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resent paper provides the first full thermo-mechanical characterization of a crystallizin

natural rubber under uniaxial and biaxial loadings. During the mechanical tests, th

rature was measured by using infrared thermography and processed by means of th

iffusion equation for determining the corresponding heat power density. The intrins

ation due to viscosity and stress softening are evaluated under cyclic loading by th

balance. Energy contributions to the hysteresis loop converted into heat and store

material are distinguished. The heat power density is also used to evaluate the strai

d crystallinity. This analysis provides new results on the energetic behavior of fille

l rubber. Accordingly, crystallization takes place under high biaxiality levels, clo

equibiaxial loading condition, while multiaxiality influences the crystallization onse

experimental results are used in the second part of the present paper for a physical

modeling of the complex behavior of filled natural rubbers.
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troduction

ysical phenomena involved in the deformation of natural rubber are numerous an

ex. Most of them are still the subject of scientific debate, this concerns in parti

train-induced crystallization (SIC). Adding fillers to the polymer matrix makes th

ation mechanisms even more complicated; it induces viscosity and stress softenin

ses cavitation and strongly influences SIC. Several experimental techniques can b

o identify and investigate these mechanisms, typically X-ray diffraction (XRD) (Kat

Toki et al., 2000; Trabelsi et al., 2002), X-ray microtomography (Legorju-Jago, 200

ilatometry (Feuchter, 1925; Ramier et al., 2007) as well as mechanical tests such

relaxation and cyclic loadings. Nevertheless, each of these techniques provides on

l information. In this context, several unverified assumptions have been formulate

ample, the energy involved in the hysteresis loop is considered to be mainly due

sic dissipation and would be therefore converted into heat. Information obtained wi

RD technique1 cannot be easily linked with continuum quantities and many assum

have to be made in attempting to model SIC. Furthermore, SIC is generally inve

d under uniaxial loadings and very few studies address multiaxial deformation case

ot-Borgarino (2012) and Brüning (2014), in their respective PhD thesis, reported XR

rements with unfilled natural rubber specimens under equibiaxial loading. Here, th

ntered a problem in reaching a sufficient stretch for crystallization. Typically, in th

ments by Beurrot-Borgarino (2012), the maximum displacement reached by the m

actuators was not enough. In the case of Brüning (2014), specimen failure occurre

applying the onset of crystallization. Further, Beurrot-Borgarino made similar e

ents with a natural rubber filled with 50 phr2 of carbon black, in order to reinfor

aterial and to expedite the crystallization onset. The author tested the filled natur

r under uniaxial, biaxial and equibiaxial loadings and found similar crystallites und

the crystalline phase structure (Bunn, 1942; Takahashi and Kumano, 2004; Immirzi et al., 200
ar et al., 2006), chain orientation (Toki et al., 2004), kinetics of crystallization (Toki et al., 200

si et al., 2003)
rt per hundred of rubber in weight)
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ial and equibiaxial tension: their size is of the same order of magnitude and the latti

eters are identical. Under equibiaxial tension, the crystallinity index was equal

at a stretch of 4. Since then, only one recent study has investigated the effects

xial loadings in crystallizing unfilled natural rubber with the XRD technique (Che

2019). The authors found that increasing the biaxiality level frustrates SIC. Mo

cally, no crystallization emerges by increasing the biaxiality level up to a ratio of th

pal stretches of 1.6. Nevertheless, they were able to reach neither high stretch leve

gher biaxiality level, i.e. equibiaxiality. The question of the multiaxial effects on SI

efore still open and new characterization techniques could therefore be used to enri

owledge in this field.

dering that mechanisms involved in the deformation process are either endo- or ex

al, the question of their thermal and calorimetric characterization clearly arises. I

calorimetric measurements are classically performed for studying metallic materia

ioneering work by Farren and Taylor (1925) and Taylor and Quinney (1934) da

he 1920’s and enabled the authors to measure the latent energy remaining after co

g in a metal under quasi-static monotone loadings. Today, fraction of the anelast

ation energy rate irreversibly converted into heat in metals is studied through th

r-Quinney ratio by Chrysochoos (1985); Chrysochoos et al. (1989); Mason et al. (1994

(1999); Oliferuk et al. (2004). Polymer research has considerably benefited from th

ach (see, e.g. Rittel (2000); Rittel and Rabin (2000); Benaarbia et al. (2014, 2015)

te the interest in such energetic characterization, papers on calorimetry under stret

d to rubber are still scarce, while the first results have already provided importa

ation on the thermo-mechanical behavior. For instance, it was shown that a hy

loop can form in the strain-stress relationship without any production of intrins

ation, only due to SIC (Samaca Martinez et al., 2013b; Le Cam, 2017). Moreover,

cently demonstrated that processing the calorimetric response provides an accura

tion of the crystallinity (Le Cam et al., 2020). In the case of non-crystallizing fille

rs, fillers induce a hysteresis loop whose area does not entirely correspond to the energ

rted into heat, as a certain amount of the mechanical energy is stored in the materia

3
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mount depends on the stretch and stretch rate level (Loukil et al., 2018).

