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ABSTRACT. Tensile stress-relaxation measurements have been performed on a series of cross-

linked filled elastomers. The samples are constituted by the same Ethylene-Propylene-Diene-

Monomer (EPDM) matrix. The different fillers are chosen in order to investigate the effect of the 

filler-filler and the filler-matrix interactions on the time dependence of the relaxation modulus 

 ( ) at different strain values during about 4000 s. Each strain step is reached by a change of 

strain that is positive during the first (UP1) and the second (UP2) elongation or negative 

(DOWN) when the strain plateaus are decreased. Analysis of the experimental data indicates that 

most of the curves obtained after a positive strain change (UP1 or UP2) yielding a decrease of 

 ( ), can be fitted by the empirical Chasset-Thirion equation  ( )    [  (   ⁄ )  ]. For 
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carbon black samples characterized by a strong filler-matrix interaction, the value of the 

exponent m may become very small and the data are better fitted by a logarithmic relation 

 ( )   ( )[      ( )]. As for the increase of  ( ) measured after a negative strain step 

(DOWN), it is shown, for the first time, that all data can be fitted by the following equation: 

 ( )    [  (   ⁄ )  ]. This result allows us to introduce a generalized Chasset-Thirion 

equation writing  ( )    [   (   ⁄ )  ] in which     when is positive and      

when is negative. It is suggested that the physical meaning of the exponent m stemming from 

the generalized Chasset-Thirion equation can be assimilated to the exponent     in the soft 

glassy rheology (SGR) model. 

1 INTRODUCTION 

The mechanical behavior of filled elastomers is an active research area since more than 50 years 

mainly because it is related to an ancient and important application which is the reinforcement of 

rubber.  Several recent reviews in the literature provide information about new developments in 

the field of polymer nanocomposites. Basic principles and technological applications have been 

reviewed by Vilgis et al. [1] and Heinrich et al. [2]. The latest advances in the viscoelastic 

behavior of rubbery materials were described and analyzed by C. M. Roland [3]. A recent book 

[4] is dealing about preparation, properties and applications of rubber nanocomposites. A review 

dealing with structure, phase behavior and properties of nanocomposites has been published by 

Kumar and Krishnamoorti [5]. Oberdisse et al. [6] reported recent investigations devoted to the 

determination of the structure of polymer nanocomposites by means of small-angle scattering 

techniques.  A survey of the present understanding of polymer-based nanocomposites as 

obtained from either theoretical or computational approaches was presented by Allegra et al. [7].  
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The mechanical behavior of filled elastomers is characterized by two major features. The first 

one concerns the non-linear viscoelastic behavior (or Payne effect) revealed by the amplitude 

dependence of the storage and the loss moduli in shear or tensile measurements [8-10]. The 

second one is stress-softening (or Mullins effect) yielding the lowering of the resulting stress for 

the same applied strain after the first load and, as a consequence, mechanical hysteresis. The 

Mullins effect was recently reviewed by Diani et al. [11] and Amin et al. [12]. Bhattacharya et 

al. [13] reviewed several "classical" models attempting to take into account the complexity of the 

problem. These authors also reported an extensive study of the nonlinear, time-dependent 

mechanical behavior of a cross-linked carbon black filled elastomer. The unusual non-linear and 

plastic behavior of nanofilled elastomers was recently attributed to kinetics of rupture and re-

birth of glassy bridges [14-16]. Resting time and relaxation features are also involved in partial 

[17] or complete [18, 19] recovery (or healing) of the Mullins effect at room temperature. 

Early measurements of tensile stress relaxation in a series of carbon black N330 filled rubber 

vulcanizates were reported by MacKenzie and  Scalan [20]. The experimental data could be 

fitted almost equivalently either by a logarithmic function of time or a power law with exponents 

smaller than 0.07. The authors produced evidences for the existence of a distinct relaxation 

process below 60 seconds that vanished above a given strain, depending on the amount of filler. 

Similar results were obtained for vulcanized ethylene-propylene-diene-monomer (EPDM) rubber 

filled with carbon black N660 [21]. Geethamma et al. [22] showed that the slope of the lines 

obtained in semi-logarithmic coordinates was larger for plain natural rubber (NR) than for filled 

ones. The increase of the amount of filler consisting of short coir fibers lead to the decrease of 

the absolute value of the slope. Opposite features were reported for NR filled with titania or 

silica particles [23]. In the case of nanogel filled elastomers, Mitra et al. [24] fitted the 
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experimental values of the relaxation modulus with power laws in which the exponents varied 

between 0.2 and 0.3. More precisely, these authors used the following equation: 

 ( )    [  (   ⁄ )  ]  (1) 

which has been proposed in 1965 by Chasset and Thirion [25] for describing the isothermal 

tensile relaxation modulus data  ( ) for many rubbers. In this equation,    is the equilibrium 

modulus and 0 and m are parameters which depend on the system investigated. The same 

equation applies also to the shear modulus relaxation  ( ) 

 ( )    [  (   ⁄ )  ]                  (2) 

