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Substantial summary in French 

Les élastomères de polyuréthane thermoplastiques (TPU) sont une classe très versatile 

de polymères qui trouvent de nombreuses applications en raison d'une combinaison de 

propriétés thermiques et mécaniques. L’élevée extensibilité, l’élasticité réversible et une 

dureté réglable rendent les TPU comparables á les élastomères classiques à réticulation 

chimique et conviennent aux « applications de type caoutchouc» telles que les câbles, les 

ceintures et les chaussures pour n'en nommer que quelques-uns. Toutefois dans un 

certain nombre d’applications la facilité de mise en œuvre et les possibilités de recyclage 

des TPE les ont imposés comme une alternative aux élastomères traditionnels. Dans 

beaucoup de ces applications, la durabilité et la résistance à la fatigue jouent un rôle 

essentiel et sont considérées comme l'un des facteurs les plus importants pour éviter une 

défaillance inattendue du composant. La fatigue cyclique et la fracture ont été largement 

étudiées pour les caoutchoucs, mais c’est beaucoup moins le cas pour le TPU. 

En effet si les élastomères vulcanisés sont très majoritairement des matériaux élastiques 

avec une déformation résiduelle quasi nulle, les élastomères thermoplastiques ont 

souvent :  

- Un niveau d’extensibilité supérieur 

- Une résistance au fluage nettement plus faible 

- Une certaine déformation plastique en plus de la déformation élastique 

- Modification de la structure locale avec la déformation 

Dans cette thèse deux questions principaux ont été considéré : 

1) Comment tenir compte du caractère anélastique des TPU pour évaluer leur 

résistance á la fatigue : Comment définir G  (le taux de restitution d’énergie 

élastique) pour un matériau qui flue ? Comment tenir compte de la déformation 

plastic pendant les essais cyclique ? 

2) Quel rôle est rôle joué par la morphologie à phases séparées : peut-il expliquer la 

remarquable résistance à la fatigue cyclique du TPU ?  Quel est l’effet du gradient 

de déformation généré par la présence de la fissure sur la morphologie finale du 

TPU ? 
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Matériaux utilisés  

Dans le cadre de cette thèse, on a utilisé trois TPU fourni par la société BASF. Les 

matériaux sont choisis en raison de leur aptitude à remplacer les élastomères chargés 

traditionnelles tous avec un module de Young <10MPa. Tous les TPU contiennent une 

fraction de segment dur et des modules linéaires similaires, mais des compositions des 

propriétés á grand déformation différentes. TPU_SOFT, que présent une petite quantité 

de polybutylène téréphtalate cristallisé (PBT), a un écrouissage sous contrainte 

considérablement moins intense avant la fracture, tandis que les deux autres (TPU_HARD 

et TPU_XTAL) ont un écrouissage remarquable que seulement pour TPU_XTAL est en 

partie attribué à la cristallisation sous contrainte (Error! Reference source not found.). 

Le comportement mécanique des TPU a été, dans le cadre de cette thèse, souvent compare 

avec celui des trois mélange styrène-butadiène (SBR) avec module de Young similaire 

(Figure 1(b)). Les donnes sur les SBR sont pris par le travail de recherche de Sami 

Mzabi(Mzabi, 2010).  

 

(a) 

 

(b) 

Figure 1 Réponse mécanique des trois TPU (a). Réponse mécanique des trois SBR(Mzabi, 

2010)(b) 

----------------------------------------------------------------------------------------------------------------- 

Les sujets principaux de cette thèse ont été abordé dans quatre chapitres expérimentaux 

organisés en articles scientifiques indépendants. 
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1. Caractérisation de la pointe d'une fissure lors de la propagation sous fatigue 

cyclique dans le caoutchouc styrène-butadiène (SBR). 

Pour commencer il est logique, pour avoir un point de départ solide, de se demander ce 

qui contrôle la résistance à la fatigue dans les élastomères traditionnelles, mieux connu 

que les TPU. Dans ce chapitre nous avons caractérisé la région fortement déformée 

développée au fond de fissure pendant la fatigue cyclique de trois SBR renforcé avec du 

noir de carbone (CB).  En particulier, nous nous sommes concentrés sur la forme et les 

processus qui se déroulent au fond de fissure pour compléter et enrichir l'analyse 

présentée dans notre précédent(Mzabi et al., 2011)  

À l'aide d'une caméra infrarouge, nous avons démontré que la présence de charge 

contrôle principalement l'élévation de température dans le bulk tandis que la densité de 

réticulation contrôle l'étendue de la concentration de déformation au fond de fissure. 