alorimetric technique has never been applied to both filled and crystallizing rubbe

it could provide relevant information for modeling, typically by providing the intrins

ation due to viscosity or stress softening and by distinguishing the part of the hyster

ergy converted into heat and that one stored in the material. Furthermore, applyin

e calorimetry to multiaxial tests could be of interest for investigating SIC.

bjective of this study is, therefore, to provide a full mechanical, thermal and calor

characterization of a filled natural rubber under uni- and multiaxial loadings. W

e that such a complete characterization is essential for a physically based modeling

aper is organized as follows. Section 2 recalls the theoretical framework for quantit

rface calorimetry. Section 3 presents the basis of energy balance over loading cycle

n 4 briefly describes of the methodology for evaluating the strain-induced crystallini

he calorimetric response. Section 5 deals with the experimental setup including testin

ne, optical and infrared cameras used. Section 6 presents the results obtained und

ial loading conditions in terms of the mechanical, thermal and calorimetric response

plete energy balance of the filled natural rubber is established. The strain-induce

llinity and the crystallization onsets are also evaluated with a special attention to th

l test. Similarly to the uniaxial tests, a complete characterization in particular wi

t to SIC is carried out.

eoretical framework for quantitative surface calorimetry

antitative surface calorimetry (QSC) consists of determining the heat power densit

lled heat source, from temperature field measurements and the heat diffusion equatio

emperature fields measured with an infrared (IR) camera at the flat surface of

en are bidimensional and the tridimensional formulation of the heat diffusion equatio

erefore to be simplified accordingly. This requires certain specimen geometries, loadin

ions and assumptions, which will be presented in the following.

4
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ridimensional heat diffusion equation

nsidering that the constitutive state equations are derived from the Helmholtz fr

function and that heat conduction follows Fourier’s law, the local heat diffusion equ

rites in the reference (Lagrangian) configuration as follows (Balandraud and Le Cam

ρ0CṪ + DivQ−R = Dint + T
∂P

∂T
: Ḟ + T

m∑

β=1

∂Aβ

∂T
: ξ̇β

︸ ︷︷ ︸
Ŝ

(

ρ0 is the density,

C is the heat capacity,

T is the absolute temperature,

Q is the heat influx per unit reference area,

R is the external heat source (radiation, for instance),

Dint is the intrinsic dissipation (also named mechanical dissipation),

P is the first Piola-Kirchhoff stress tensor (or nominal stress tensor),

F is the deformation gradient tensor,

Ŝ = Dint + T ∂P
∂T

: Ḟ + T
∑m

β=1
∂Aβ

∂T
: ξ̇β denotes the heat source,

the superposed dot stands for the material time derivative.

that Q = −K0C
−1detFGradT , where K0 is the thermal conductivity tensor an

TF is the right Cauchy-Green tensor.

right member, the term T ∂P
∂T

: Ḟ is the heat sources due to the entropic (and po

sentopic) coupling. The term T
∂Aβ

∂T
: ξ̇β corresponds to the other thermomechanic

5
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ngs. ξβ are the internal tensorial variables, while Aβ denote the corresponding the

namic forces.

implification of the heat diffusion equation and heat source reconstruction

e temperature fields provided by IR thermography are bidimensional. The reconstru

f the heat source field from them requires therefore the formulation of a two-dimension

n of the heat diffusion equation. To this end, the following assumptions are made:

The heat conduction is considered as isotropic (the thermal conductivity coefficient

denoted k0 in the following),

The material is incompressible,

The temperature is considered as constant over the specimen thickness. Thus, Eq. (

can be integrated over the thickness. This means that the specimen must be relative

thin and that the plane stress state can be generally assumed. This leads to th

two-dimensional formulation of the heat diffusion equation as

ρ0C

(
Ṫ +

T − Tamb
τ2D

)
−Div2D(k0C

−1Grad2D T )−R = Ŝ, (

where Tamb is the ambient temperature.

τ2D is a time characterizing the heat exchanges along the thickness direction by co

vection with the air at the specimen surface.

The external radiations R are assumed to remain constant during the deformatio

process. In this case, R can be removed from the heat diffusion equation by using th

temperature variation θ(X, Y, t) = T (X, Y, t)− Tref (X, Y ) instead of the temperatu

itself. It should be noted that Tref is the ambient temperature if it is constant ov

the test. In this case, Eq. (2) writes:

ρ0C

(
θ̇ +

θ

τ2D

)
−Div2D(k0C

−1Grad2D θ) = Ŝ. (

6
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ctice, for materials with low thermal diffusivity such as rubbers, the thermal gradie

ns confined to the area close to the grips. Therefore, given that heat conduction

ible in the specimen plane or that heat exchanges with the grips of the testing machin

ot induce temperature gradient in the measurement zone, the two-dimensional he

on equation can be simplified (Chrysochoos, 1995; Berthel et al., 2008) and correspon

0D” formulation of the heat diffusion equation:3

ρC

(
θ̇ +

θ

τ

)
= Ŝ. (

quation applies for homogeneous heat source field. As elastomeric materials are ge

assumed to be incompressible, ρ0 = ρ. Furthermore, it is assumed that τ2D = τ .

