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. Abstract
This paper presents the establishment of an equation fitting the evolution of the self-heating of a
polychloroprene rubber (CR) and a natural rubber (NR) during uniaxial fatigue tests. For the CR,
dumbbell shaped samples underwent a wide range of loadings was investigated in order to cover low
and high cycle fatigue behavior for several load ratios taken between -0.3 and 0.5. The study consists
in firstly measuring the evolution of the self-heating during a fatigue test. Then, after computing the
derivative, the resulting curve is fit with an equation composed of three components: two of the
form of a negative exponential and a constant. It is then integrated to obtain an equation that would
fit the evolution of the self-heating for all the loadings investigated. It is observed that the
parameters are correlated with the intensity of the stress and the load ratio applied during the test.
The same observations were made for the NR on slim samples. Consequently, it is proposed that one
of the parameter is linked to the viscosity, the parameter linked to the first negative exponential is
related with the viscosity, the parameter linked to the second negative exponential is related to the
damage induced by the low cycle fatigue loading and the parameter integrated from the constant is

related to the influence of the presence of a sizable crack on the temperature field.
Keywords : Rubber, Fatigue, Thermo-mechanical behavior, LCF/HCF behavior

1l Highlights

- Experimental measurement of the self-heating of Rubbers during fatigue tests

- Thick samples in polychloroprene and slim samples in natural rubber are investigated

- Low and high cycle fatigue, as well as tension-tension and tension-compression, investigated
- Evolution of the self-heating fitted with a double negative exponential law

- Influence of the loading on the parameters of the equation highlights the LCF/HCF limit

- The parameters of the equation are proposed to be linked with mechanical properties of the

rubber
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Rubbers are widely used in the industry thanks to their ability to undergo large strain and to damper
energy. Consequently, they do not evacuate heat easily, meaning that the temperature of a rubbery
part can reach significant levels, impacting its mechanical behavior. This is an issue that needs to be

anticipated.

One consequence is that rubbers can exhibit self-heating under a mechanical loading without
undergoing noticeable damage [Honorat 2006; Wattrisse et al. 2011] which is mainly caused by the
viscoelasticity property of those materials [Medalia 1991; Meinecke 1991]. The latter depends on the
strain rate [Lion 1997], the maximum loading [harbour et al. 2008; Cruanes et al. 2013] and the shape
of the sample [Ayoub et al. 2012]. Moreover, under suitable conditions and depending of the type of
rubber, the Strain Induced Crystallization (SIC) can be detected by a change in the evolution of the
self-heating. However, the influence of the SiC is better observed when working on the thermal

sources [Samaca Martinez et al. 2013].

The thermo-mechanical behavior of rubbers during fatigue tests has also been investigated. In some
cases, the modeling of the evolution of the self-heating was the target: [Boukamel et al. 2001] have
proposed a solution for the thermo-mechanical problem using a variational formulation applied on
the rheological model of Poynting—Thomson. The later implementation into a FE code achieved its
numerical solution [Meo et al. 2002]. Another approach from [Ovalle Rodas et al. 2014] was to
develop a large strain thermoviscoelastic constitutive model to describe the self-heating of rubber
material Low Fatigue Life tests. [Lejeunes et al. 2018] pushed it forward to describe the chemico-

mechanical behavior of rubber.

In other case a OD approach was considered as a way to anticipate the fatigue life when coupled
with another technique [Le Saux et al. 2010a; Marco et al. 2017]. The thermal measurement would
also allow for a rapid determination of the transition between Low Cycle (LCF) and High Cycle Fatigue
(HCF) behaviors (figure 1 [Cruanes et al. 2014; Le Saux et al. 2010b]). This method applied on rubbers
was initially developed from studies on other materials (metals on the figure 2 [Luong 1998; La Rosa

et Risitano 2000; Doudard et al. 2005] or short fiber reinforced polymers [Jegou et al. 2013]).

