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a b s t r a c t 

To investigate the impact of chain scission on the tensile properties of elastomers, a polyester-based

polyurethane was aged in seawater at several temperatures ranging from 40 °C to 90 °C. Before the hy- 

drolysis process, water diffusion was first characterized and described by Fickian behaviour. In terms of

temperature dependence, both mass at saturation and water diffusivity followed Arrhenius behaviour.

For ageing durations that exceed saturation time, ester bond hydrolysis occurs and leads to chain scis- 

sion within the polymer network. This chain scission rate could be described using a first-order reaction

and followed Arrhenius behaviour with an activation energy of 71 kJ/mol. From a mechanical point of

view, hydrolysis leads to large changes in both stress and strain at break. A gradual decrease in stress at

break was observed for all ageing temperatures. Nevertheless, strain at break first increases during ageing

and then drops off when the crosslink density is below a critical value of 1.25 kg/mol. After considering

more than 30 ageing conditions, relationships between the average crosslink density and these ultimate

properties were proposed and discussed here.
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. Introduction

Polyurethane (PU) elastomers are widely used in marine envi- 

onments due to their properties such as their simple fabrication, 

ffordable cost and good thermal properties [1–3] . In terms of PU 

urability, the nature of the polyol plays a major role [4] . When 

Us are made with polyether, the material exhibits good hydrol- 

sis resistance (even if the urethane bonds undergo hydrolysis at 

 high temperature) but poor resistance to oxidation. On the con- 

rary, when PU are made with polyester, they are sensitive to hy- 

rolysis [5] but have good oxidation resistance [6] . Polybutadiene 

an also be used for the polyol in very specific cases to reduce 

ater absorption in PU, although it is highly sensitive to oxidation 

ue to the presence of a double bond [7] . Therefore, the choice of

U depends on the use of the material in service conditions. Here 

e will focus on polyester urethane. 

When used in a marine environment, PU based on polyester ab- 

orbs water according to Fickian behaviour [8] . The amount of wa- 

er is about 2.5% at 80 °C with the water diffusion coefficient close 

o 1.3 × 10 −10 m 

2 . s −1 . The presence of water within the material

oes not greatly change the mechanical properties of the PU [9] , as 
∗ Corresponding author.
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obility between macromolecular chains is already very high even 

ithout water. PU based on polyester is composed of a succession 

f urethane and ester functions. Due to the presence of the es- 

er group in the backbone of the polymer, hydrolysis occurs when 

U is in contact with water [10] . It has been observed that ester 

roups hydrolyse faster than urethane linkages [11] . This reaction 

etween the ester group and water leads to a chain scission pro- 

ess that results in the formation of two chain ends: one with a 

ydroxyl group and the other with a carboxyl group (COOH) [10] . 

he latter is an acid group that becomes a catalyst and thus accel- 

rates the degradation process [12] , with carbodiimide being used 

o avoid this acceleration of hydrolysis [9] . This hydrolysis reac- 

ion has been widely studied in the literature and depends largely 

n the nature of the polyester polyol. Hydrolysis kinetic studies 

n polyester-based PU give activation energies ranging from 68 to 

3 kJ.mol −1 [12–14] . These differences are explained by the wide 

ange of existing polyester polyols as well as the many possible 

ombinations in the chemistry of polyurethanes [15] . Murata et al. 

howed that the hydrolytic stability of a polyester-based PU can be 

hanged by varying the total carbon number of the polyol [16] . Re- 

arding the macroscopic impact, chain scissions produced by hy- 

rolysis are one of the parameters that largely affects the me- 

hanical behaviour of PU and especially stress and strain at break 

 8 , 13 , 17 ]. 
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Fig. 1. PU based on polyester chemical structure.

Table 1

Main properties of the polyurethane studied

here.

Property Value

Glass transition temperature −30 °C
Density 1.23

Reinforcing fillers None

Hardness 80 Shore A
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Despite the existence of studies with a qualitative description 

f the ultimate properties of PU during hydrolysis, to our knowl- 

dge, the relationship between network properties and mechani- 

al behaviour is not described in the literature for crosslinked PU. 

his type of relationship is needed to perform a reliable prediction 

f the ultimate tensile properties during ageing and thus ensure 

hat the material is suitable for application. This study aims to set 

p and discuss such relationships between the PU network and its 

echanical behaviour. In this study, a polyester-based PU is aged 

n seawater at temperatures ranging from 40 °C to 90 °C. First, wa- 

er absorption is characterized, and then chemical degradation is 

onsidered at the macroscopic scale with both soluble fraction and 

hain scission measurements. In the meantime, tensile results are 

resented as a function of the degradation degree. Finally, these re- 

ults are discussed to highlight the relationships between the con- 

entration of elastically active chains and mechanical properties. 

