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Abstract :   
 
During long-term environmental exposure, polychloroprene undergoes ageing. Throughout the process 
of thermo-oxidation, chemical degradation leads to crosslinking in the polychloroprene macromolecular 
network, inducing a significant change in mechanical properties. Among the various consequences of 
ageing on the properties, the reduction of fatigue lifetime is still poorly understood and needs more 
accurate prediction methods. This study presents a methodology to relate change in fatigue lifetime loss 
and network crosslinking during ageing. The material investigated is a carbon black-filled polychloroprene, 
subjected to more than 25 ageing conditions. Changes in network crosslink density, mechanical strain 
energy, and fatigue lifetime is experimentally measured. In the present study, a novel prediction strategy 
is proposed: it relies on the network strain energy density and convincingly describes fatigue loss. As the 
approach potentially extends to three-dimensional and/or multiaxial problems, it holds promise for 
addressing ageing-related issues in the analysis of elastomeric parts. 
 
 

Highlights 

► Thermo-oxidative ageing of a carbon black-filled polychloroprene is investigated. ► Ageing causes 
network crosslinking and drop in quasi-static and fatigue properties. ► Experimental strain energy density 
matches the theory of rubber elasticity. ► Network strain energy predicts fatigue lifetime independently 
of the temperature. 
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Figure 1: How to relate elastomer network and fatigue properties

roduction

r materials are essential components in numerous industrial technologies, as they provide the flexib

uired for parts to bear complex loads. One of the most critical properties is their fatigue resistanc

eir ability to withstand repeated mechanical loading when subjected to large deformation. Amo

ers, polychloroprene (CR) exhibits excellent fatigue properties and high extensibility, thus rende

an optimal material for numerous applications such as shock absorbers, coatings or seals [1, 2,

er, similar to other elastomers, CR is subject to ageing due to environmental exposure. During th

enon, it undergoes physical and chemical changes of its macromolecular structure, resulting in degr

of its properties. As mechanical performances drop, material failure is more likely to occur or

t leads to a reduced operational time. While significant progress has been made to elaborate C

ations with enhanced durability, it is critical to ensure the material resilience throughout the par

d service life.

in elastomers is strongly influenced by temperature. Generally, lower temperatures are asso

ith slower ageing rates due to industrial material formulations aimed at mitigating this undesirab
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enon. Conversely, elevating the temperature leads to chemical modifications to the macromolecul

k, usually referred to as thermo-oxidation. This process has been widely investigated in early resear

ural rubber [4, 5], and extended to other elastomers ever since, even for filler reinforced elastome

For CR, one of the most important degradation mechanism is acknowledged: radical chain reactio

n the polymer alkene bond, creating new crosslinks [6, 8]. The kinetics of this reaction have be

ed in previous studies for unfilled CR, in accordance with Fourier transform infrared spectrosco

) measurements and micro-indentation [9, 10]. Temperature dependence is adequately characterize

ng the onset of diffusion-limited oxidation (DLO) effects from a critical temperature. Thus, it

e to predict crosslink density (usually named ν) during thermo-oxidative ageing.

network scale, macromolecules overall mobility is hampered because of intramolecular crosslinks: t

of elastically active chains decreases with ageing. At the macroscopic scale, the stiffness increas

he ultimate extensibility decreases. These results have been corroborated by extensive research on t

f thermo-oxidative ageing on tensile properties of elastomers [11, 12, 13], including polychloropre

, 16]. Authors show that the Young modulus, E, increases due to the increase in crosslink densi

s both ultimate extension λb and stress σb decrease. Even though it has received less attention, t

f ageing on durability such as fatigue lifetime N [17, 18, 19] and crack propagation rate [20, 2

ll been characterized, even in the case of CR [22]. With a comprehensive understanding of netwo

s and decline in mechanical properties, attempts have been made to establish relationships betwe

wo factors.

