AN

Journal of Metals, Materials and Minerals, Vol. 31, No. 4, pp. 102-107, 2021

Stress softening characteristics of thin monoholar rubber flat slab
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1. Introduction

Abstract

Thin monoholar rubber flat slab gives rise to unconventional mechanical properties under tension
loading not found in thin solid rubber flat slab. However there has been no proper report on its stress
softening characteristics. Stress softening is an important phenomenon occurring in all elastomeric
materials under cyclic tension loading. Parameters pertinent to stress softening investigated in this
research are stress-strain characteristics, permanent set strain and hysteresis loss energy of the thin
monoholar rubber flat slab in comparison with the thin solid rubber fat slab when undergoing 7 cycles
of stretching. Noticeable differences of stress-strain hysteresis loops diminution of the thin monoholar
rubber flat slab and the solid rubber flat slab have been observed. However difference in stress
softening between both types of flat slab is not so pronounced. The monoholar rubber flat slab
specimens have larger permanent set strain and hysteresis loss energy diminution compared with
those of the solid rubber flat slab. If both permanent set strain and hysteresis loss energy diminution
have been properly accounted for, stress softening may not be a matter of great concern when the
monoholar rubber flat slab is adopted in practical applications.

resulting in greater energy absorption than the solid rubber flat slab.

Technological advancement of today’s world has fueled the
demand for materials that are versatile, lightweight, load-bearing and
heat resistant. Special properties are necessary for specific applications
such as the aviation industry, energy industry, petrochemical industry,
electronic industry, etc [1]. Natural materials cannot meet certain unusual
requirements completely. Generally speaking, properties of typical
materials depend on their chemical composition and microstructures
[2]. To improve mechanical properties of the materials in use, various
methods have been developed, such as friction welding [3], friction
stir welding [4], heat treatment [5], composite materials [6] or even
inventing smart material [7].

Over the past decade, researchers have been interested in
developing materials by means of the cellular structure which could
yield remarkable mechanical properties [1,2,8-14]. Cellular structure
materials’ functionality relies on elastic instabilities, such as the
quasi-2D slabs perforated with a square array of holes [4,6,15-18].
It is well known that certain visualisable physical characteristics
of the material affect its mechanical properties, even when using
the same chemical composition [14,19-23]. The thin monoholar flat
slab is another form of cellular structure employing a square array
of equal sized circular holes [8,9,16]. It is a promising challenge and
a trend of future research [1,15].

In the authors’ previous work [16] it has been found that under
moderate uniaxial tension loading stress-strain hysteresis loops of
the monoholar rubber flat slab, a form of cellular structure, are larger
than that of the solid rubber flat slab, showing a greater loss of energy
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The monoholar rubber flat slab appears with greater stiffness to
tension at moderate level of loading compared with the solid rubber
flat slab. Both phenomena are likely due to elastic instability present
in the monoholar rubber flat slab but not discernible in the solid
rubber flat slab. This benefit of adopting repeated pattern or cellular
structure is in accordance with most work reported in the literature
[11,17-25]. The monoholar rubber flat slab may be an essential part of
sport shoes or some soft robot arms, both of which will unavoidably
face cyclic tension loading. It is thus worth investigating on the
softening characteristics to obtain more knowledge for the best possible
performance of the material. However reports on stress softening of
elastomeric materials with cellular structure have not been found in
the literature.

In many real world applications of elastomeric materials cyclic
tension loading is inevitable. Knowledge and understanding of stress
softening of elastomeric materials with cellular structure will benefit
the design of material for many applications in various fields
[14,26-30]. Recently there have been a few reported investigations
concerning the Mullin’s effect or stress softening of elastomeric
materials with emphasis on the use of some novel types of fillers
[31-33]. Their interests are different from what this research is
intent on. Herein the emphasis is on possible added softening due to
adopting certain repeated geometric pattern that alter visualizable
physical characteristics of the thin rubber flat slab. Parameters of
interest in the experimental investigation are stress-strain characteristics,
permanent set strain and hysteresis loss energy, all of which are
parameters pertinent to stress softening, of the thin monoholar
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rubber flat slab in comparison with the thin solid rubber flat slab
when undergoing 7 cycles of stretching. In the next section description
of the experimentation is presented.