Nous avons proposé que le taux de propagation de fissure dc / dn soit probablement 

contrôlé par une combinaison de dissipation en bulk (reliant le G appliqué à l'énergie 

locale disponible pour la croissance de la fissure et l'étirement maximal au fond de fissure 

λmax) et le rapport entre λmax et l'extensibilité limitante des chaînes polymères (contrôlée 

par la densité de réticulation et la teneur en charge grâce à l'effet d'amplification des 

déformations). 

2.Definition de la méthode de fatigue pour les élastomères thermoplastiques 

souple. 

Une des méthodes plus utilisées pour caractériser la résistance à la fatigue des 

élastomères classiques à réticulation chimique est la méthode de propagation de fissure 

qui suppose que des microfissures existent dans l’échantillon neuf et que la durée de vie 

est contrôlée par la vitesse de propagation de ces microfissures. L’avancement de cette 

fissure par cycle appliqué est caractérisé en fonction de taux de restitution d’énergie 

élastique G.   

On a montré que, lorsque les TPU sont chargés cycliquement jusqu'à la même valeur 

d'étirement maximal, la courbe de tension-étirement (et donc G (𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚)) change avec le 

nombre de cycles appliqués, mais atteint finalement un état stationnaire après 10.000 

cycles(Figure 2). Nous proposons une méthodologie appropriée pour évaluer la 

résistance à la fatigue cyclique dans les TPU, basée sur une approche de la mécanique de 
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la rupture avec des traitements supplémentaires pour tenir compte de la tendance plus 

élevée au fluage des TPU que les élastomères traditionnels. En comparant les résultats 

obtenus du TPU avec ceux des élastomères chargés classiques avec un module linéaire 

similaire, nous soulignons l'excellente ténacité et la résistance à la fatigue cyclique des 

TPU.   

 

Figure 2 G en fonction du nombre de cycles pour la même valeur d'étirement maximal 

3.Proprietés mécaniques des matériaux et rhéodurcissement local 

Dans ce chapitre, on a étudié le comportement mécanique cyclique en tension uniaxiale 

des trois TPU.  Malgré les différences á large déformation parmi les trois TPUs, les 

résultats des tests cycliques en traction uniaxiale montrent que les trois TPU présents des 

propriétés similaires : 

• Grande hystérésis entre le premier cycle de chargement-déchargement (effet 

Mullins) 

• Une déformation résiduelle marquée λres après déchargement.  

•  L’augmentation du module de Young a petite déformation après le chargement 

cyclique á des valeurs de déformation croissantes (Figure 3).  

En particulier, le raidissement du TPU résultant d'un chargement cyclique est 

fondamentalement différent du ramollissement (également appelé dommage cyclique) 

typiquement observé dans les caoutchoucs chargés réticulés chimiquement et provient 

de la fragmentation du HD d'origine en sous-unités plus petites mais plus nombreuses 
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(Figure 4) qui peuvent elles-mêmes agir comme points de réticulation physiques 

supplémentaires.  

 

Figure 3 Young Modulus VS Hencky Strain pour les trois TPUs . 

Nous proposons que ce renforcement causé par la déformation plastique, puisse jouer un 

rôle analogue à la cristallisation induite par déformation observée dans le caoutchouc 

naturel étiré, mais avec un caractère persistant. Il peut provoquer un renforcement local 

où un champ de déformation non homogène est présent, comme c'est le cas par exemple 

à la pointe d'une fissure se propageant en fatigue cyclique, fournissant une explication 

potentielle de la ténacité et de la résistance à l'usure bien connues du TPU. 