roach to establish this relationship has been proposed, based on the theory of rubber elasticity [2

framework, stretch at break λb is expected to be related to ν−1/2 in uniaxial tension. This re

p has been validated for a broad range of unaged rubbers, and some studies have shown success

tions when applied to CR ageing [15, 22]. However, there is still a need for an effective method th

tely predicts fatigue lifetime during ageing. Classically, fatigue lifetime is correlated with quasi-sta

ties either using the phenomenological model of Lake [17, 24] or empirical relationships involvi

te properties [22]. This existing methodology, represented by the black arrows in Figure 1, has

ions as ultimate properties cannot be extended to 3D problems and cannot be easily incorporated in

utive models. Recently, there has been a rising interest in using energetic approaches to characteri

change during ageing. In this context, Moon et al. [25] investigate a possible relationship betwe
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ain energy density and crosslinking to predict fatigue lifetime in complex blends of natural rubb

lybutadiene rubber.

present study, we adopt a novel strategy to directly relate fatigue lifetime to the properties of t

olecular network during ageing. Particularly, we investigate a carbon black-filled CR that undergo

han 25 thermo-oxidative ageing conditions. In the following, we first examine the effect of ageing

e macromolecular network and the mechanical properties, by determining the crosslink density, t

ical strain energy, and the fatigue lifetime of the material. Then we propose a novel approach bas

theory of rubber elasticity and that relies on the network strain energy density Wnetwork. Using th

, represented with blue arrows in Figure 1, fatigue lifetime is satisfactorily predicted regardless

ing temperature for the first time on a filled elastomer.

terials and methods

aterial

terial is a carbon black-filled polychloroprene (15 phr), a material widely used in offshore application

ulation is given in Table 1.

Table 1: Material formulation
Compound Per hundred rubber

Polychloroprene type W 100
Carbon black HAF N330 15
Sulfur 1.875
MgO 4
ZnO 5
Stearic acid 0.5
6 Phenyl-phenilenediamine 3

aterial has been cured for 4 min at 177°C. It is supplied as plates of dimensions 250 mm × 250 m

m.

geing method

o-oxidative ageing is conducted in Memmert ovens with forced air convection, with a precision of

ior to ageing, material undergoes one week of anaerobic maturation at 100°C to produce the mater

to as ”unaged” in the following. Then, further exposition to air is considered as thermo-oxidati

Samples are aged at room temperature (RT), 40°C, 60°C, 80°C, 90°C, 100°C, and 115°C, for vario

durations. Oxidation is homogeneous through sample thickness.
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xperiments

ch ageing condition, i.e. specific temperature and duration, swelling, quasi-static uniaxial cyc

and fatigue tests are performed. For a particular ageing condition, the results are averaged over t

s.

Swelling

erage crosslink density ν is determined by swelling, with a protocol essentially identical to the one

t et al. [26], and based on ISO-1817 [27]. According to the Flory-Rehner theory [28], ν (in mol.cm

by Equation 1.

ν =
−1

Vtol

[ln(1− vp) + vp + χv2p]

v
1/3
p − vp

2

(

vp is the volumic fraction of the swollen polymer, Vtol = 106.3 mL.mol-1 is toluene molar volum

is the Flory-Huggins parameter which is commonly set to 0.4 for CR [29]. It is assumed that χ do

end on ageing. It is to note that when calculating ν with Equation 1 for a filled rubber, it provid

arent effective network chain density [30]. Results presented here are average crosslink densities

s), measured after ageing; we do not consider any changes in ν with the fatigue test here.

Quasi-static uniaxial tensile tests

s are ISO-37 flat dumbbell specimens (H3) with dimensions specified in [31]. Tests are perform

temperature with an Instron machine using a 10 kN load cell sensor, and a laser extensometer

e the strain ε. Extension λ is defined as λ = 1 + ε. The stretching rate is sufficiently low to consid

t as quasi-static: λ̇ = 10−2 s-1. For each ageing condition, samples are subjected to five cycles at

level of λ = 2. Three samples are tested per ageing condition and results are averaged.