2. Experimentation

The experiments to be performed are those of cyclic uniaxial tensile
loading test of both the solid rubber flat slab (SFS) (the referenced
specimen) and the monoholar rubber flat slab (MFS) (the investigated
specimen). This research has opted for a compounded rubber made
of Standard Thai Rubber (STR20) 40 phr, Butadiene Rubber 60 phr,
silica 50 phr and other compounds used in the shoe industry. The
cellular structure of interest herein is the monoholar array. This is
because of its construction simplicity [2 6 ]. Material preparation is
as stated in [16]. Both types of specimens have been tested for hardness.
The figure for the MSF is 70.00 £ 1.22 and that of the SFS is70.40
+0.55. Figure 1 depicts geometries of both the solid and monoholar
flat slabs employed in the experiment. Both specimens are different
in physical structure at the macro level. All dimensions are in
millimeter. Both types of flat slabs are 1 mm thick. They are hence
thin flat slabs. The experimental setup is as follows: Tensile properties
are to be tested uniaxially using a universal testing machine (UTM),
Narin Universal Testing Machine Model NRI-T500-20B. Stress
softening are to be observed by pulling the specimens to 100 percent
elongation, then the specimen is allowed to shrink back to its initial
state. This is as a consequence of the finding in [16] that the MSF
is capable of demonstrating unusual stress-strain characteristic under
moderate tension loading. Further test has found that the MSF can
cope with up to around 180% elongation beyond its original state.
The tension loading action is to be performed for 7 cycles [11]. Each
specimen is pulled at the rate of 500 mm/min at room temperature
(25 = 2°C) according to ASTM D412. Five specimens are to be tested
and results are averaged to yield a reported value. Maximum stress
of each cycle is recorded thus stress softening percentage can be
calculated by Equation (1).
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Figure 1. Specimen geometries (all dimensions are in mm) (a) Solid rubber flat
slab (SFS), and (b) Monoholar rubber flat slab (MFS).

Stress softening percentage (%) = % x 100 1)
1

where T1 (MPa) is the maximum elongated stress in the first
extension cycle and Ti (MPa) is the maximum elongated stress in
the 1st -7th extension cycles.

Hysteresis loss energy can also be calculated by the use of
Equation (2).

Hysteresis loss energy (kJ-m?) = AL - AU 2)

where AL is the area under the graph between the stress (MPa)
and the displacement (mm) during stretching (kJ-m2). AU is the area
under the graph between the stress (MPa) and the displacement (mm)
during retraction (kJ-m?).

3. Results and discussion

Both the MFS and SFS specimens have been subjected to 7 cycles
of stretching in order to investigate their stress-strain characteristics,
permanent set strain and Hysteresis loss energy. Detailed description
of important results and discussion are as follows.

3.1 Stress-strain characteristics
3.1.1 Cyclic loading stress-strain hysteretic characteristics

Figure 2 shows the cyclic loading stress-strain hysteretic characteristics
of the MFS and the SFS specimens. The hysteresis loops of both types
of specimens, Figures 2(a) and 2(b), become smaller for successive
loading cycles at a given displacement of 50 mm. (a given constant
strain). This is an indication of the occurrence of stress softening under
cyclic tension loading. It can be seen that the MFS stress-strain hysteresis
loops, Figures 2(b), are larger than that of the SFS, Figures 2(a). Consider
Figure 2(b) it is apparent that differences of the first cycle maximum
stress and the successive cycles are larger than that of Figure 2(a). This is
an evidence that there is stronger softening of the MSF specimens in
comparison with the SFS specimens. This is likely a result of the
presence of the spatial voids due to the patterned array of equal sized
circular holes (monoholar pattern). The spatial voids cause shortening
or breaking of molecaular chains, thus complete recovery to original
state is not possible. The voids or the rubberless areas limit the extent
or the length of the molecular chains thus cross linking or entanglement
among molecular chains may not be as perfect as that of the whole
piece of rubber. This is how slippage or breaking of molecular chains
occurs more easily.