e characterized from a natural return to room temperature after a heating (or a coo

or each testing configuration (machine used, environment, etc). Indeed, in this ca

0e
−(t−t0)

τ . Either τ is determined at different increasing stretches, further details a

ed in Ref. Samaca Martinez et al. (2013b), or the value of τ is obtained in the und

d state and corrected according to its dependency on the stretch and the multiaxiali

as follows:

τ = τ(λ,B) = τ0λ
−B−1, (

B = lnλ2
lnλ1

denotes the biaxiality ratio, defined as the ratio are the maximum an

um principal stretches in the loading plane, respectively. Under equi-biaxial tensio

hear, and uniaxial tension, B is equal to 1, 0 and −0.5, respectively.

mark #1: Note that the higher the initial length, the higher the displacement of t

in the air for a given strain rate. Therefore, forced convection effects can be induc

has to be readjusted accordingly. This can easily be done when no intrinsic dissipatio

duced, by verifying that the corresponding adiabatic temperature at the beginning an

e relevancy of this assumption for a given situation can be evaluated by calculating the Biot numb
uche, 2009).

7
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d of the cycles is the same (see for instance Le Cam et al. (2020). In filled rubber

sic dissipation is not zero and this verification is not possible anymore. This is t

why a symmetric loading with a temperature measurement in the zone with almo

isplacement have to be preferred.

mark #2: Although the concentration and physical parameters of fillers do not direct

in (4), they strongly influence ρ, C and τ and thus indirectly affect the heat source

ergy balance

re, we draw the energy balance of the specimen in order to evaluate the differe

contributions to the hysteresis loop. Recently, several studies have shown that th

involved in the hysteresis loop is not entirely converted into heat. A part of it can b

y the material to change its microstructure. For instance, Le Cam (2017) has show

n unfilled natural rubbers, the hysteresis is due to SIC4, more specifically it is due

fference in kinetics of crystallization and melting. Furthermore, the contribution

added to elastomers to the hysteresis loop is not systematically the preponderant on

a resulting additional energy can be stored in the deformed filler network, such as f

n black filled acrylonitrile-butadiene rubber in Loukil et al. (2018). Thus, determinin

rt of the mechanical energy stored in filled crystallizing natural rubbers due to SIC an

ler network is very important for constitutive modeling. In the following, continuu

ities required for such an energy balance are listed.

The total strain energy density (per unit referential volume) Wstrain is the energ

supplied mechanically to the material during the loading and the unloading,

W load
strain =

∫

loading

π dλ and W unload
strain =

∫

unloading

π dλ, respectively, (

where π denotes the first Piola-Kirchhoff stress in the loading direction and λ is th

corresponding stretch.

should be noted that in the case of unfilled natural rubber, the assumption that SIC is responsib
hysteresis loop was firstly reported in Clark et al (1940).

8
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The mechanical energy involved in the hysteresis loop W cycle
hyst and the energy rate P cy

hy

are determined as follows:

W cycle
hyst = W load

strain −W unload
strain , P

cycle
hyst =

W cycle
hyst

tcycle
, (

where tcycle denotes the duration of the cycle.

Integrating the heat source over time of each cycle gives the mean intrinsic dissipatio

D̃int:

D̃int =
1

tcycle

∫

cycle

Ŝ dt. (

We recall here that intrinsic dissipation is due to irreversible processes, such as cav

tation, viscosity, or reorganization of the filler network.

The difference between P cycle
hyst and D̃int represents the energy stored in each cycle as

P cycle
stored = P cycle

hyst − D̃int. (

It should be noted that some of the phenomena that cause intrinsic dissipation ca

also contribute to energy storage, for example nano-cavitation that affects SIC (Zhan

et al., 2013; Demassieux et al., 2019) or the reorganization of the filler network (Louk

et al., 2018).

The stored energy ratio γse is defined as

γse =
W cycle
stored

W cycle
hyst

(1

and further characterizes the ability of the material to store energy.

- If γse tends to 0, no energy is stored during the deformation. The whole hysteres

loop is due to the intrinsic dissipation.

9
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- If γse tends to 1, the whole hysteresis loop is due to stored energy and no intri

sic dissipation is detected. This is typically the case in unfilled natural rubb

(Samaca Martinez et al., 2013b).

It should be noted that this ratio can be influenced by both the strain range and th

strain rate applied to the specimen (Lachhab et al., 2018).

rain-induced crystallinity evaluation

mentioned earlier, the strain-induced crystallinity of rubber is classically evaluated b

In addition, XRD provides important information on the crystalline phase structu

, 1942; Takahashi and Kumano, 2004; Immirzi et al., 2005; Rajkumar et al., 2006

orientation (Toki et al., 2004), kinetics of crystallization (Toki et al., 2000; Trabe

2003). SIC is an exothermal process so that alternative methodologies based o

rature or calorimetry measurements can be applied to determine the crystallinit

stance, Le Cam (2018) proposed a technique for evaluating this thermal energy an

rresponding temperature variation due to SIC (denoted ∆Tcryst). The crystallinity

ed by assuming that the crystallization energy of natural rubber can be approximate

enthalpy of fusion ∆Hcryst assumed to be independent of temperature and stretc

as a first approach, we use the value determined by Roberts and Mandelkern (1955

t ∆Hcryst = 59, 9 J.cm−3. The crystallinity can be expressed in terms of ∆Tcryst

s:

ζ(t) =
ρC∆Tcryst(t)

∆Hcryst

. (1

ts obtained with this method show very good agreement with those obtained with th

technique when applied to the same unfilled natural rubber (Le Cam et al., 2020

led materials, this ratio was weighted by a factor 1
1−Φfiller

, where Φ is the filler volum

n. Moreover, the prediction of the heat source without crystallization accounts f

he elastic coupling and the intrinsic dissipation.