Fatigue tests

H3-samples (also detailed in [31]) are tested for each ageing condition, in “fully relaxing conditions

th a null ratio R = 0 between minimum and maximum applied extension. Experiments are carri

room temperature on a specific machine visible in Figure 2 (see [32] for details). Prior to the test, t

s effect is eliminated as follow: samples first undergo an accommodation of 100 cycles at maximu

then they relax 15 min while maintaining the maximum strain.

5
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re 2: a) Custom-built fatigue machine featuring an electric actuator. b) Close-up view highlighting three samples

g conditions consist in a sine displacement at 2 Hz. During the test, pictures are recorded by a came

rmine samples break, which is considered as their end of life.

sults

section, we present the experimental results of the tests described above. The mean values of t

ed parameters are presented with error bars being min/max values at a given condition.

acromolecular network properties

operties of the macromolecular network of the aged specimens are characterized through their avera

k density ν. Figure 3a shows the average crosslink density of the material as a function of ageing tim

ference temperature of 80°C. Crosslink density exhibits a significant increase with ageing duratio

ted to the reaction of radicals on the double bond of the chloroprene to create new crosslinks duri

on [6, 8, 33]. In Figure 3b, each color corresponds to a specific ageing temperature considered

dy. The material demonstrates a uniform behaviour for all temperatures, in accordance with simil

on unfilled and filled polychloroprene [14, 15, 33]. As expected, increasing the temperature accelerat

dation, as illustrated by the horizontal shift between ageing temperatures. As the kinetics of C

-oxidation have already been studied in previous works [9, 10], it is not investigated here. Howev

portant to recall that predictions of ν can be made with kinetics models of thermo-oxidation.
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: (a) Crosslink density ν throughout ageing time at 80°C. (b) Changes in ν for all considered ageing conditions.
sible, deviation is within symbols width.

uasi-static tensile properties

nsile response of the material of the fifth cycle up to λ = 2 is presented in Figure 4a, for vario

durations at 80°C. During ageing, we observe a stiffening that can be attributed to the increase

k density measured by swelling.

cus heads towards the mechanical strain energy density which is calculated by integrating the

xtension curves. This energy, referred to as Wmech, is calculated by Equation 2.

Wmech =

∫ λ=2

λ=λstart

P (λ) dλ (

P is the engineering stress. Because of Mullins effect, there is permanent set when considering t

cle, therefore λstart ≥ 1 is the first extension value for which P is positive. Wmech is plotted in Figu

all temperatures considered. An increase in Wmech is observed: for example Wmech increases fro

J.m-3 before aging, to 1.73 MJ.m-3 after 14 days at 100°C. It is worthnoting that this behaviour

ndent of the ageing temperature. In other words, results presented in Figure 4 show that ageing tem

re affects the degradation rate of CR due to thermo-oxidation but not its mechanical consequences f

tatic loading conditions, in a qualitative manner at least. Quantitative relationship will be consider

discussion section.

7
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: (a) Fifth loading paths between up to λ = 2 from cyclic tensile tests on samples aged at 80°C. (b) Increase
cal strain energy density with ageing time for all ageing conditions

tigue properties

he Wöhler curve of the unaged CR is constructed; it is shown in Figure 5. It depicts the maximu

extension λmax in the range of 2 to 4.5 (with R = 0) with respect to the number of cycles to failu

expected, an increase in maximal extension leads to a decrease in fatigue lifetime. As an examp

educing λmax by a factor of two (from 4 to 2), the mean fatigue lifetime is increased by a factor

e fatigue lifetime of the unaged CR is consistent with previous investigations conducted on simil

al formulations [22, 34, 35], although the rates of change with extension may differ.