 

 

 

Figure 4 Représentation schématique de la fragmentation des HD avec le chargement.  
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4. Résistance á la fatigue des TPU et corrélation entre déformation et 

microstructure á l’échelle local  

L’élevé résistance à la fatigue pour les trois TPU associé á l'absence de charges 

inorganiques et de réticulations chimiques (qui jouent un rôle dans la détermination de 

la résistance à la fatigue des élastomères) rend intéressant de réaliser une corrélation 

directe entre les propriétés mécaniques du caoutchouc et des TPU, et ouvre la question 

du rôle joué par la morphologie à phases séparées des TPU. En utilisant la corrélation 

d'image numérique (DIC) et la diffraction des rayons X in situ (SAXS et WAXD), nous 

avons caractérisé la région de forte déformation avant le fond de fissure dans les deux 

TPU, avant et après la fatigue cyclique.  On a proposé que la localisation de la déformation 

et la structure anisotrope trouvée au fond de fissure dans les TPU après fatigue cyclique 

est liées à la restructuration locale des domaines durs qui, induit une rigidité plus élevée 

dans la région entourant la fissure. Nous proposons que cette variation spatiale des 

propriétés mécaniques réduit la concentration de déformation dans les cycles suivants, 

protégeant ainsi le fond de fissure des valeurs élevées de déformation et réduisant la 

probabilité de scission de la liaison à chaque cycle de chargement, expliquant ainsi la 

remarquable résistance à la fatigue cyclique des TPU. 
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1 INTRODUCTION AND 

CHAPTERS ORGANIZATION  

1.1 Industrial context and scientific question of the study 
Thermoplastic elastomers (TPE) made their appearance on the market “only” at the middle of 

last century and since then they saw a rapid development, especially because of their fast 

processability and adjustable mechanical properties. Among all TPE, the class of thermoplastic 

polyurethane elastomers (TPU) is very promising, especially because TPU can mimic some 

properties of common thermoset elastomers (such as high reversible stretchability and low 

Young modulus <10 MPa), coupled with an excellent abrasion resistance, and simultaneously 

offering the outstanding advantage of an easier processability and recyclability.  

Sportwear industry (footwear, waterproof gloves, breathable socks), automotive (scratch 

bumper protection) and the medical sector (eco-friendly alternative to the commonly used 

polyvinyl chloride or PVC) are only some examples of TPU applications.   

	

                               Figure 1-1 Example of TPU's applications	
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Coupled with the demand of TPU products has also grown the necessity of finding suitable 

testing procedures to implement safe design and predicting durability of this class of materials, 

especially in dynamic applications which often require to operate under repeated cyclic 

conditions.  

Following the industrial trend, it is not surprising that the laboratory of research and control of 

caoutchouc and plastics (LRCCP) has witnessed an increasing demand for TPUs durability and 

fatigue characterization, which motivated the original objective of this work: the definition of 

a suitable methodology to assess cyclic fatigue resistance of TPUs. 

At the same time, the limited understanding of TPU fracture mechanisms and the recurrent 

comparison between TPU and thermoset rubbers (despite their different molecular 

architecture), rapidly encouraged our interest toward the more fundamental research aspects of 

elucidating the crack propagation mechanisms operating in soft TPUs and how different they 

are compared to thermoset elastomers. 

1.2 Organization of the study 
This thesis was mainly structured in two parts. The first part is divided in four chapters and 

provides an extended introduction on the state of the art concerning the main topics treated in 

this work: elasticity and viscoelasticity, rubber and TPU, fracture mechanics and cyclic fatigue. 

The second part is divided in four  chapters organised as independent scientific articles.  

Part I: extended introduction  

Chapter 1 deals with the general concept of entropic elasticity and introduces the concept of 

viscoelasticity that will be further discussed in the Part II.  

Chapter 2 rapidly describes the filled rubber system that is the main subject of the Chapter 6 

and is often used as a benchmark to compare the mechanical and fatigue behavior of TPU.  

Chapter 3 starts with an extended introduction to the generic class of thermoplastic elastomers 

and then moves specifically to the sub-class of thermoplastic polyurethane elastomers. The 

second part of the chapter provides a summary of the state of the art for strain-induced structure 

modification of TPUs needed to address the issue of morphological changes near the crack tip 

in TPUs explained in Chapter 9.  
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Chapter 4 addresses the topic of fracture mechanics applied to elastomers. It briefly recalls the 

main methodologies adopted to evaluate cyclic fatigue resistance in elastomers and introduces 

some recent methodologies implemented to increase cyclic fatigue resistance in different soft 

materials.  