In this article, an experimental thermo-mechanical model based on the evolution of the self-heating
of a polychloroprene rubber and a natural rubber during a fatigue test is proposed.
V. Experimental set up
a. Material and sample
The first material studied is a vulcanized polychloroprene rubber (CR) filled with N990 carbon black
(Table 1). The specimen used were dumbbell-shaped (Figure 3 — volume around 4500mm?) made of a

rubber part 30 mm long, bounded at each extremity with two metal grip parts, subsequently



attached to the fatigue machine with screws. Those specimens were injection molded at 175°C for 4

minutes.

The second material is a vulcanized natural rubber (NR) filled with carbon black. The specimen used
is rectangular shaped (30x10x2mm — volume around 600mm?) (Table 2). It was cut from a plate
injection molded at 160°C.

b. Machines and loading

i. Fatigue tests
1. Polychloroprene rubber

The fatigue tests for the CR samples were conducted on a servo-hydraulic fatigue testing machine
INSTRON 8802 at room temperature. They consisted in uniaxial force-controlled tests with a

sinusoidal signal at a frequency of 5Hz.

The loadings investigated are detailed in the Table 3. They allowed the differentiation between both

Imin

Low and High Fatigue Life behaviors. The load ratio (R = ) sweeps from -0.3 to 0.5 as it has

max

shown to significantly influence the fatigue behavior of the CR [Poisson et al. 2012; Mars 2008]: the
increase of the load ratio would show an enhancement of the fatigue life explained by the Strain
Induced Crystallization being more significant. The amplitude stress sweeps across the Low and High

Cycle fatigue tests for each load ratio. For each loading, two or three samples were tested.

2. Natural rubber
The fatigue tests for the NR samples were conducted on an Electroforce BOSE 3300 at room
temperature. They consisted in uniaxial displacement-controlled tests with a sinusoidal signal at a
frequency of 5Hz at a 0.2 load ratio. 4 samples were used for each loading at the same time. The
loadings were chosen so that at least one test would be lower than the LCF/HCF limit (Figure 4). The

amplitude strains investigated are 20%; 30%; 50% and 66%.

ii. Infrared thermography
The thermal measurements have been conducted with an infrared camera CEDIP Jade Il MWIR
(InSb) at an acquisition frequency of 50Hz. The focal plane array is a 320x240 array of detectors
digitized on 14 bits and sensitive in the 3.6 — 5.1um spectral band wave-lengths. Before the
campaign, a calibration was realized to check the conversion of the signal into temperature (in °C). In
order to do that, a black body was used and a 2 points Non Uniformity Correction (NUC) was applied
to the array of detectors. After calibration, a 25 mK precision was obtained. To minimize the
influence of the external environment on the measurement, a black sheet was placed around the

fatigue machine.



Three areas were measured in order to obtain the self-heating of the sample (Figure 5): the two grips
(boxes 2 and 3) and the main area (box 1). In each box, the maximum temperature was measured
and then the self-heating was calculated following the equation at a given time:

max(T,) + max(Ts)

0 = max(Ty) — 3

Where max(T,) is the maximum temperature measured in the box 1 around the main area, max(T,)
(respectively max(Ts)) is the maximum temperature measured in the box 2 on the top grip (resp. in
the box 3 on the bottom grip). The self-heating at the beginning of the test depends on the
temperature of the grips. It is considered in this paper that the initial self-heating is equal to 0°C.
V. Model
a. Specific durations

Beforehand, two durations are defined in order to be integrated in the model.

Firstly, N is the number of cycles for which the self-heating describes an inflection point. It was

observed to be around 1000 cycles for all the investigated loadings (Figure 6).

Secondly, Ny is the number of cycles from which the derivative of the self-heating is for the first time
during test lower than 10~ °C/cycles (Figure 7). From this point on, the derivative was considered

stabilized.

b. Establishing the equation of the self-heating
Once those durations defined, it is proposed that the derivative of the evolution of the self-heating,

depicted on the Figure 8, could be fit with an equation given by:

do N iU
E=Alefl + Ayet2 + 0, (1)

With 8, being the value toward which the self-heating derivative tends to, A; and A, being constants
(in °C/cycle). T, and 1, are also constants (in number of cycles) and they will be used to fit the

evolution of the self-heating.