An analogous equation was used by Dickie and Ferry [26] for fitting the creep compliance 

relaxation  ( )     ( ) in dicumyl peroxide vulcanizated natural rubbers. The Chasset-Thirion 

(CT) equation has been widely used to describe power law stress relaxation in unfilled polymers 

or elastomers [27, 28-32]. In several cases, the exponent m was shown to increase linearly with 

the cross-linking density. Theoretical models have been proposed by Curro et al [33, 34] and 

Heinrich and Vilgis [35] for explaining this feature and for justifying a posteriori the CT 

equation. However, several authors have shown that the linearity of the relation between m and 

the cross-linking density fails, as in the case of end-linked polydimethylsiloxane (PDMS) 

elastomers with pendent chains [27]. More, a decrease of m when the cross-linking density 

increases was reported by Martin et al. [30] for EPDM networks cross-linked with resol under 

compressive strain at 100°C.  

In fact, there are many classes of materials in which stress relaxation is not exponential but best 

represented as log(t) [36] or as a power law in time [37]. Examples of such materials include, 
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among others, block copolymers [38] and, more generally foams, emulsions, soft colloidal 

glasses, food products and others [37]. Power-law stress relaxation implies also power-law 

behavior in the frequency-dependence of the viscoelastic storage G'() and loss G''() moduli in 

materials for which there is no single characteristic relaxation time. Similarities in the rheology 

of many soft materials led Sollich and coworkers [39-41] to propose the soft glassy rheology 

(SGR) model. Moreover, SGR features are also observed in many biological systems [42-50]. It 

appears, however, that the elementary biophysical and biochemical mechanisms which govern 

the cell mechanics may not be well described by the SGR model. Therefore, other models 

involving a broad distribution of relaxation times were proposed [48] to explain power law 

relaxation. Jaishankar and McKinley [37] presented recently a constitutive framework using 

fractional derivatives to model the power-law responses observed experimentally in very 

different complex systems. These authors also show that the "effective noise temperature" x 

appearing in the exponent     in the SRG model is intimately related to the exponents 

involved in their fractional model.  

This non-exhaustive bibliographic survey concerning stress relaxation or recovery processes 

suggests that the power law involved in the CT equation could not be limited to the particular 

situation of cross-linked elastomers. It follows also that the physical meaning of the exponent m 

could be different from that involved in the Curro model since the power law behavior is typical 

of structural disorder and metastability [37, 39-41] and implies a broad distribution of relaxation 

times. We have shown in a recent paper [51] that the decrease of the force  ( ) requested to 

maintain an elongation of 60% of cross-linked silica filled elastomer can be fitted by a power law 

equation formally similar to the CT equation and an exponent equal to 0.17. In the case of a 

cross-linked carbon black filled elastomer, under the same conditions, the force decreases as 
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log(t). Heterodyne X-ray photon correlation spectroscopy (HD-XPCS) measurements performed 

simultaneously revealed a significant difference in the value of the velocity of the filler particles. 

For the carbon black filled sample, the logarithmic decrease of the tensile force was associated 

with a small velocity of the filler particles that decreased rapidly with time. These features would 

agree with the concept of glassy bridges in filled elastomers [14-16]. On the opposite, for the 

hydroxylated silica sample, the aggregate velocity was about 10 times larger than that of the 

carbon black ones and its decrease with time was slower. These measurements suggested (i), 

similarities between the behavior of the silica filled sample and that of colloidal gels or soft 

glasses [52] [53] and (ii) the absence of glassy domains as also observed in other silica filled 

elastomers [54-56]. This paper also emphasized the effect of the filler-filler (strong for 

hydroxylated silica fillers) and the filler-matrix (strong for carbon black fillers after cross-linking 

of the matrix [57]) interactions on the stress relaxation behavior of nanocomposites at the 

macroscopic and at the mesoscopic scale. 

Progresses in fundamental knowledge on polymer-particle interaction and its link with 

macroscopic properties were recently reviewed by Pandey et al. [58].  Lin et al. [59] investigated 

the role of the nanofillers on the polymer dynamics in order to get new insights into 

understanding processing conditions and rheological behavior of polymer nanocomposites.  The 

work described in the present paper was performed with similar objectives. Its aim is to show 

that the behavior of the relaxation and recovery of filled elastomers may provide a link between 

macroscale mechanical features and nanoscale polymer-filler interaction. This link could be the 

power law exponent m (or more precisely, the value of     ). To this end a well-defined series 

of samples have been prepared. They consist of the same Ethylene Propylene Diene Monomer 

(EPDM) cross-linked rubber filled with an hydroxylated silica (strong filler-filler interaction), an 
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hydrophobic silica having the same morphology (intermediate filler-filler and filler matrix 

interaction) and carbon black (strong filler matrix interaction) at two different concentrations. In 

order to determine the tensile relaxation and recovery (under strain), measurements were 

performed at different steps of strain    reached after a positive step increase          

where        and    being the initial strain or a negative step     where      . Tensile 

relaxation was also measured during the second increase of strain in order to get new information 

about the Mullins effect. Relevancy of the SRG model to strained filled elastomers will be 

discussed in the last paragraph.  