10
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perimental set-up

aterial

e material considered in the present study is a natural rubber (cis-1,4 polyisopren

ed by the Contitech AVS France company. It is vulcanised with sulphur and fille

arbon black aggregates. Table 1 summarizes its chemical composition. Values of th

Ingredients Quantity (phr)
NR 100

Zinc oxide 10
Plastificant < 3

Carbon black 20-30
Sulphur 1.5

Stearic acid 2
Antioxidant 2-4
Accelerators 2-4

Table 1: Chemical composition of the natural rubber

y ρ, the heat capacity C and the thermal conductivity k0 are issued from the literatu

re equal respectively to 0.94 kg/dm3, 1750 J/(kg.K) and 0.2 W/(m.K).

oading conditions and specimen geometries

o types of tests were carried out with different specimen geometries: uniaxial tensio

umbbell-like specimen and biaxial tension of a cruciform specimen. The latter lea

erogeneous strain/stress fields, allowing to investigate multiaxial effects on both th

omechanical response and SIC.

Uniaxial loading conditions

iaxial tensile tests were performed with a 24 mm long, 10 mm wide and 2 mm thi

en, with cylindrical branch ends to avoid any slippage in the machine grips, as depicte

ure 1. This geometry leads to a homogeneous uniaxial strain/stress state in the enti

en except in the zones close to the grips (see the specimen geometry).

11
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Figure 1: Specimen geometry for the uniaxial homogeneous tests (dimensions in mm)

types of uniaxial tensile tests (#1 to #3b) were carried out kinematically controlle

velocity of 300 mm/min. Stretch profiles of the tests are shown in Figure 2. Th

g was applied symmetrically with the two vertical actuators of the biaxial testin

ne being shown in Figure 3 and described in the next paragraph. In Test #1, 3 cycl

reasing maximum stretch levels; 2.5, 4 and 6 were applied. This test allows for chara

g the typical phenomena involved in the mechanical response as the hysteresis loo

rmanent set, the accommodation, also referred to as the Mullins effect in the literatu

ins, 1948), and the stress hardening at large strains.

order to better investigate the time dependency of the mechanical response due

he viscosity induced by fillers and SIC, Test #2 included relaxation phases of 60 s

retch profile of Test #1:

at the end of the last loading of each set,

during the last final unloading at decreasing stretches equal to 6, 4 and 2.5.

st #3b corresponded to Test #2 but the material was preconditioned during Test #3

er to remove the Mullins effect observed in the mechanical response of Test #2. No

n contrast to the most of previous studies with the preconditioning, the permanent s

12
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(a) Test #1: without relaxation phases
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(b) Tests #2 and #3b: with relaxation phases
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(c) Test #3a: preconditioning phases

Figure 2: Stretch-time curves for the four uniaxial tensile tests performed at 300 mm/min

13



Journal Pre-proof

observ d

has b ts

were p

5.2.2.

M n.

The s e

horizo y.

The s

Fi e

biaxia se

LabV e
Jo
ur

na
l P

re
-p

ro
of!"#$%&'(%#

)*%+*%,#-'./01#

&%$2*0'#

34&'5&%6'#

789#,*12-#

:;/$%,#$%&'(%#

<;'$*&'0#

Figure 3: Overview of the experimental setup

ed after Test #3a was further taken into account. For Test #3b, the stretch impose

een calculated by considering the same initial length as for Test #3a. All the tes

erformed at 21± 1◦C.

Biaxial loading conditions

ultiaxial loading effects were investigated in a biaxial test with a cross-shaped specime

pecimen extremities were wrapped around a metallic roll. The initial lengths in th

ntal and vertical directions are slightly different as 39.5 and 49.5 mm, respectivel

pecimen geometry is shown in Figure 4.

gure 3 presents an overview of the experimental setup, which comprises a home-mad

l testing machine with four independent electrical actuators controlled by an in-hou