3.1.2 Stress-strain at 100% elongation

Elongated stress-strain characteristics of the MFS and SFS in
this research confirm the authors’ previous results [16] that greater
stress is required for the same strain level in the case of the MFS.
Of interest herein is the difference of the maximum stress at a given
displacement of 50 mm of the first cycle and successive loading
cycles, an indication of softening phenomenon. Visual comparison of
Figures 3(a) and (b) clearly shows that the differences of the maximum
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stress at a given displacement of the first cycle and successive loading
cycles of the MFS are larger than that of the SFS. It thus confirms that
the MSF exhibits greater stress softening than the SFS. This is also
a result of shortening or breaking of molecular chains due to the spatial
voids of the monoholar pattern.

3.1.3 Maximum Stress and Stress softening

Maximum stress values at 100% elongation stretch for 7 loading
cycles of both the MFS and SFS are summarized in Table 1. Diminution
of maximum stress values is summarised in Table 2 and also presented
graphically in Figure 4. It is evidenced that there is a clear difference
in the maximum stress between both types of specimens. It is also
visibly observed that the red doth of the MFS has greater drop of
maximum stress than that of the black curve of the SFS, which is a
confirmation of stronger softening of the MFS. Calculation of stress
softening percentage (according to Equation (1) in subsection 2.2)
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plotted in Figure 5 shows discernible difference in stress softening
between the MFS and SFS specimens. The softening gap of the MFS
and the SFS visible in Figure 5 begins from the second loading cycle
and becomes larger from the third cycle to the fifth cycle. The widest
gap is at cycle number 4 with the difference of around 1.8%. The
softening of the SFS drops down to about the same level as that of the
MFS from the sixth cycle onward which is typical of most softening
phenomena in elastomeric materials [34-36]. The greater stress softening
of the MFS specimens is likely a result of the presence of spatial voids,
all circular holes of the monoholar pattern. Some of the voids cause
shortening or breaking of the molecular chains, as a result of having
more limited space for rubber compound molecular chains to extend,
entangle or crosslink with one another. This is likely to further promote
slippage of the crosslink or breaking up of molecular chains both of
which are responsible for softening of elastomeric materials [37].
Hence after being stretched a few times softening observed in the
MFS is discernibly stronger than that of the SFS.
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Figure 2. Hysteretic characteristics under 7 cycles of cyclic tension loading (a) Solid rubber flat slab (SFS) (b) Monoholar rubber flat slab (MFS)
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Figure 3. Stress-strain under 7 cycles of cyclic tension loading (a) Solid rubber flat slab (SFS) (b) Monoholar rubber flat slab (MFS).

Table 1. Maximum stress under 7 cycles of cyclic tension loading

Table 2. Diminution of maximum stress.

Maximum stress (MPa)

Maximum stress (MPa)

Cycle no. SFS MFS Cycle no. SFS MFS
1 239+ 0,033 3.89%0.167 1 0 0

2 226 +0.010 3.67+0.124 2 0.13 0.22

3 220 +0.019 3.53 + 0,165 3 0.06 0.14

4 219 +0.038 3.50 + 0,153 4 0.01 0.03

5 215 +0.015 3.47+0.,139 5 0.04 0.02

6 212 + 0,031 3.46 + 0,132 6 0.03 0.02

7 213 +0.013 3.48 + 0,150 7 0,01 0.02
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Figure 4. Diminution of maximum stress under 7 cycles of cyclic tension
loading of solid rubber flat slab (SFS) and monoholar rubber flat slab (MFS).
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Figure 5. Stress softening percentage under 7 cycles of cyclic tension loading
of solid rubber flat slab (SFS) and monoholar rubber flat slab (MFS).