2. MATERIALS AND EXPERIMENTAL METHODS 

2.1 Samples. The elastomer matrix investigated is an Ethylene Propylene Diene Monomer 

(EPDM) rubber (Buna EP G 6850, Lanxess, Leverkusen, Germany). Three different fillers were 

used: carbon black N330 (Evonik Carbon Black GmbH), hydroxylated pyrogenic silica 

AEROSIL® 200 (Degussa) and AEROSIL® R 974. The latter is a hydrophobic fumed silica 

aftertreated with dimethyldichlorosilane based on the hydrophilic AEROSIL® 200 with a 

specific surface area close to 200 m
2
/g. The morphological characteristics of the fillers have been 

previously described in details [60-62]. The filled elastomers were prepared by mixing 20 or 40 g 

of filler with 100 g of rubber (i.e., 20 or 40 phr) and 3 g of dicumyl peroxide (the cross-linking 

agent) in a two-roll mill for 5 minutes at 50°C. Afterwards, the mixtures were cured in molds at 

160°C under pressure during 10 minutes. The volume fraction of filler corresponding to 40 phr 

is close to 0.16 for the carbon black filled sample and to 0.14 for the silica ones. In both cases, 

the volume fraction is expected to be above the "percolation" threshold which is close to 0.10 for 

carbon black N330 [63] and 0.02 for AEROSIL® 200 [64, 65]. At 20 phr, the volume fraction is 
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slightly below percolation for carbon black (0.09) but probably above percolation, for silica 

(0.07). In the following, the names Si-OH-40-c, Si-OR-40-c and CB-40-c will refer to cross-

linked samples with 40 phr of AEROSIL® 200, AEROSIL® R 974 and carbon black, 

respectively. Samples with 20 phr will be named Si-OH-20-c, Si-OR-20-c and CB-20-c. The 

uncross-linked AEROSIL® 200 filled sample will be named Si-OH-40-u. 

The thickness e of the samples used for the stress-strain measurements was about 2 mm. For the 

tensile stress relaxation, e was equal to1 mm. For all measurements, the one or two millimeter 

thick plates were punched out to the classical dumb-bell shape.  The width l of the gauge ranged 

between 4 and 4.2 mm depending on the puncher used. Its length was equal to 25 mm. 

2.2 Tensile force measurements. The tensile stress-elongation curves (monotonous stress-strain 

curves) were measured according ISO 527-2 with a universal testing machine Zwicki Z2.5. at the 

IPF in Dresden using S2 specimen geometry. The stretch ratio is defined as      ⁄  where L 

and L0 are the final and the initial lengths respectively. The strain  is defined as   

(    )       ⁄  (engineering strain).  The strain rate     ⁄  was equal to 0.133 s
1

 

corresponding to a crosshead speed of 200 mm/min and initial clamping length of 25 mm. 

Tensile relaxation measurements performed at given steps of strain (incremental stress-strain 

curves) were achieved by means of the apparatus designed for simultaneous stress and XPCS 

study [51]. A complete description can be found in the master thesis of L.J.S. Halloran [66]. 

Each strain step was reached after a rapid extension (0.034 s
1

) from the previous step to the next 

one. A strain gauge and a digitizing unit were used to measure the evolution of the force F every 

1 or 2 s at each elongation step. The value of the stress  is deduced from F by     ⁄  where 

     is the section of the sample. The tensile relaxation modulus  ( ) is defined as  ( )  
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 ( )  ⁄ . Fitting of the experimental curves is achieved by non-linear regression procedures by 

means of the Marquardt - Levenberg algorithm provided by SigmaPlot 10.0. 

3. ANALYSIS OF THE STRESS-STRAIN CURVES 

3.1. Monotonous stress-strain curves.  Figure 1a shows the variation of the stress  as a 

function of the strain  plotted in logarithmic coordinates for all samples. In the small elongation 

domain, all curves exhibit a power law behavior   ( )     
 . The value of the exponent n is 

nearly the same for all curves (            ). The domain in which this power law is 

verified, however, is not exactly the same for all samples. For the plain EPDM elastomer the 

power law is observed for values ranging between 0.03 and 0.26.(           ) For the 

CB filled samples, the limits are 0.015 and 0.14. In the case of the silica samples, the limits of 

the power law domain are shifted to smaller (0.004 to 0.06) values for Si-OH-40-c or the 

domain becomes narrower (0.02 to 0.06) for Si-OR-40-c. In the region of small strains, a linear 

variation of with  corresponding to an elastic deformation is expected. Thus, the slope n of 

the logarithmic plots shown in Figure 1a should be equal to 1. Because tensile stress-strain data 

obtained for filled elastomers are never plotted in logarithmic coordinates, it is difficult to 

determine whether or not such non-linear effect was already reported. Power law relationships 

can be found in the case of uniaxial tensile tests on metals and alloys (Hollomon equation) [67, 