IEW program and two cameras (infrared (IR) and optical) placed on both sides of th
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en. The four specimen branch ends were displaced up to 150 mm at a rate of 15

in (see Figure 5).
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Figure 4: Specimen geometry for the biaxial test (dimensions in mm)
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Figure 5: Profile of the mechanical loading applied for the biaxial tensile test

ull kinematic field measurement

order to characterize the strain state at the center of the cruciform specimen durin

axial test, 5 images per second were stored by a IDS camera equipped with a 55 m

ntric objective. The charge-coupled device (CCD) of the camera has 1,920 × 1,20

15
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pixels. The displacement and strain fields were determined by the digital image co

n (DIC) technique. The software used for the correlation process was SeptD (Vach

1999). To this end, a white paint was sprayed on the surface of the specimen befo

g. A suitable contrast in terms of grey level is ensured at the specimen surface wi

e-made LED lamp (Fig. 3), which provides a uniform cold lighting. In this confi

n, a Region Of Interest (ROI) of 500 × 700 px is observed by the digital came

undeformed state. The spatial resolution was equal to 35.8 µm/px. Due to lar

cement of the points during the test, the ROI was reduced to 320 × 340 px. Th

cement was determined with a ZOI of 20 × 20 px and a grid step of 20 px. Therefor

atial resolution of the displacement field, defined as the smallest distance betwee

dependent points was 20 px, i.e. 0.716 mm. This is sufficient considering that in th

ed zone strain gradients are relatively small for such specimen geometry.

ull thermal field measurement

mperature measurements were performed by using a cooled FLIR IR camera equippe

focal plane array of 640 × 512 pixels and detectors operating in wavelengths betwee

d 5.1 µm. The thermal and kinematic measurements were synchronized at 5 imag

cond. The integration time was 2623 µs. The calibration of camera detectors w

med with a black body using a one-point Non-Uniformity Correction (NUC) proc

t this acquisition frequency. The thermal resolution or noise equivalent temperatu

nce (NETD) is 20 mK for a temperature range between 5 and 40◦C. The spatial re

n of the thermal field was 212 µm/px. The IR camera was switched on several hou

testing in order to stabilize its internal temperature. The surface emissivity of th

ial was evaluated by comparing the temperature of the specimen surface placed in a

nd heated to 50◦C with the one of a black body regulated at the same temperatur

missivity of 0.94 was obtained. In uniaxial tests, the temperature is averaged in th

l zone of the specimen with almost zero displacement. The size of the zone has n

cant effect on the temperature measurement since the temperature variation to b

ified has the order of magnitude of several K while the thermal resolution is equal

16
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and the temperature field is homogeneous in this zone.

sults

niaxial tensile tests

this section, the mechanical response measured in the four tests is first discusse

the corresponding temperature variation and heat source are characterized. Fro

at source, the intrinsic dissipation due to viscosity and stress softening as well as th

e part of the hysteresis loop corresponding to the energy stored in the material (s

ns 2 and 3) are determined. The strain-induced crystallinity is finally evaluated b

the methodology described in Section 4.

Mechanical responses

sults of Test #1 are shown in Fig. 6(a). The classical mechanical response of a fille

r under cyclic loadings characterized by non-linear elasticity, large strains, hysteres

nd the well-known accommodation first highlighted by Bouasse and Carrière (190

eeply investigated by Mullins and co-workers from the 1940s (Mullins, 1948) can b

ere. Note that the accommodation level is significant even though the amount of fille

rior to 20 phr. This was previously highlighted by Harwood et al. (1965). Therefor

amount of fillers is sufficient to significantly activate the Mullins effect, but not th

ity. The three other tests aim at characterizing both the accommodation and vi

ffects. Fig. 6(b) shows the mechanical response during the specimen preconditionin

#3a). The material is loaded at a maximum stretch of 6 and the stabilized respon

ilar to that one obtained if cycles at lower maximum stretches are applied before (s

(a), Test #1).

cluding relaxation phases at the end of the last loads of each set of 3 cycles does n

the stress-strain response of the following cycles (see Fig. 6(c)). The stress relaxatio

inly observed for the maximum stretch of 6. When the specimen is pre-conditione

#3b, Fig. 2(d)), the Mullins effect no longer appears in the mechanical response. Th

17
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(a) Test #1: without relaxation phases
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(b) Test #3a: preconditioning phases
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(c) Test #2: with relaxation phases
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(d) Test #3b: with relaxation phases after pre-
conditioning

Figure 6: Experimental stress-stretch curves

esis loop can only be due to viscosity and SIC. According to diagram in Fig. 6(d

esis increases much stronger at λ = 6 in comparison to λ = 4 than at λ = 4

rison to λ = 2. Since SIC starts slightly under λ = 4, we can conclude that th

se is mostly due to SIC. Furthermore, during the last unloading where three paus

pplied, viscous effects are very small. Indeed, in contrast to crystallization, meltin

med to occur instantaneously. Thus, the only stress recovery effect should have bee

viscosity. As the relaxation is very low at λ = 4 (stretch close to the onset of SIC), th

of viscosity on the relaxation should be low compared to that of SIC. These differe

sions cannot be definitely drawn solely on the basis of the mechanical response an

r investigations are carried out with the calorimetric measurements.
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Thermal responses

e thermal response measured during the different tests is illustrated in Figure

r weak self-heating of the material can be observed, which indicates that little intrins

ation is produced at each cycle and therefore the viscous effect is low. This co

ds with the previous analysis (section 6.1.1). Furthermore, in contrast to unfille

l rubbers (see Joule (1857); Anthony et al. (1942); Samaca Martinez et al. (2013a)

ermoelastic inversion is not observed in the thermal response. 5 This is explained b

ct that the heat produced by the intrinsic dissipation is superior to the heat absorbe

e material at the very small stretches. Since the thermal response does not allo

antifying neither the intrinsic dissipation nor the crystallinity under non-adiabat

ions, a calorimetric analysis is required.