. Materials and methods

.1. Materials 

The material considered in this study is a polyester-based 

olyurethane. Two types of polyols are used in the formulation: 

oly (ethylene adipate) with a molar mass of 20 0 0 g/mol as 

he main polyol and butanediol as a chain extender. The chem- 

cal structure involved in the polyurethane network is shown in 

ig. 1 . In addition, a mixture of 2,4 and 4,4 ′ -diphenylmethane di- 

socyanate (MDI) was used as the hardener. Samples were pro- 

uced in a 2 mm-thick sheet and post-cured at 120 °C for 5 h un-

er inert atmosphere prior to ageing. The main properties of the 

tudied material are summarized in Table 1 . Carbodiimides were 

ufficiently added to avoid the catalytic effects of the degradation 
roduct such as carboxylic acids. The hydrolysis rate is thus not 

xpected to be accelerated. 

.2. Ageing 

Samples were immersed in natural seawater from Brest Bay, 

rance, at temperatures ranging from 40 °C to 90 + / −2 °C in 50 L

anks. Water was continually renewed to avoid any water contam- 

nation during ageing. Afterwards, ageing samples were removed 

rom the ageing tank, dried at 40 °C in a desiccator for 24 h, and

haracterized according to the following protocol. 

.3. Mass changes 

During immersion, square samples are periodically weighed us- 

ng a Sartorius LA 310 S balance with an accuracy of 0.1 mg. The 

ample size is 50 mm 

∗50 mm, with a thickness of 2 mm; three

amples are tested for each condition. Samples are dried at 40 °C 

n a desiccator for at least 24 h prior to immersion. The mass 

hange (w) is calculated as follows: 

 ( % ) = 

m ( t ) − m 0 

m 0 

× 100 (1) 

here m(t) is the sample mass after immersion at time t in grams, 

nd m 0 is the initial mass of the sample in grams. 

.4. Swelling in solvent 

Swelling measurements are carried out by immersing the sam- 

les in toluene at room temperature according to the standard 

SO1817. Sample mass before immersion (m b ), after saturation by 

oluene (m s ), and after drying at 80 °C in an oven until the mass

eaches an equilibrium (m d ) are made using a Sartorius LA 310 S 

alance with an accuracy of 0.1 mg. Soluble fractions (F S ) and the 

olume fraction of rubber ( �r ) are calculated using the following 

quations: 

 S ( % ) = 

m b − m d 

m b 

× 100 (2) 

r = 

( m d / ρp ) 

( m d / ρp ) + ( m s − m d ) / ρs 
(3) 

s and ρp are respectively the density of the solvent and polymer. 

he molecular weight between crosslinks (M c ) for a tetra func- 

ional network is expressed ( Eq. (4) ) according to the Flory-Rehner 
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Fig. 2. Mass changes (w) of a polyurethane ester in immersion in seawater at dif- 

ferent temperatures, continuous lines correspond to fickian behaviour.
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2+ ln ( 1 −�r ) + �r 

] (4) 

n the case of a network with a functionality f, this equation can 

e written as follows: 

n ( 1 − φr ) + φr + χφ2 
r = − ρp 

M c 
V s 

(
φ1 / 3 

r − 2 φr

f 

)
(5) 

here V S is the molar volume of the solvent and χ is the in- 

eraction parameter between the solvent and the polymer. Here, 

is calculated by the Bristow and Watson semi-empirical equa- 

ion [19] ( Eq. (6) ) according to the literature [20] : 

≈ 0 . 34 + 

V s 

RT 
× ( δs − δp ) 

2 
(6) 

here R is the universal gas constant equal to 8.314 J.K 

−1 mol −1 

nd T the temperature equal to 298 K. δs and δp are the solubility 

arameters of the solvent and polymer, respectively [ 20 , 21 ]. For the

olyurethane-toluene system, χ is equal to 0.56. 