68]. In the case of polymeric materials [69] or fiber composites under elongation [70] or under 

compression [71], high strain rates induce viscoplasticity. From this non-exhaustive list of 

publications it can be concluded that the stress-strain power law behavior observed at small 

deformations could reveal plastic or elastoplastic effects, i.e., structural damages or failures. The 

existence or not of a relation between a power law behavior and the hysteresis associated to 
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strain-softening characteristic of the Mullins effect would require further investigations. Thus, 

the origin of the power-law behavior shown in Figure 1a can hardly be found without further 

experimental work. The fact that the value of the exponent is nearly the same for all samples 

suggests that the hot-pressing step common to all samples, could induce a particular internal 

structure that would be almost irreversibly destroyed during the first stretch. It is worth 

mentioning the occurrence of plastic events in model polymeric glasses at very small strains, in a 

regime where the material is generally described as elastic [72]. 

The existence of a power law domain at small elongations allows us to calculate the relative 

stress r by dividing the experimental values by the prefactor 0. The collapsed curves 

plotted in Figure 1b reveal differences in the mechanical behavior of the samples at larger 

values. The first comment concerns the two CB samples: up to 0.7 the increase of the stress 

is nearly similar to that of the un-filled cross-linked elastomer. Thus it may be assumed that the 

carbon black particles act as additional cross-links. At larger strains, the shape of the curves 

indicates that stiffening occurs without the foregoing of a well-defined yield region. 

On the opposite, for the OH-silica filled sample Si-OH-40-c that appears to be the stiffest at 

small strains, there is a well-defined yield region corresponding to strain softening. It is likely 

that this effect results from a progressive opening of interparticle H-bonds in the silica network. 

Figure 1b shows that the relative strain softening effect decreases when the amount of OH-silica 

decreases from 40 to 20 phr.   

 



 11 

 

Figure 1. Stress-strain curves measured at a constant strain rate (0.133 s
1

) (a) and (b), relative 

stress   ( )   ( )   ⁄  plotted in logarithmic coordinates. 

3.2. Incremental stress-strain curves. The curves obtained for the different samples are shown 

in Figure 2.  In all cases, the difference between each strain step is equal to 0.2. The maximum 

strain is 0.6 for Si-OR-20-c, Si-OH-40-c and CB-40-c. For the 3 other samples, the limit is 0.8. 

Sample Si-OR-20-c broke during the second elongation (UP2) at 0.6.  
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Figure 2 (a, b, c). Incremental stress-strain curves. The filled black symbols correspond to the 

origin (t=0) of the time scale in the aging curves. 
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3.3. Comparison between monotonous and incremental stress strain curves. Figure 2 

indicates that the value of the maximum of the stress at each step is systematically smaller than 

that measured at the same strain shown in Figure 1a. This result may be explained by the fact 

that the change from one strain step to the next one is slower (0.034 s
1

) than the continuous 

increase of strain (0.133 s
1

) [73]. It appears (Figure 3a) that the two series of data are simply 

related by a multiplying factor for strain values between 0.2 and 0.6. It follows that the 

mechanism of the increase of stress with strain is the same in both cases in the 0.2-0.6 strain 

range. Above 0.6, the stress seems to be slightly overestimated. Furthermore, the stress values 

measured for CB-40-c by strain steps equal to 0.2 and 0.1 (open and closed circles in Figure 3, 

respectively) are nearly the same.  

Figure 3b shows the evolution with strain of the tensile modulus  ( )   ( )  ⁄ . In the 

investigation of the tensile relaxation modulus  ( ) at a given , presented in the next 

paragraphs, the data point shown in this figure correspond to the initial values named   ( ) 

(after suppression of the shifting factor introduced in the plots). This figure indicates that the 

amplitude of the decrease of the tensile modulus is significantly larger for the hydroxylated silica 

filled sample (Si-OH-40-c) than for the carbon black filled one (CB-40-c). For the other samples, 

the amplitude of the decrease stays between these two limits, as it is also shown in Figure 1b. 
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Figure 3. Comparison between stress (a) and tensile modulus (b) data obtained during the 

monotonous (Figure 1) and the incremental (Figure 2) measurements. The black open symbols 

correspond to the points shown in Figure 2 (first stretch) after multiplication by a factor ranging 

between 2.2 and 2.5. The black closed symbols correspond to the values of the stress measured 

for CB-40-c with a step interval equal to 0.1.   
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4. ANALYSIS OF THE TENSILE RELAXATION MODULUS DATA 