Calorimetric responses

gure 8 presents calorimetric responses of Tests #1, #2, #3a and #3b, determined o

sis of the temperature measurements and the simplified heat diffusion equation (Eq. 4

of all, no significant difference was observed between the first three cycles at λ = 2

reconditioned materials. Moreover, the heat source is relatively symmetrical betwee

g and unloading. A strong difference in the accommodation is obtained between th

nd the following loadings. The area between them, which appears in color in th

ms, corresponds to the energy dissipated due to the Mullins effect.

rthermore, the heat sources for cycles at the maximum stretches of 4 and 6 we

etrical. The occurrence of a dissymmetry when increasing the stretch is the typic

etric signature of SIC (see for instance Samaca Martinez et al. (2013b) or Lachha

(2018)). During the stabilized loading cycles in Test #1, a strong increase in the slop

heat source curve is observed when SIC starts. This increase is observed at stret

and 3.1 approximately for the loading cycles with the maximal stretch amplitude

6, respectively. Test #3a led to the same result. This is due to the permanent s

e thermoelastic inversion characterizes the fact that the temperature first decreases at the very lo
es, typically inferior to 7%, before increasing at higher stretches.
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(a) Test #1: without relaxation phases

!"#

!$#

%#

$#

"#

&#

'#

(%#

%# )%# (%%# ()%# $%%# $)%#

!"#$%&'(%

!
$
#
)
$
*+
,-
*$
%.
+
*"
+
/
0
1
%&
2
(%

(b) Test #3a: preconditioning phases
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(c) Test #2: with relaxation phases
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(d) Test #3b: with relaxation phases after pre-
conditioning

Figure 7: Temperature variation versus stretch curves

that increases the initial length (14% and 30% for cycles at maximum stretches of

, respectively). Therefore, the onset of SIC can be recalculated by accounting th

ecimen was previously accommodated and has higher initial length. In this case, th

of SIC return to a same stretch value, i.e. 2.4. Thus, the influence of the permane

reconditioning and the maximal cyclic stretch on the onset of SIC is very compl

hould further be studied. This is why, the exact conditions used to evaluate th

have to be clearly explained, which is not the case in many studies. For further SI

terization, the crystallinity is evaluated versus stretch in Section 6.1.5.

e tests with relaxation phases (Tests #2 and #3b), similar conclusions can be draw

theless, focusing on the unloads, a strong heat absorption is observed after the pause

((see arrows in Figs. 8(c) and (d))). Without this pause, this level of heat absorptio

not be reached. The only explanation for this phenomenon is that the SIC is tim
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(a) Test #1: without relaxation phases
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(b) Test #3a: preconditioning phase
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(c) Test #2: with relaxation phases
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(d) Test #3b: with relaxation phases after pre-
conditioning

Figure 8: Heat source versus stretch curves

dent process and the pause allows for the increase of crystallinity. Therefore, mo

is absorbed due to additional melting when the stretch decreases from 4. The fa

his effect was not observed at λ = 6 has to be further investigated with respect

ystallite typology and the fact that the SIC kinetic rate increases when the maximu

h applied increases (Huneau, 2011). This is an important experimental result f

ing SIC. It should finally be noted that after prestretch to λ = 6, the dissymmetry

cles is less important at λ = 4.

ean intrinsic dissipation D̃int can be obtained as a time integral of the heat sourc

he cycle time, normalized by the cycle duration (see Eq. 8). Then, D̃int was calculate

e third cycle of each stretch amplitude and is only due to viscosity. From Figure 9, w

serve that D̃int evolves almost linearly with the stretch. This is important informatio

deling the viscosity in filled natural rubber.
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9: Mean intrinsic dissipation (D̃int) due to viscosity plotted versus stretch. D̃int is evaluated fro
chanically and thermally stabilized cycles of Test #1

the heat source curves obtained for the unloads were all superimposed in the tes

ut relaxation phases, the energy involved in the accommodation (Tests #1, #2 an

can be approximated as the areas highlighted in red in Figs. 8(a), (b) and (c). Thu

ird cycles of each stretch amplitude are assumed to be fully accommodated. The mea

sic dissipation due to the accommodation (the calorimetric signature of the Mulli

is evaluated by subtracting the mean intrinsic dissipation obtained at the third fro

st cycles (Samaca Martinez et al., 2014). Figure 9 illustrates the results obtaine

sts #1. From this figure, it becomes apparent that the mean intrinsic dissipatio

ced by the Mullins effect increases almost linearly with the stretch, but the slope

than the one of the intrinsic dissipation due to viscosity only. Indeed, the Mulli

contributes to 81%, 64% and 58% to the mean intrinsic dissipation involved in th

ycles at the maximal stretches of 2.5, 4 and 6, respectively. This is the same order

tude as Samaca Martinez et al. (2014) found for a 50 phr carbon black filled natur

r.