In this paper, even if two types of polyols are used in the PU, 

he polyurethane network is considered trifunctional ( f = 3) as 

hown in Fig. 1 . Thus, the concentration of elastically active net- 

ork chains ν(t) can be expressed by the following equation [22] : 

( t ) = 

2 

3 M C 

(7) 

.5. Tensile tests 

Tensile tests are performed according to the ISO 37 standard 

23] using dried samples. Type 3 dumbbell samples are tested at

0 mm/min using a 10 kN tensile machine from Instron. Load is

easured using a 10 kN load cell. Strain is measured using an

VE2 optical extensor directly linked to the tensile machine; the

train presented here is thus the “true” strain. At least three sam- 

les are tested for all conditions considered in this study, and the 

esults are averaged. 

. Results

.1. Water absorption 

Fig. 2 represents mass changes (w) corresponding to water up- 

ake as a function of normalized immersion time. For all temper- 

tures considered here, Fickian behaviour is first observed with a 

inear increase of mass before reaching a plateau at w ∞ 

. The lines 

epresent the identified Fickian law ( Eq. (8) ) and symbols the ex- 

erimental data. 

dw 

dt 
= D 

∂ 2 w 

∂ x 2 
(8) 

Considering the samples as thin sheets of thickness l, the rela- 

ive mass uptake w (t) 
w ∞ 

can be simulated using the expression below 

 Eq. (9) ) according to the literature [24] . 

w ( t ) 

w ∞ 

= 1 − 8

π2 

∞ ∑ 

n 

× 1 

( 2 n + 1 ) 
2 

× exp 

[
−D ( 2 n + 1 ) 

2 π2 t

l 2
(9) 

It is thus possible to determine the water diffusion coefficient D 

nd the water solubility S assuming Henry’s law ( Eq. 10 ) for tem-

eratures ranging from 25 °C to 90 °C. 

 = 

w ∞ 

× ρp

M water × P V 
(10) 

 V is the vapour pressure of water (bar) that depends on tempera- 

ure and M water is the molar mass of water equal to 18 g.mol −1 . 
These two parameters are plotted as a function of water tem- 

erature in Fig. 3 a and 3 b. As expected, an increase in water tem-

erature leads to an increase in water diffusivity [25] . Moreover, 

t appears that the temperature dependence of the water diffusion 

oefficient can be described with Arrhenius behaviour and activa- 

ion energy of 44 kJ/mol. This value is in accordance with exist- 

ng knowledge in the literature about water diffusion in polymers 

 13 , 26 ]. Fig. 3 b focuses on the impact of testing temperatures on

ater solubility in the PU considered here, with the calculation 

ade using Henry’s law with water activity equal to 0.98 [27] . 

nce again, it is possible to describe the temperature dependence 

sing an Arrhenius law with an activation energy of 32 kJ/mol. 

ased on these results, one can predict water absorption in this 

aterial in all conditions when knowing the sample size, temper- 

ture, and humidity level. 

.2. Hydrolysis leading to chain scissions 

The soluble fraction (F S ) is a direct measurement of the poly- 

er weight that is not linked to the initial polymer network. It is 

ell known that when polyester-based PU is exposed to a humid 

nvironment, chain scission occurs within the polymer network 

hrough a hydrolysis reaction [12] . This increase in soluble frac- 

ion as a function of ageing time in seawater ( Fig. 4 ) clearly shows

hat chemical degradation occurs within the material. It is worth 

oting that water diffusion is much faster than chemical degrada- 

ion, meaning that the degradation is homogenous through sample 

hickness. As an example, at 60 °C in seawater, water saturation 

s reached after 7 h, whereas no chemical degradation is measured 

fter several days. It appears the soluble fraction is a sensitive indi- 

ator of chain scission, but it is not straightforward when assessing 

 quantitative value. For this purpose, the assessment of numbers 

f elastically active chains though swelling is preferred (see next 

ection). 

The concentration of elastically active network chains ( ν) can 

e determined through swelling tests using the Flory-Rehner the- 

ry [18] . As expected during hydrolysis, a decrease in ν is observed 

egardless of the ageing temperature ( Fig. 5 ). However, for the low- 

st exposure temperature (40 °C), a slight induction period can be 

oticed. By increasing the ageing temperature, a faster decrease in 

he concentration of elastically active chains occurs. 
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.3. Hydrolysis kinetic study 

Let us now focus on the hydrolysis rate in a quantitative way 

sing the chain scission (s) that is considered by Eq. (11) [28] even 

f 2 types of polyols are used in the PU. 