Therefore, the integrated form corresponding to the evolution of the self-heating itself would be as
follow:

N N

B(N) = _Alfle;_AzfzeE+ 9LN +y (2)
With ¥ being a constant resulting from the integration.

Three boundary conditions are defined in order to calculate the constants A;, A, and y:

do :
a- H(N = 0) = 90



b- O(N =0) =6,
dae .
c- E(N = Ns) = gN
The condition (c) corresponds to the heating rate as described in [Cruanes et al. 2013; Cruanes et al.

2014]. From those articles, the heating rate is strongly linked with the loading and therefore can be

considered as a characteristic parameter for the given fatigue test.
Then it comes by identification that the constants of the equation are:
Y =411y + AT, + 6, (3)
Bpe 2 —9N+9L<1—e T2 >

Ay = —Ns —Ns (4)

et —eT1

—B0pe "1 +9N—9L(1—e T1 >
A = “Ns —Ns (5)
e’2 —eT1

It gives the final form:
N N .
B(N)=A1T1<1_8T1)+A2T2<1_eT2>+6L.N+90 (6)

The Figure 9.a shows that it fits well with the experimental evolution of the self-heating of the
dumbbell in polychloroprene for all the investigated loadings at a load ratio of 0.1 (one test per
loading, for the sake of clarity). The tests undergoing an amplitude stress lower or equal to 0.44MPa
are in the HCF area, consequently the others are in the LCF (Figure 1). The Figure 9.b shows that the
equation (6) fits also well for the slim samples in natural rubber. The tests at an amplitude strain of
20% are below the LCF/HCF limit while the other tests are in the LCF area. It appears that this
equation looks like a more complicated version of what is used on the metals or composites [Krapez
et al. 2000; Crupi 2008, Jegou et al. 2013]. Indeed, for those materials the equation describing the
evolution of the self-heating was found to be [Crupi et al. 2015]:
-N

6(N) =K.N* (1—97) witht = 1.5N~* (7)
With K being expressed as a function of several material parameters such as the load conditions and
N* being the number of cycles where the evolution of the self-heating exhibits the transition
between the first (transient evolution) and the second phase (stabilized evolution).

VL. Results

a. Definition of normalized parameters
i. Normalized alternate stress

The normalized alternate stress g, ,, is defined as:



Oq

Oan
Ga,lim

Where g, i, is the limit between Low and High Cycle Fatigue behaviors [Cruanes et al. 2014,

Cruanes 2015] as indicated on the Figure 1.

ii. Normalized parameters of the equation

A normalized parameter is needed to show their relative weight in the equation (6).

The parameter 4;7;° is defined as:

s _ |4
AiTi = -
[A171|+]A2T2|+|0LNg|

(8)

Where A;7; can be A;7;, A,7, or 8, Ng.

The parameters A;7; and A,T, are found in the equation (6) and so is 8;.N. However, the latter is
not a constant and cannot be compared to the two other parameters. To do so, it was decided to set

the number of cycles N equal to Ny, the number of cycles from which the derivative is constant.

b. Evolution of 7;, A; or A;7;

The parameters (74 ; T) showed to be more scattered than the (4,74 ; A,75): it can be explained by
the fact that (4 ; A,) are not only a function of the (t ; 7,) but also of 8, 8,, 8y and N;.

This is why only the (4174 ; A,T,) is investigated.

c. Each load ratio taken separately
For the dumbbell samples in polychloroprene, the evolution of the parameters A;t; is followed as
they represent the weight of each member of the equation (6). The results depicted in this paragraph
are given for R=0.1. It is important to note that for the other load ratios, this investigation lead to the

same observations.