Energy balance

ergy balance is investigated in order to evaluate relative contributions of the physic

mena involved in the hysteresis loop. Recently, it was shown that viscosity is not th

rigin of the hysteresis loop. Indeed, energy stored and fully or partially released wi
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gure 10: Mean intrinsic dissipation due to Mullins effect versus stretch evaluated from Test #1

rent rate also contributes to the hysteresis loop. This energy storage can be not on

SIC (Le Cam, 2017; Lachhab et al., 2018), but also due to the filler network (Louk

2018). These studies clearly highlight that the hysteresis loop cannot be only du

nomena that produces intrinsic dissipation such as viscosity or nano-cavitation. T

ify the relative contribution of the energy storage in rubbers, the γse ratio (10) h

ly been introduced in Loukil et al. (2018) and is plotted versus stretch in Fig. 1

st #1, the viscosity is responsible for more than 80% (γse < 0.2) of hysteresis at

al stretch of 2 and 4. With higher stretches the contribution of viscosity reduce

the energy storage increases up to 50% as a result of crystallinity. Obviously, su

ect is of an important benefit for limiting the self-heating and the energy available f

e, which explains the remarkable mechanical properties of filled natural rubbers.

Strain-induced crystallinity

e strain-induced crystallinity has been evaluated with the methodology described

m (2018) from the last cycle of Test #3a. In Figure 12, the heat source versus stretch

d. The heat source without crystallization is approximated by the following functio

ŝpredicted = C1(λ− λ−2B−3) + C2(λ− λ−2B−3)2 + C3(λ− λ−2B−3)3. (1
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12: Evaluation of the thermal energy due to SIC for the 5th cycle in Test #3a. The heat sour
ed and its predicted contribution only due to the elastic coupling are plotted in red and blac
ively.

e polynomial coefficients were identified by fitting the heat source curve before SI

, i.e. at λ = 3.2. The thermal energy due to SIC corresponds to the area between th

rves (see Fig. 12). The temperature variation due to SIC and the crystallinity is the

ated (for more details see Le Cam (2018)). In Fig. 13 the so resulting crystallini

ted versus stretch. The maximum value reaches 13.2%, which is in good agreeme
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Figure 13: Prediction of the strain-induced crystallinity versus stretch

iaxial tensile tests

is section aims to characterize the thermal and calorimetric responses of the fille

l rubber under a highly multiaxial strain state, i.e. under a high value of the biaxiali

ient. The strain-induced crystallinity is also evaluated by the surface calorimet

que presented in Section 4 and discussed in Beurrot-Borgarino (2012) and Chen et a

.

eviously, SIC was mostly studied under uniaxial loadings. Rare studies investigate

xial effects on SIC, although the phenomenon appears to be strongly affected by th

lity of the strain state. In the case of unfilled natural rubber, an increase of the bia

coefficient from uniaxial tension was recently found in Chen et al. (2019) to suppre

ngly reduce SIC. Specifically, the authors found that no crystallization emerges eve

large stretch levels up to specimen fracture. It should be noted that the maximu

of the biaxiality coefficient was equal to 0.6. In contrast, upon testing a filled natur
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r under uniaxial, biaxial and equibiaxial loading conditions, Beurrot-Borgarino (201

similar crystallites under uniaxial and equibiaxial tension: their size was of the sam

of magnitude and the lattice parameters were identical. Under equibiaxial tension wi

, a crystallinity index was evaluated to 1.09 %. The methodology used to determin

ystallinity index is presented in Beurrot-Borgarino et al. (2014). Furthermore, eve

h the misorientation between uniaxial and planar tension was constant and small,

ly increased with the biaxiality, in such a way that the crystallites did not demonstra

referred direction under equibiaxial loading. Thus, the question of how the loadin

xiality affects SIC is under-explored and new characterization techniques, such as th

esented in this paper, appear indispensable to enrich the knowledge in this field.

Kinematics of the specimen center

e kinematics of the zone at the specimen center was investigated from the DIC me

ents. In Figure 14 the principal stretches, the biaxiality coefficient in the specime

and the displacement imposed in each branch are plotted versus time. Gray stri

te time intervals where buckling occurred. The maximal principal stretch exceeded

e maximum displacement applied, which is very close to the stretch at which crysta

n started under uniaxial tension. The value of the biaxiality coefficient varies betwee

ar) and 1 (equibiaxial tension) during the cycles. Note that its value is superior to 0.

is close to the equibiaxial loading condition, for maximum principal stretches superi

Thermal and calorimetric response of the specimen center

Figure 15 the temperature, the heat source and the displacement applied to ea

h are plotted versus time. The heat source has been calculated by accounting f

ange in the biaxiality ratio in the calculation of τ(λ,B) (see Eq 5). During the fir

g, a strong heat production occurred due to the Mullins effect (Circles #1 and #2

t it was not possible to distinguish the heat produced by the thermo-elastic coupling

scosity or crystallization from the heat produced by the Mullins effect. During th

ycle, a significant change in the curve slope was observed during the first loadin
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ure 14: Stretch, biaxiality coefficient and principal stretches in the specimen center versus time

is the typical signature of SIC (see Box #1). Note that the heat absorbed durin

loading at Cycle #1 is superior to that absorbed at Cycle #2, due to the fact th

ial is stiffer at the end of the first cycle. The heat absorbed is therefore higher tha

e following cycles.

