch rate are plotted in Figs. 7 and 8, respec-
tively. When compared between the specimens, NR-Il1 and HDR
were found to be compressed by 2.9 % and 1.1 % of their respec-
tiveinitial values at 50 % compressive strain (0.50 stretch). How-
ever, when the Lambda-2 histories of NR-I and NR-Il are com-
pared (Fig. 6aand 7a), NR-11 showsalarger difference between the
measured Lambda-2 values than those obtained from incompress-
ibility assumption. This may be due to the difference in applied
strain rates for the two specimens. In case of NR-I, a strain rate of
0.001/s gives a response at the neighborhood of equilibrium state,
while in NR-Il at 0.075/s an instantaneous response is obtained
[24]. In addition, the variation of carbon filler content in the mi-
crostructures of NR-I and NR-I1 may also be afactor in displaying
avaried compressibility property.

Summary

Rubbers are usually considered as incompressible materials.
Hence in mechanical testing, the true stress can be readily calcu-
lated under the incompressibility assumption to predict the de-
formed cross section of the specimen. However, there are cases
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FIG. 6—Mechanical test on NR-I subjected to monotonic compression.
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FIG. 8—Mechanical test on HDR subjected to monotonic compression.
(a) Applied stretch, Lambda-1 (\) history and corresponding Lambda-2
(\2) histories as obtained from incompressibility assumption and lateral
deformation measurement, (b) Cauchy stress-11 versus Lambda-1 (A1) re-
sponses as obtained from incompressibility assumtion and lateral dis-
placement measurement, (c) Change in volume due to the application of
Lambda-1 (\y).

where rubbers under large strains can suffer considerable volumet-
ric change. This notion has been clarified by considering the mi-
crostructural deformation of avoid-filled natural rubber specimen.
An experimental setup consisting of amechanical boom device and
a laser transducer has been designed and constructed to measure
the deformed cross section of rubbers subjected to uniaxial com-
pression. The measurements obtained from the mechanical tests of
three different specimens at different stretch rates have shown the
applicability of the device. Although natural rubbers and high
damping rubber were used as specimensin this study to display the
capability of the device, the device will also be useful in measuring
the deformed cross section of other types of highly deformable
solids subjected to uniaxial loading.
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