Figure 5: Wöhler curve of the unaged material

8
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ious investigations, research efforts have been made on crack nucleation and propagation with

black-filled rubber. When subjected to fatigue in relaxing conditions, the material stiffness declin

lly, mainly due to viscoelastic effects. For large number of cycles, there is a pronounced reduction

s, primarily attributed to crack initiation [38]. In thin samples, complete fracture occurs rapidly aft

nitiation: for this reason, some authors draw Wöhler curves for initiation specifically [39]. Observ

how that cracks initiate on flaws, most frequently inclusions or carbon black agglomerates [40, 4

ize and volumic density rely on numerous various parameters (formulation, number of loading cycl

extension etc...). Two initiation mechanisms are highlighted: filler/matrix decohesion caused

erates fracture, or cavitation in the vicinity of fillers or inclusions [41, 42]. In any cases, the crac

ropagate in a direction perpendicular to the loading [43].

r to evaluate the effect of ageing on fatigue properties, fatigue tests at λmax = 2 (i.e. at 100% strai

ducted, so that variations in the fatigue lifetime with ageing are easily discernible with acceptab

ental durations. Figure 6a illustrates a significant drop in fatigue lifetime over ageing time at 80

More precisely, at this temperature fatigue half-time life is reached in less than 6 days , and fatig

decreases by a decade in 30 days. As evidenced in Figure 6b, this behaviour does not depend on t

temperature; only degradation rate is affected by the temperature. This is in good agreement wi

experiments previously performed on unfilled polychloroprene between 70°C and 120°C [18, 22].

ure 6: (a) Drop in fatigue lifetime with ageing time at 80°C. (b) Drop in fatigue lifetime for all ageing conditions.
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section, it has been shown that thermo-oxidative ageing leads to an increase in crosslink density d

presence of double bonds in the polymer backbone [6, 33]. This increase largely affects the mechanic

our of the rubber with an increase in both stiffness and mechanical strain energy, as well as a dras

e in fatigue properties. Finally, we have shown that the ageing temperature significantly affec

etics of degradation and that the impact of thermo-oxidation on the mechanical behaviour remai

across a wide range of ageing temperatures.

ering that the degradation of the macromolecular network can be predicted by well-established kine

, our next objective is to correlate ν and N in order to describe the decrease in fatigue lifetime d

degradation.

cussion

tistical theory of rubber elasticity and its extensions relate the mechanical response of the material

racteristics of its macromolecular network through the strain density energy (see for example Trelo

3]). However, such approach has not been previously explored to explain the decrease in fatigue life

black-filled elastomers during degradation. Assuming that the crosslink density can be successfu

ed using existing kinetics models [9, 10, 36], a two-step approach is proposed here:

irst, we define a “network strain energy density” based on existing theory and verify its consisten

ith our experimental data.

econd, we establish a relationship between this network strain energy and fatigue properties.

etwork and mechanical experimental strain energy density

sumptions adopted for the classical statistical theory of rubber elasticity are [23, 44] :

cromolecular chain is defined as a segment of molecule between successive points of cross-linkage.

ean-square end-to-end distance of the unstrained assembly of chains is the same as for a correspon

of free chains.

is no change of volume on deformation.

etwork follows an affine model [37].

hains are Gaussian : network entropy is the sum of all individual chains entropies.

10
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ng the latter hypothesis, it is possible to derive the total entropy of deformation and to establish t

ion of the Helmoltz free energy, by assuming internal energy remains constant during deformatio

, it leads to Equation 3, where Wnetwork is the work of deformation at constant volume, i.e. t

lly stored free energy per unit volume of the rubber.

Wnetwork(λ1, λ2, λ3) =
1

2
ρRTν

(
λ21 + λ22 + λ23 − 3

)
(

ρ is the material density, R is the molar gas constant (R = 8.31 J.mol-1.K-1), T the temperatu

ν the crosslink density (in mol.cm-3), and λ1, λ2, λ3 the stretch ratios in principal directions.

extension, one dimension of the samples is increased by λ1 = λ, whereas the two other dimensio

uced correspondingly with the incompressibility condition : λ2 = λ3 = 1√
λ

. Hence, the accordi

energy density is now given by Equation 4:

Wnetwork(λ) =
1

2
ρRTν

(
λ2 +

2

λ
− 3

)
(

he CR is filled by 15 phr of carbon black, and the expression of Wnetwork takes into account t

e of fillers as a function of the effective crosslink density ν. However, the validity of this descripti

o be verified. As mentioned above, it is possible to measure the mechanical strain energy Wmech(

grating the quasi-static cyclic tensile test curves shown in Figure 4a. Therefore, by considering t

stored at λ = 2, we can compare Wmech obtained in Section 3.2 with the expression of Wnetwork

on 5:

Wnetwork(λ = 2) = ρRTν (

7 illustrates the correlation between Wnetwork and Wmech for all ageing conditions. The increa

twork signifies crosslinking, which in turn leads to the stiffening of the material. As a result, the

levation in Wmech, indicating a higher amount of mechanical strain energy stored in the materi

tatively, a linear correlation between strain energies is observed, with a slope close to one. Th

s that the energy required to stretch a sample up to λ = 2 closely matches the stored free ener

ed by Treloar’s theory, demonstrating the relevance of the approach proposed here. As a result, than

re 7, for a given ν, it is possible to predict quasi-static energy density Wmech at λ = 2 independent

ageing condition. This validates the use of Wnetwork as an indicator of network degradation.

11
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e 7: Correlation between measured strain energy density Wmech and theoretical Wnetwork for all ageing conditions

orrelation between fatigue lifetime and network strain energy density

now investigate the potential relationship between fatigue lifetime N and Wnetwork. Figure 8

es the according correlation for all ageing conditions. For samples with small values of Wnetwor

onding to unaged and slightly aged samples, the mean fatigue lifetime is concentrated around 30 0

000 cycles. As ageing becomes more severe, Wnetwork increases because of crosslinking and fatig

decreases accordingly. The y-axis being logarithmic, the decrease in N with Wnetwork is exponent

es not depend on ageing temperature. These findings demonstrate that network strain energy densi

iable predictor of fatigue lifetime during thermo-oxidative ageing. It is important to note that t

ology outlined in this paper does not currently incorporate variations in crosslinking density duri

testing performed at room temperature. This aspect will need to be studied in the future to consid

ential coupling between elastomer fatigue and aging.

ious studies, empirical relationships involving stretch at break λb and fatigue lifetime N have be

ed (see Figure 1) and they often provide acceptable correlations [22]. However, when these approach

ended to structural analysis, concerns arise due to the difficulty of incorporating stretch at break in

utive equations of elastomers, making the corresponding finite element implementation challengin

er, λb loses its relevance when dealing with multiaxial deformation. Since the strain energy densi

lly extends from uniaxial to three-dimensional formulation, the proposed approach addresses th

ion and offers potential for applications in structural analysis. In future investigations, the consisten

12
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approach should be studied for other fatigue loading ratios (R 6= 0) and larger strain (λ > 2).

igure 8: Relationship between fatigue lifetime N and strain energy density Wnetwork for all ageing conditions

nclusions

present work, thermo-oxidative ageing of carbon black-filled polychloroprene rubber has been tho

investigated and a significant effort has been made to relate fatigue properties to changes in t

olecular network. As established in former studies, oxidation induces an increase in CR netwo

king due to radical reactions on the polymer backbone. This results in a significant stiffening of t

al which manifests by an increase in mechanical strain energy density at the macroscopic scale.

f fatigue properties, we have observed an exponential decline in fatigue lifetime. Moreover, we ha

hat this behaviour is independent of temperature, suggesting that temperature primarily influenc

etics of the degradation process.

ajor finding of the present study is that the network strain energy density Wnetwork, derived than

statistical theory of rubber elasticity, agrees very well with experimental fatigue results for filled C

hout ageing. This physical quantity is revealed as a reliable predictor of fatigue properties witho

on fracture properties as an intermediary. However, further experiments will be necessary to valida

roach for a broader range of mechanical loadings. In particular, non-relaxing fatigue ratios (R > 0

ger strain (λ > 2) should be investigated.
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Highlights:

 Thermo-oxidative ageing of a carbon black-filled polychloroprene is investigated
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Ageing causes network crosslinking and drop in quasi-static and fatigue properties
Experimental strain energy density matches the theory of rubber elasticity
Network strain energy predicts fatigue lifetime independently of the temperature
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