4.1. Experimental results obtained for  0.40. The time dependence of the tensile relaxation 

modulus  ( )   ( )  ⁄  is measured during the first (UP1) and the second step (UP2) of strain 

reached from below (    ) and for the same strain step reached from above (DOWN,      ) 

as shown in Figure 2. The results obtained for  0.40 are plotted in Figure 4. They are grouped 

within three graphs corresponding to the hydroxylated silica filler (Si-OH-c), the hydrophobic 

one (Si-OR-c) and the carbon black filler (CB-c) at 20 and 40 phr respectively. These graphs 

indicate that the overall amplitude of the variations of  ( ) becomes smaller when going from 

graph (a) to graph (c). For the CB-c samples (Figure 4c), the 3 curves (UP1, DOWN and UP2) 

obtained for the samples containing 20 phr are clearly separated from the ones obtained for 40 

phr. Furthermore, for CB-40-c (UP1), the concavity is directed towards the time axis while for 

all other UP curves, it is the convexity. For the latter, the Chasset-Thirion (CT) equation 

(Equation 1) properly fits the experimental data for       as shown in Figure 4. The values of 

the parameters deduced from the fits collected in Table 1 will be discussed in paragraph 5. We 

have observed that the experimental values E(0) are systematically very close to E(1) calculated 

by using the fitting equation (Equation 1). 

As for the data obtained for CB-40-c (UP1), the empirical fitting equation becomes: 

   ( )   ( )[  (   ⁄ )  ]   (3) 

with m < 0 as shown in Table 1. It follows that  ( ) decreases from the initial value  ( ) 

without reaching an asymptotic equilibrium value (  ) as it is the cases for the other UP curves 

shown in Figure 4.This feature could suggest the occurrence of plastic effects (damages).   
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Figure 4. Time dependence of the tensile relaxation modulus E for  = 0.40. (a) series Si-OH-c 

samples, (b) series Si-OR-c samples and (c) series CB-c samples.   
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Table 1. Parameters deduced from the fit of the data shown in Figure 4 by Equations (5). The 

sign # indicates      in Equation (5).  
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When the strain step is negative i. e., when the strain is decreased from  0.60 to 0.40 (DOWN 

curves),  ( ) increases with time.  It appears that all data (including CB-40-c) can be properly 

fitted by using the following equation: 

   ( )    [  (   ⁄ )  ]                  with  m > 0 (4)    

To the best of our knowledge, such a modified CT equation has never been proposed for fitting 

the after-strain recovery. The recovery process was often described by kinetic aggregate breaking 

and reforming (flocculation) [74-76] described by exponential equations. In fact, figure 4 shows 

that the approach of the tensile relaxation modulus E(t) to a steady state differs depending upon 

the direction of the change in the strain amplitude as observed earlier by Wang and Robertson 

[77]. These authors considered this asymmetry as one of the evidences of the existence of an 

analogy between strain-induced nonlinearity in the modulus of filled rubbers, the physics of the 

glass transition of glass-forming materials, and the jamming transition of vibrated granular 

materials. As a consequence, the asymmetric behavior cannot be interpreted by simple kinetic 

models. It seems now that the modified CT equation could capture the physical meaning of the 

unusual phenomena observed in filled rubbers.  

These features which will be discussed in more details in paragraph 5, allow us to introduce an 

alternative equation that can be considered as a generalized Chasset-Thirion equation writing: 

 ( )    [   (   ⁄ )  ] (5) 

in which:      for positive strain steps ("UP",      ) 

      for negative strain steps ("DOWN",      ) involving recovery. 

Table 1 indicates that the exponent m is always positive except for CB-40-c (Equation 3). In 

order to take into account this particular case in Equation (5), one will add the following 



 19 

condition:      when m is negative.    is the asymptotic equilibrium tensile modulus. 

Interestingly, for all samples (except CB-40-c), the asymptotic values   (DOWN) are very close 

from   (UP2) determined during the second step elongation.  

The characteristic times  (Table 1) resulting from the fit vary considerably from sample to 

sample. In the present paper, will be considered as a characteristic time scale but it will not be 

further discussed. 

4.2. Experimental results obtained for  0.60 and 0.80. The experimental results obtained 

for        are plotted in Figure 5. In all cases, the spread of the curves UP1, DOWN and UP2 

is narrower than it was for        (Figure 4). For samples Si-OH-40-c, Si-OR-20-c and CB-

40-c there are no DOWN plots because these samples were not strained above 0.60. For the other 

ones, the modified CT equation provides a good fit for the experimental data measured during 

the DOWN step. The CT equation fits well the UP1 and UP2 curves obtained for the two 

hydroxylated silica samples (Si-OH-20-c and Si-OH-40-c) and one of the hydrophobic silica 

sample (Si-OR-40-c). The values of the exponent m are indicated in brackets on figure 5. 

Concerning samples CB-20-c and CB-40-c (UP1), the best fit is obtained by a logarithmic 

equation: 

  ( )   ( )[       ( )]   (6) 

The slope K is very similar and small (0.016 and 0.018, respectively) for both samples.  

Samples Si-OR-20-c and CB-40-c (UP2) behave as does CB-40-c (UP1) for       . m is 

negative and the data follow the generalized CT
 
equation (Equation 5) with     . However, 

the absolute values of the exponents m are smaller than it was for the smaller strain. 
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Figure 5. Time dependence of the tensile relaxation modulus E for  = 0.60. The values of m are 

given in brackets.  