3.2 Permanent set strain

Permanent set strain refers to the residual extension remaining
after a material sample is stretched and released [38-39]. Figure 6
shows a convex curve of permanent set strain of the MFS whereas
that of the SFS is rather flat. It is a result of greater drop in maximum
stress of the subsequent loading cycles that eventually flattens off after
the sixth cycle. This is in accordance with the stress softening percentage
plot in Figure 5. It is evidenced from Figure 6 that permanent set strain
of the MFS is greater than that of the SFS. Differences of permanent
set strain of both types of specimens range from 4.16% to 5.75%. This is
again a consequence of the shortening or breaking of the molecular
chains due to the presence of the spatial voids in the MFS. Shorter or
broken molecular chains disable complete recovery of the original
state of the MFS. Residual strain or permanent set strain of the MFS
is therefore greater after being stretched. The MFS is more susceptible
to being damaged by cyclic tension loading than the SFS due to its
elastic stiffness reduction as a result of greater stress softening.

3.3 Hysteresis loss energy

Figure 7 shows that hysteresis loss energy (according to Equation 2)
of the MFS is greater than that of the SFS. Both curves are so similar
with just an approximate offset of about 6.2 kJ-m-2. The greatest
difference of the first cycle is about 23 kJ-m2, The sharp drop of
hysteresis loss energy in the subsequent cycles is noticeably more

pronounced for the MFS, particularly the drop of the second loading
cycle. The offset values of the subsequent cycles are not so different
because after the second loading cycle the drop of hysteresis loss
energy of both types of specimens are more or less the same. The
offset of both curves is simply because the stress-strain hysteretic
characteristics of the MFS yield larger hysteresis loops than that of
the SFS, a consequence of elastic instability arising from the presence
of the spatial voids in the MFS [16]. The MFS is thus more susceptible
to being damaged under cyclic tension loading.

Of greater interest is the sharp drop or diminution of hysteresis
loss energy under 7 cycles of cyclic tension loading of both types of
specimens. It is evidenced from Table 3 that the MSF exhibits greater
diminution of hysteresis loss energy. This means that reduction in
the MFS' elastic stiffness is greater than that of the SFS'.
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Figure 6. Permanent set strain of solid rubber flat slab (SFS) and monoholar
rubber flat slab (MFS).
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Figure 7. Hysteresis loss energy of solid rubber flat slab (SFS) and monoholar
rubber flat slab (MFS).

Table 3. Diminution of hysteresis loss energy under 7 cycles of cyclic tension
loading.

Diminution of hysteresis loss energy (MPa)

Cycle no. SFS MFS
1 0 0

2 28.42 43.62
3 1.73 3.27
4 0.73 0.94
5 0.36 0.58
6 0.38 0.55
7 0.09 -0.13
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4. Conclusions

Knowledge of stress softening characteristic is essential for safe
and effective utilization of elastomeric materials in applications that
cyclic tension loading is not avoidable. Stress softening is an important
phenomenon occurring in all elastomeric materials under cyclic tension
loading. This research has experimentally investigated stress-strain
characteristics, permanent set strain and hysteresis loss energy of
the thin monoholar rubber flat slab in comparison with the thin solid
rubber fat slab when undergoing 7 cycles of stretching. Results show
noticeable differences in stress-strain hysteresis loops diminution
of the thin monoholar rubber flat slab and the solid rubber flat slab.
However, the difference in stress softening is not so pronounced.
Only discernible differences can be observed in the 2nd to 5th loading
cycles. Permanent set strain and diminution of hysteresis loss energy
of the monoholar rubber flat slab specimens are clearly larger than
that of the solid rubber flat slab. The monoholar rubber flat slab is
thus more susceptible to damage and has greater reduction in elastic
stiffness. Therefore stress softening may not be a matter of great
concern when the monoholar rubber flat slab is adopted in practical
applications provided both permanent set strain and hysteresis loss
energy have been properly accounted for.
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