The Figure 01 shows the evolution for A;74, A,T,, 6,Ny and for their sum versus the normalized

amplitude stress (for R=0.1).
Several remarks should be given from the Figure 10:
* The overall sum of the A;t; is steadily increasing with the loading.
* Each A;t; increases with the loading, although slightly slows down for the higher loadings.
* The A,1, is non-significant for the lower loading and increases for the higher loadings.
«  The 6, Ny remains very low whatever the test conditions.

The figure 11 shows the evolution of the normalized AiTL-S versus the normalized amplitude stress at
R=0.1.



A;7,° and A,7,° show the same change of behavior. Firstly the evolution is constant (4;7;° ~ 1 and
A,7,° = 0). Then, for the same normalized amplitude stress, both A;7;° exhibit a change of behavior

being followed by a linear evolution.

The slim samples in natural rubber show the same results (Figure 12) with the limit LCF/HCF being

between 20% and 30%.

. S
0. Ny remains very low throughout the test with a small increase for the highest loadings but it fails

to be relevant compared to the other two parameters.

d. Polychloroprene — All load ratios
The evolution of A;7;° (respectively A,7,°) with the normalized amplitude stress for all the load

ratios is depicted on the Figure 13 (resp. Figure 14). For the sake of clarity, only the averaged values

. S
for a given normalized load ratio are plotted. The evolution of the 6; Ny is not considered in this

paragraph as the values are marginal compared to the other two parameters.

In the Figure 13, A;7,° depicts, for each load ratio, two behaviors: for the lower loadings, it remains
close to 1, and from the normalized amplitude stress higher than a value around 1, A;7;° steadily

decreases.

In the Figure 14, A,7,° displays a change of evolution for the normalized amplitude stress as A;7;°,

going from almost 0 to a steady increase.

For both parameters, it is possible to assort the load ratios as follows: the load ratios lower or equal
to 0, the 0.1 and 0.2 load ratios and finally those higher than 0.3. Those three groups exhibit similar

behavior with two main differences:

- The value of the normalized amplitude stress (from which the 4;7;° change their behavior)
differs according to the group: for load ratios lower than 0 the change occurs around 0.96,

while it is around 1.05 for 0.1 and 0.2 and around 1.1 for higher load ratios.

- The slope of the linear variation for the higher loadings is the same for the load ratios lower

than 0. For load ratios higher, it decreases when the load ratio increases.

One explanation of such a load ratio driven behavior could be the influence of the Strain Induced
Crystallization ([Mars 2008]) as it can be paralleled with the observations given by [Poisson et al.

2011] for the same material (Figure 15).

VII. Analysis

In this part, a physical meaning for the parameters of the equation (6) is proposed.



-N -N
B(N) =A1T1 (1_e?>+A2T2 (1 _eg>+éLN+90 (6)

The equation (6) is decomposed in four terms. While 6, can be seen as a constant taking into
account the small difference of temperature between the sample’s and the ambient’s at the
beginning of the test, the three other terms are proposed to have the physical meaning described in

this part.
A1T1.'

The A7, is vastly dominant compared to the other terms for the loadings in the High Cycle Fatigue
phase. In the Low Cycle Fatigue phase, its contribution in the self-heating of the sample steadily
decreases with the increase of the load. However, the Figure 10 shows that the evolution of A;7;
versus the loading slightly slows down while both the A,7, (mostly) and the ;N (significantly)

increase in the LCF phase.
Therefore, A;74 could be related to the viscosity of the rubber.
A2T2.'

For the A,T,, it seems to become relevant from a load measured as the LCF/HCF limit suggesting a
correlation between a short duration test (thus more damaging for the sample) and an increase of
the A,7,. This could be a consequence of the damage undergone by the sample. In [Cruanes et al.
2016], the porosity of the sample would increase throughout a severe loading fatigue test. This
increase was found to be caused mainly by the increasing number of micro-cracks, depicting a

widespread damage in the sample [Cruanes 2015; Huneau et al. 2016].
Therefore, A,1, could stands for the weight of widespread damage on the self-heating.
GLNg N

The éLNg is proposed to be a depiction of the influence of the located damage (such as macro-
cracks) on the self-heating: it reached to low values compared to the other two parameters. It is
most likely due to the massive volume of the bulk sample and the lesser influence of the macro-
cracks of the self-heating. Indeed, the Figure 16 shows a comparison between the influence on the
self-heating associated with the presence of a macro crack on a cylindrical sample (from this study)
and a slim dumbbell sample (in NR) [Kerchman et Shaw, 2003]: it appears that the impact of the
crack in the first case (in the circled area on the Figure 16.a) is not as significant as in the second case

(Figure 16.b).