 21 

The time dependence of the tensile relaxation modulus for        is shown on figure 6. The 

amplitude of the diminution of  ( ) within the time window considered becomes quite small 

(the ordinate scale is amplified by a factor 2). For Si-OH-20-c (UP1) and Si-OR-40-c, the values 

of the exponent m (given in brackets on figure 6) deduced from the fit with the generalized CT 

equation (Equation 5) are nearly the same and quite small. A logarithmic decrease of  ( ) is 

observed for Si-OH-20-c (UP2) and for CB-20-c. The order of magnitude of the slopes (0.019 

for the former and 0.016 and 0.011 for CB-20-c UP1 and UP2, respectively) are similar to that 

obtained for       . 

 

Figure 6. Time dependence of the tensile relaxation modulus E for  = 0.80. The values of m are 

given in brackets. 

4.3. Experimental results obtained for  0.20. The shape of the curves plotted in figure 7 for 

 0.20 (UP1 and UP2) is quite different from the previous ones measured at a larger strain. 

Most of them display a minimum located between 100 and 150 s followed by a domain in which 

 ( ) reaches a nearly constant value considered as being the asymptotic limit E 
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Figure 7. Time dependence of the tensile relaxation modulus E for  = 0.20. The values of m 

obtained for the DOWN curves are indicated near each plot. 
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For sample Si-OH-40-c (UP1), the short time (t < 40 s) behavior can be described by a 

logarithmic decrease of  ( ). The slope K is equal to 0.118 which is significantly larger than it is 

for the samples at larger strains characterized by a logarithmic decrease of  ( ) over the whole 

time domain investigated  ( ) is equal to 3.48 MPa. A logarithmic decrease of  ( ) is also 

observed for the sample Si-OR-20-c (UP1) in a larger range of time (up to 440 s). The slope is 

equal to 0.036 and  ( ) equals 1.27 MPa. For all other samples, the time dependence of the 

modulus at short times, up to the minimum, is nearly sigmoidal (in the semi-logarithmic 

representation). Existence of an initial fast decay of the relaxation modulus and a final slow 

decay at small strains was also reported in the case of carbon black filled natural rubbers or 

butadiene rubbers [20] or in carbon black filled EPDM elastomers [21]. The change of regime 

was often observed around 100 s as in the present case. At larger strains, the initial fast decay 

was no longer observed as also shown in Figures 4 to 6. Because this initial fast decay was not 

observed in un-filled rubbers, this feature was attributed by MacKenzie and Scalan [20] to a 

rapid re-formation of the filler network not completely destroyed at small strains. 

Figure 7 show that the DOWN curves measured for  0.20 are all well fitted by Equation (5) 

(in which     ) as for all DOWN curves obtained at larger strains. 

4.3. Experimental results obtained for the uncross-linked Si-OH-40-u sample. Figure 8 

shows the curves  ( ) obtained for this uncross-linked sample. It appears that their shape is very 

similar to that obtained for the corresponding cross-linked samples. For  = 0.10, the tensile 

relaxation modulus decreases logarithmically with time over the same time interval (1 to 40 s) as 

for Si-OH-40-c sample (Figure 7a).  ( ) is equal to 3.33 MPa. The slope K = 0.189 is larger for 

this sample than for the cross-linked one but the strain is not the same ( = 0.10 for the former 
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and 0.20 for the latter). For  = 0.20 and above, the curves are well fitted by the CT equation. 

The values of the exponent m varying between 0.27 and 0.21, are slightly larger in the uncross-

linked sample than in the cross-linked one. In the same way, the characteristic times 

comprised between 0.5 and 3 seconds are significantly larger in the uncross-linked sample 

than in the cross-linked one. A similar result was also reported for natural and styrene-butadiene 

rubbers [24]. 

 
 

Figure 8. Time dependence of the tensile relaxation modulus E at different strains for the 

uncross-linked Si-OH-40 sample. 

5. DISCUSSION 

5.1. Physical meaning of the exponent m in the Chasset-Thirion equation 

We have shown in the previous paragraph that all  ( ) data measured at a given strain  larger 

than 0.20 and reached by increasing the elongation (UP curves) can be fitted by one of the 

following equations: 
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- the generalized Chasset-Thirion equation (Equation 5):   ( )    [   (   ⁄ )  ]  

- a logarithmic equation (Equation 6): E( )   ( )[       ( )]   

In both cases, the derivative which corresponds to the rate of change of the tensile modulus 

writes as: 

|  ( )   ⁄ |         (7)  

with       for the CT equation and     for the logarithmic decrease (Equation 6). When 

 is smaller than 1, m is negative.  

 

Figure 9. Comparison of the values of the exponent       obtained at different strains. 