 ( t ) = 

1 

3 

( ν0 − ν( t ) ) (11) 

Where s is the number of chain scissions (in kg/mol), ν0 

nd ν(t) are the initial concentration of elastically active network 

hains equal to 1.40 kg/mol determined using Eq. (7) before im- 

ersion and after ageing respectively. 

Following this approach, chain scission as a function of ageing 

ime is plotted in Fig. 6 on a log scale for all ageing temperatures.

urve fitting according to Eq. (11) was used to assess the hydrolysis 

ate as a function of ageing temperature. 

s / dt = k H [ H 2 O ] (12) 

As a result, we can propose in a first approach that the chain 

cission rate (ds/dt) is related to the water content in the poly- 

er for a given temperature as follows ( Eq. 12 ). This equation 
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 Eq. (12) ) can be used here thanks to the fact that PU undergoes

nly one type of chemical degradation (i.e. hydrolysis), the degra- 

ation is not auto accelerated because of the presence of carbodi- 

mide within the formulation and the hydrolysis reaction is not 

imited by water diffusion (see above). Where k H is the hydroly- 

is constant, and [H 2 O] the water content. 

This hydrolysis rate k H is then normalized by water solubility 

because water content within the polymer depends on the testing 

emperature) and plotted as a function of temperature in Fig. 7 . We 

bserved that the degradation rate follows Arrhenius behaviour, 

hich can easily be used to evaluate the chain scission rate as a 

unction of ageing conditions in practice. The activation energy is 

ere equal to 71 kJ/mol, which is in accordance with existing data 

here activation energy varies from 68 to 81 kJ/mol depending on 

he nature of the PU [12] . Let us now focus on the impact of chain

cission on the tensile behaviour of the polymer. 

.4. Impact of chain scissions on tensile properties 

Tensile behaviour has been characterized at 21 °C for all ageing 

onditions. Fig. 8 plots the stress/strain curves obtained before and 

fter ageing at 80 °C. The unaged material, in black, shows typ- 
cal non-linear behaviour for rubber with a low modulus (several 

Pa) and large extensibility up to λ = 6. It is worth noting that the 

tress increases significantly for an elongation above 4 due to the 

ormation of crystallites within the rubber using the strain-induced 

rystallization process [ 6 , 29 ]. During ageing, an increase in maxi- 

al elongation is first observed (up to 5 days at 80 °C), and then a

rop occurs. In the meantime, a gradual decrease in both maximal 

tress and modulus is observed. The same behaviour is observed 

or all ageing temperatures as shown in Fig. 9 a and 9 b. Other stud-

es on polyester-based thermoplastic PU highlighted the same me- 

hanical behaviour when materials undergo a chain scission pro- 

ess [ 13 , 30 ]. In 2010, the results of Neffe et al. on polyester-based

U elastomers showed an increase in elongation at break and then 

 decrease during hydrolysis. However, the sudden drop in this 

longation at break was not discussed [31] . This point will be con- 

idered below. Similar maximal elongation changes as a function of 

hain scission have been observed in the case of ethylene propy- 

ene diene monomer under irradiation [32] . 

. Discussion

This discussion considers the potential relationships between 

he types of network through the concentration of elastically ac- 

ive chains ( ν) and the ultimate properties measured during ten- 

ile tests. In fact, based on Fig. 6 , it is thus possible to determine

within the polymer as a function of the environment. However, 

he most interesting properties in practice are the ultimate prop- 

rties, namely maximal elongation and stress. It is thus necessary 

o study the relationships between these parameters. 

First let us consider stress at break. During ageing, for all tem- 

eratures considered here, a gradual decrease in stress a break is 

bserved. Moreover, Fig. 10 shows a general trend between maxi- 

al stress and ν regardless of the ageing temperature. Thanks to 

his curve, it is possible to directly link the concentration of elasti- 

ally active chains using a simple linear relationship. To the best of 

ur knowledge, this kind of relationship is highlighted for the first 

ime in crosslinked elastomers. However, it has already been ob- 

erved in thermoplastic elastomers [33] and attributed to changes 

n strain-induced crystallization: as chain scission occurs within 

he polymer, the crystallization process becomes harder to initiate. 