e difference between Cycles #2 and #3 lies in the relaxation phase. When the di

ent is kept constant in the branch, a strong heat production is still observed, whi

ermo-elastic couplings do not produce heat anymore. This heat production can b

intrinsic dissipation and/or crystallization. To distinguish the two contributions, th

bsorbed during the unloading of Cycles #2 and #3 is examined. The fact that th

bsorbed during the unloading of Cycle #3 is superior to that absorbed during th
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Figure 15: Stretch, temperature and heat source at the specimen center versus time

ing of Cycle #2 highlights that the main contribution to the heat production du

tion is SIC. Indeed, if viscosity was the preponderant effect, the heat absorbed durin

loading of Cycles #2 and #3 would have been the same.

Discussion

e previous section has shown that the filled natural rubber considered in this pap

llizes under biaxial tension. This result is in a good agreement with the one obtaine

rrot-Borgarino (2012) for a natural rubber vulcanized with 1.2 phr of sulfur and fille

0 phr of N330 carbon black. In her study, XRD measurements were carried out und

ial, biaxial and equibiaxial tension. She found that crystallites are similar in the thr
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ation states: the lattice parameters of the crystal unit cell were identical and the si

crystallites is of the same order of magnitude. Therefore, the present study confirm

st XRD result concerning the effect of multiaxiality on SIC in filled natural rubbe

theless, this is in contradiction with results obtained in unfilled natural rubber b

et al. (2019), who found that no crystallization occurs when increasing the biaxiali

up to 0.6. Unfortunately in their study, the authors provided neither the preci

en geometry, nor the boundary conditions applied. The question is therefore wheth

esence of fillers alone could explain this difference in results.

her study, Beurrot-Borgarino (2012) also evaluated the index of crystallinity. Und

axial tension at principal stretches equal to 2.4, a crystallinity index of 1.09% in th

of tension was found. In this study, an attempt was made to evaluate the crystallini

biaxial loading. Under uniaxial tension, the crystallinity is expressed by using Eq. 1

portant question is: does the multiaxiality of the strain field have an effect on th

enthalpy? According to Beurrot-Borgarino (2012), the size of the crystal unit ce

he size of the crystallites are of the same order of magnitude under uni and biaxi

gs. Thus, it can be assumed here that crystallinity can still be determined from th

rature increases due to crystallization ∆Tcryst and the enthalpy of fusion.

gure 16 provides the heat source obtained during the second loading (red curve) an

d versus stretch. The heat source due to elastic couplings only (curve in black)

ted by using Eq. 12 to account for the biaxial strain state. Note that the stron

se in the heat source is obtained at the principal maximum stretch for which B ≥ 0.

value close to 1 (equibiaxial tension).

e crystallinity evaluated under uniaxial loading is plotted in Fig. 17 versus stret

er to highlight the effect of the biaxiality ratio. It clearly appears that increasin

-0.5 to 0.8 led to a decrease in the crystallization onset from 3.2 to 2.6. At th

um principal stretch of 3.4, the crystallinity reached 1.74%. This seems to be in

greement with Beurrot-Borgarino (2012), as the amount of carbon black fillers is low

present case.
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nclusion

e present study provides the first full thermomechanical and calorimetric characte

of a filled crystallizing natural rubber under uniaxial and biaxial loadings. Und

ial loading, sets of several cycles at increasing maximum stretches, with and wit

commodation, with and without relaxation have been examined. The correspondin

etric response has been determined from the thermal response and the simplifie

lation of the heat diffusion equation. A complete energy balance is established for d
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ing the intrinsic dissipation due to viscosity and stress softening. It is shown that th

esis loop in the strain-stress relationship mainly corresponds to the energy stored

aterial, i.e. the contribution of the viscosity is low. The percentage of the energy store

en quantified as a function of the applied the maximum stretch. The strain-induce

llinity and the crystallization onset have also been evaluated from the heat pow

y response. Biaxial test has then been carried out with a cruciform specimen. Th

ure of crystallization has been detected in the calorimetric response. Kinematic me

ents in the central zone of the specimen have shown that the crystallization onset star

principal stretch of 2.6 with a biaxiality coefficient of ca 0.8. This indicates that (

atural rubber crystallizes under high biaxiality coefficient if the principal stretch lev

d is high enough (ii) increasing the biaxiality coefficient decreases the crystallizatio

(from 3.2 to 2.6 in the present case). This confirms the results by Beurrot-Borgarin

for a natural rubber filled with a larger amount of carbon black fillers. Crystallini

een evaluated from the calorimetric response by applying the methodology propose

Cam (2018), which was validated with X-ray diffraction measurements in the case

ial loadings. The crystallinity was found to reach 1.74% at the maximum princip

h of 3.4. These experimental results provide quantitative information of paramou

tance for modeling and will be used in the second part of the present paper Khiê

(2021) to propose and validate a physically based model of the complex crystallizatio

ior of filled natural rubber.
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