The values of       are plotted in figure 9 as a function of strain for the samples containing 

40 phr of filler. This figure reveals the following trends: 

-  is larger or close to 1.1 for the cross-linked hydroxylated silica samples (Si-OH-c) and 

larger than 1.2 for the uncross-linked one (Si-OH-u) 
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-  is smaller or close to 1.1 for the hydrophobic silica samples (Si-OR-c) and tends to 1 for 

the CB samples characterized by a log(t) decrease of tensile modulus 

-  depends on the initial strain and on the filler-filler and filler-matrix interactions 

-  is always strictly larger than 1 during recovery (DOWN). 

As a consequence, the exponent and, therefore, the CT exponent       may be 

considered as a fingerprint of the time-dependent properties of strained viscoelastic materials. 

Within the approach of soft glass rheology (SGR) [39-41], the power law exponent generally 

labeled (   ) characterizing the time-dependent viscoelastic properties is equal to 0 (   ) as 

the glass state is approached and to 1 (   ) for a viscous fluid. Our results suggest that the 

Chasset-Thirion exponent m is equivalent to the SRG exponent (   ). In such conditions, in 

equation (7) would correspond to x considered as an "effective noise temperature" [40] (also 

named "mechanical noise temperature"). In the present work, the value of the exponent m is not a 

characteristic of the material only but depends also on the strain (intensity and rate) and on its 

direction (UP or DOWN). As an example, for sample CB-20-c m is small ( = 1.04) for    

     (UP1). For        (UP1), the tensile relaxation modulus decreases as log(t) which 

corresponds to  = 1 in Equation(7). It is likely that this result can be interpreted as the strain 

induced jamming described by Wang and Robertson  [77]. When the strain        is reached 

in the decreasing step starting from       ,  ( ) follows the generalized CT equation (  

  ) with an exponent        (Figure 5). This feature agrees with the asymmetrical behavior 

discussed by these authors [77] already mentioned in §4.1. It suggests jamming resulting from 

the increase of the strain between 0.40 and 0.60 and unjamming when the strain is decreased 

from 0.80 to 0.60. More generally, we think that jamming could be revealed by the logarithmic 

time dependence corresponding to     in Equation 7. In the SGR approach      indicates 
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that the system becomes close to the glassy state which would be reached at the at the glass 

transition temperature Tg of the plain unstrained elastomer. These features would agree with the 

concept of glassy bridges induced by strain in filled elastomers [14-16]. It agrees also with the 

increase of Tg observed in filled elastomers [59].  It should be mentioned, however, that the 

physical meaning of the words jamming and glass transition is not exactly the same [78]. Both 

words are used here within the scope of reference [77]. 

On the opposite, none of the silica filled samples exhibits this behavior, at least for strains 

      . The UP1 and the DOWN curves can all be fitted with the generalized CT equation. 

Accordingly, as shown in figure 9, the exponents  never reach the limit    . In the SRG 

model, it means that the system does not reach a glassy state under strain because x remains 

strictly above 1. This remark is in agreement with the absence of glassy domains observed in 

other silica filled elastomers [54-56]. More generally, the above comments agree with 

conclusions reached by Luo et al. [79] who combined NMR and mechanical measurements on 

silica-silane and carbon black filled styrene-butadiene rubber (SBR). Figure 9 also shows that the 

values of are decreasing for the following filler sequence: hydroxylated silica, hydrophobic 

silica and carbon black. Interestingly, is the largest for the uncross-linked sample filled with 

hydroxylated silica. In the SRG model, it means that the mechanical noise temperature x and, 

therefore, the chain mobility, decreases accordingly. This observation is consistent with the fact 

that cross-linking and/or filler matrix interaction decrease the chain mobility. It follows that one 

should have now the possibility to characterize the macroscopic dynamics in a filled system by 

means of an effective noise temperature x related to the polymer chain mobility that depends on 

the interaction with the filler particles and on the strain. Further experimental work would be 

necessary to examine the role of the morphology of the nanoparticles used as filler. 
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5.2. Analysis of the asymptotic limits. The determination of an asymptotic equilibrium by 

means of the CT equation allows us to examine the Mullins effect in these systems. To this end, 

we have plotted on Figure 10 and 11 the values of the stress      ( ) measured at     

(Figure 2) and the values of        determined by means of the generalized CT equation for 

the three different fillers (40 phr). As expected, the second loading curves (UP2) are located 

between the first ones (UP1) and the unloading curves (DOWN). These figures show that the 

area of the hysteresis loop consisting of UP1 and DOWN curves decreases when going from Si-

OH to Si-OR and to CB fillers (for 40 phr), i.e., when the filler matrix interaction increases. The 

magnitude of the hysteresis loop area seems similar for 40 phr (Figure 10c) and 20 phr (Figure 