Conclusion



This paper proposed to fit experimental measurements of the self-heating of dumbbells in poly
chloroprene rubber and slim samples in natural rubber during fatigue tests with an experimental
thermo-mechanical law. It was based on the analysis of the evolution of the self-heating derivative.
The integration would lead to an equation describing the evolution of the self-heating. The law would

show a very good fit, independently of the shape of the sample (large or small volume).

It would be then proposed to link the parameters of this equation to different physical phenomena
involved in the fatigue behavior of this material through observations about their evolutions versus
the normalized amplitude stress. Therefore, the A;7; would be caused by the viscosity, the 4,7,
would be caused by the widespread damage and the 8, Ny would be caused by the localized damage

(macro-cracks).
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Polychloroprene

Carbon black (N990)

S-ZnO-MgO

Table 1 — Main components present in the polychloroprene rubber used in this study
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Natural Rubber

Carbon black

S-ZnO-PPD

Table 2 — Main components present in the natural rubber used in this study
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R Load 1 Load 2 Load 3 Load 4 Load 5 Load 6 Load 7
-0.3 0.552 0.634 0.689 0.772 0.827 0.882 0.965
-0.1 0.467 0.537 0.583 0.653 0.700 0.747 0.817

0 0.361 0.424 0.488 0.530 0.594 0.636 0.679 0.742
0.1 0.325 0.382 0.439 0.477 0.535 0.573 0.611 0.668

0.2 0.390 0.424 0.475 0.509 0.543

0.3 0.371 0.416 0.445 0.475 0.520

0.5 0.265 0.297 0.318 0.339 0.371

Table 3 — Loads investigated during the fatigue testing campaign.
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Figure 1 — Measurement of the LCF/HCF limit for a polychloroprene rubber with the rapid method (from
[Cruanes et al. 2014])
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the Woéhler curve for the given tests.
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Figure 5 — Measurement of the temperatures at the surface of the main area (box 1), top (box 2) and bottom
grip (box 3).
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Figure 6 — Evolution of the self-heating during a fatigue test (R=0.1, Maximum load = 175N and fatigue life =
10cycles).
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Figure 7 — Evolution of the self-heating derivative during a fatigue test in the same conditions as on the figure 5

(R=0.1, Maximum load = 175N and fatigue life = 104cycles).
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Figure 8 — Evolution of the self-heating derivative of the measured compared to the suggested model in the
same conditions as on the figures 5 and 6 (R=0.1, Maximum load = 175N and fatigue life = 104cycles).
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Figure 9 — Evolution of the self-heating measured experimentally (exp) compared to the proposed model (law).
The results for the polychloroprene are shown on the figure a and for the natural rubber on the figure b. The

tests are named with the amplitude loading applied.
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Figure 11 —A;7;° evolution versus the normalized amplitude stress at R=0.1 for the polychloroprene. The full
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Figure 13 — Polychloroprene: evolution of averaged values of A;7;° versus the normalized amplitude stress for

each load ratio
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Figure 14 — Polychloroprene: evolution of averaged values of A,7,° versus the normalized amplitude stress for

each load ratio
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Figure 15 — Haigh diagram of a polychloroprene rubber from a tension and load control fatigue

campaign (from [Poisson et al. 2011])
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Figure 16 — Thermal images of samples taken around the middle of a fatigue test and exhibiting the influence of
a crack on the thermal field. The material and sample showed are: a/ dumbbell in CR from this study and b/ (66
x25,4x1 mm3) thin sample with an initial central cut in natural rubber [Kerchman et al. 2003].
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