In the same way, a general trend between the elongation at 

reak and the concentration of elastically active chains is evi- 

enced in Fig. 11 whatever is the ageing temperature. Here again, 

he general behaviour is independent of ageing temperature. How- 

ver, two trends are observed depending on the ν value. When ν
s between 1.25 and 1.4 kg/mol, an increase in elongation at break 

s observed with the chain scission process. On the contrary, when 

is below 1.25 kg/mol, a drop-off occurs in maximal strain due to 

mbrittlement in the PU. A critical value of elastically active chains 

an thus be defined here for the first time for crosslinked elas- 

omers. This value is named νcrit and is equal to 1.25 kg/mol. 

Let us first consider the increase in elongation at break with 

hain scission when ν is above the critical value. Based on the 

ubber elasticity theory, the maximal elongation is related to the 

aximal extension of the macromolecular chain within the net- 

ork, meaning that λb α ν−1/2 [34] . Fig. 11 plots λb as a func- 

ion of ν−1/2 for the 30 ageing conditions considered in this study, 

learly highlighting a general trend between these two values. This 

eans that the increase in elongation at break can be described 

ased on theoretical considerations. This point has been already 

bserved but only when crosslinking is predominant overs chain 

cission. For instance, Le Gac et al. showed that λb is proportional 

o ν−1/2 in the case of an unfilled polychloroprene rubber [35] . For 

lled natural rubbers where crosslinking is dominant during oxi- 

ation, Ahagon et al. [36] point out a relationship equal to λb α
−3/4 . This power law was also found by Grasland et al. [37] on 
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nfilled natural rubbers. This means that for λb α ν−n , the value

f n is close to 0.5 independently of the nature of the rubber. 

For high degradation levels, namely ν below νcrit , a drop in 

longation at break occurs, meaning that changes in elongation at 

reak with ageing can no longer be described using rubber elas- 

icity theory (empty dots in Fig. 11 ). The exact origin of this drop

emains unclear. However, based on the tensile curves presented 

n Fig. 8 , we can observe a change in the tensile behaviour of the

aterial for samples aged for 7 and 9 days at 80 °C (i.e., ν < νcrit );

he upturn observed for λ above 4 and attributed to strain-induced 

rystallization is no longer observed further investigations are need 

o conclude here. This observation suggests that the crystallization 

rocess during the tensile test does not occur when the concen- 

ration of elastically active chains is below 1.25 kg/mol. The ori- 

in of embrittlement needs further attention such as suppression 

f strain-induced crystallization or bimodal structure of the net- 

ork (before and/or after chain scission). For the first mechanism, 

-Rays in situ experiments are underway on the same networks as

entioned. For the second mechanism, multiple quantum proton

MR experiments on the network are also in progress.

. Conclusions

Polyester-based polyurethane was aged in seawater for a year 

t five different temperatures ranging from 40 °C to 90 °C. Rapid 

ater absorption occurs when the PU is placed in water, which 

an be described using a Fickian model. Both the water diffusion 

oefficient and water solubility are affected by the testing temper- 

ture. The impact of the water temperature can be described using 

he Arrhenius law for these two parameters. 

The presence of water within the polymer leads to hydrolysis 

f the ester bond, and thus chain scission occurs within the elas- 

omer network. This chain scission process results in an increase in 

he soluble fraction and a decrease in elastically active chains. It is 

orth noting that the hydrolysis process here is not autocatalyzed 

ue to the presence of carbodiimide, and thus the chain scission 

ate and the associated kinetic constant can be easily estimated 

ased on our results. 

Chain scission leads to large changes in the mechanical be- 

aviour of the PU, especially ultimate properties. A gradual de- 

rease in maximal stress is observed here for all ageing tem- 

eratures under consideration. A linear relationship is found be- 

ween the concentration of the elastically active chains of the 

U and its stress at break; this relationship can be useful 
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o predict the long-term behaviour of polymers. Chain scission 

rst leads to an increase in elongation at break, and then a 

rop-off occurs. A critical elastically active chain value is intro- 

uced to describe this behaviour: when ν > νcrit,  the mate-

ial is ductile and λmax increases with the chain scission pro- 

ess, whereas when ν < νcrit,  the material is brittle; here νcri

s equal to 1.25 kg/mol. The increase in λmax with chain scis- 

ion can be described based on the rubber elasticity theory, al- 
owing the prediction of the ultimate properties of PU during 
ydrolysis. 
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