11b) of carbon black. In the case of hydroxylated silica, the decrease of the filler content seems 

to decrease the area of the hysteresis loop. This qualitative observation agrees with the Mullins 

effect model [80] based on dissipative friction phenomena due to internal sliding of the 

macromolecular chains and of the filler particles.  It also intuitively agrees with the very different 

behavior of the filler particle velocity and relaxation investigated by HD-XPCS for Si-OH-40-c 

and CB-40-c (0.60) [51]. For Si-OH-40-c, the area of the hysteresis loop obtained by 

considering the asymptotic limits determined by means of the CT equation is significantly 

reduced. If the hysteresis observed for 0 would be related only to relaxation effects, no 

hysteresis would be expected for . It follows that the hysteresis actually observed results 

from a modification of the silica particle network due to movements of the particles under strain 

and observed by XPCS. For CB-40-c (Figure 10c), the logarithmic decrease of the strain with 

time in the first loading does not yield an asymptotic limit. In this case it appears that the values 

of (DOWN) are very close to that obtained during the second loading (UP2). This feature is 

also observed for CB-20-c (Figure 11b).  
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Figure 10. Evolution of the initial stress 0 and of the asymptotic limit  determined by the CT 

equation: (a) the hydroxylated silica, (b) the hydrophobic silica and, (c) the carbon black fillers. 
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Figure 11. Evolution of the initial stress 0 and of the asymptotic limit  determined by the CT 

equation: (a) the hydroxylated silica (20 phr)  and, (b) the carbon black fillers (20 phr). 

The shape of the hysteresis loop obtained for Si-OR-40-c (Figure 10b) and Si-OH-20-c 

(Figure 11a) is different: the UP1 and DOWN curves are crossing for 0.40. It should be 

noticed that the upper strain was 0.80 for these samples. Without additional experiments, it is 

difficult to discuss further these features. It appears, however, that for  0.40 the values of 
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(DOWN) are very close to that obtained during the second loading (UP2) as it is the case for 

CB-40-c (Figure 10c) and CB-20-c. 

 

Figure 12. Comparison between the evolution of the initial stress 0 and the asymptotic limit  

for cross-linked (Si-OH-40-c) and uncross-linked (Si-OH-40-u) samples. 

The effect of cross-linking on the evolution of 0and with strain is reported in Figure 12 for 

the hydroxylated silica filler (Si-OH-40). For the uncross-linked sample Si-OH-40-u, 0 goes 

through a maximum at close to 0.20. Such a feature has already been observed for uncross-

linked elastomers filled with silica or carbon black. It was shown to be coincident with the 

appearance of a "butterfly" in the SAXS patterns and attributed to the breaking and the 

reorganization of the colloidal particle network in the direction of the strain [62]. As discussed in 

the previous paragraph, the value of are the largest for Si-OH-40-u which involves a larger 

chain mobility making possible the reorganization of the filler particle network. These features 

suggest that the generalized CT equation describes the breaking (or deflocculation) of the silica 

network and that this mechanism becomes independent of the strain above 0.20. The fact that the 
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asymptotic limit remains nearly constant suggests that the system tends to the same final 

deflocculated state. 

6 SUMMARY AND CONCLUSION  

In this study, we have first analyzed the stress-strain curves obtained according the standards 

procedure. The un-conventional plotting of the curves in logarithmic coordinates, allowed us to 

reveal the same non-linear stress-strain behavior for all samples. This feature suggests the 

occurrence of plastic events at small strain which could be similar to what was observed by 

simulations about the effect of tension in polymeric glasses. Therefore, it would be valuable to 

revisit, in the future, the analysis of previous experimental data.  

The largest part of the study is dealing with the analysis of the behavior of the tensile relaxation 

modulus  ( ) at a given strain level reached either by a positive or a negative strain step. The 

leading parameter of this investigation was the filler-filler or the filler matrix interaction. We 

show that for all silica filled samples strained above 0.20 by a positive strain step,  ( ) follows 

the generalized Chasset-Thirion equation. For the carbon black samples characterized by a strong 

filler-matrix interaction the decrease of  ( ) is mainly logarithmic. These features indicate that 

the rate of decrease of  ( ) after a positive strain step follows a power law characterized by an 

exponent      . A similar feature is also observed for the rate of increase (recovery) of 

 ( ) after a negative strain step for all samples and at all strain plateaus including       . The 

values of m are always positive and the limiting case     (    ) is never observed. 

We have then remarked that the above power law features could be signatures of soft glassy 

rheology (SGR) phenomena characterized by a broad distribution of relaxation times and 

multiscale dynamical processes. It follows that (i) the exponent m involved in the Chasset-
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Thirion equation would be equivalent to the exponent     involved in the SGR model and, (ii) 

the exponent     could be considered as an effective noise temperature. In other words, one 

should have now the possibility to characterize the macroscopic dynamics in a filled system by 

means of an effective noise temperature x related to the polymer chain mobility that depends on 

the interaction with the filler particles and on the strain. We present several indications arising 

from the literature that may support this hypothesis. We think that the coming analysis of the 

series of HD-XPCS data obtained simultaneously with the mechanical measurements, and giving 

information about the "movements" of the filler particles, will be able to provide additional 

evidences of the pertinence of the SGR models in the field of filled elastomers. 

Finally, the analysis of the limiting values (asymptotic limits) deduced from the fit of the data 

with the generalized CT equation, brings new information about the relative role of relaxation 

and plastic effect on the hysteresis (Mullins effect) observed in stress-strain measurements. 
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