Part II: four chapters in form of scientific articles 

The first article (Chapter 6) focuses on the effect of heat dissipation in cyclic fatigue for 

different filled and crosslinked rubbers. This paper reanalyses some of the work carried out by 

Mzabi et. al on the characterization of the crack tip under cyclic loading for filled SBR. All the 

relevant data are taken from the PhD work of Mzabi 1,2.  

The second article (Chapter 7) aims to define a suitable procedure to evaluate cyclic fatigue in 

TPU. We critically review some important aspects regarding the choice of methodology such 

as the achievement of steady state and definition of the cyclic loading conditions.  

The third article (Chapter 8) represents a comprehensive mechanical characterization of the 

cyclic behaviour for three commercial TPU with similar linear properties but different large 

strain behaviours. We discuss the concept of cyclic strain-induced damage and energy 

dissipation.  

The fourth article (Chapter 9) is focused on cyclic fatigue results in two commercial TPUs at 

different testing temperature. Using X-ray and digital image correlation (DIC), we discuss 

the effect of crack in structural modification on TPU that in turn,  affects their fatigue resistance 

in cyclic conditions.  

1.3 Note on the adopted nomenclature and materials 
In the present work we used two kinds of material: styrene-butadiene rubber (SBR) and TPU. 

All the data for SBR are taken from Mzabi2. The original samples were prepared moulded and 

cured by Michelin. All TPUs were provided by BASF and injected by LRCCP.  

We decided to organize this work in four scientific articles thus, the specific composition will 

be separately reported in the “materials section” of each chapter (or article), consistently with 

the  materials considered  in the chapter.     
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To ensure an smooth readability of this manuscript, we briefly report here the basic 

nomenclature adopted for all materials.  

The typical SBR will be label as: 20CB_8XL  

CB indicates the presence of carbon black preceded by the percentage of the filler volume 

fraction (20% in the example) . XL refers to the crosslinking density and is preceded by the 

crosslinking density expressed in [10-5 mol/cm3] (8∙10-5 mol/cm3 in the example).  

The three commercial TPUs on the other side, have been chosen based on their low Young 

modulus (<10MPa) which is very similar for all of them, and their large strain behaviour which 

is different one from another.  To remark this aspect, we always report the commercial name 

of each TPU in the material section but we refer to them with the following names: 

565 A 12P = TPU_ XTAL, where XTAL indicates the presence of strain hardening behaviour 

in the stress-stretch uniaxial curve with strain induced crystallization (SIC).  

EC 60 A 10P= TPU_HARD, where HARD indicates the presence of strain hardening 

behaviour but without SIC. (Note that in Chapter 7 TPU_HARD will be simply referred as 

TPU to underline the differences with generic vulcanised rubbers) 

LP 9277 10=TPU_SOFT, where SOFT indicates a softer behaviour at large strain compared 

to other two TPUs.  
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2 ELASTOMERS  

Elastomers are polymeric materials which can be highly deformed by weak stress and 

return to their initial shape when the stress is removed. They generally are amorphous 

polymer composed by long and flexible macromolecules above their glass transition that 

in principle, makes elastomers analogous to a viscous liquid. Anyway, when these long 

molecules are sparsely chemically or physically bonded (crosslinked) together at 

relatively large distance they behave as a solid 1.  

There are two main kinds of elastomers: thermoset and thermoplastic elastomers. 

Thermoset elastomers, often generically referred to as rubbers, are characterised by the 

presence of chemical bonds between polymer chains. They can be swollen into solvents 

but are generally insoluble. In thermoplastic elastomers, on the other hand, the 

spontaneous phase segregation and re-arrangement of hard domains generates physical 

(and reversible) crosslinking. They are generally soluble in solvents and have less 

temperature stability2.   

2.1 Main properties of elastomer  
Elastomers are generally characterised by low tensile moduli (1-10MPa) , high 

extensibility , low permeability and electrical insulation 3. They are used in several 

applications including sealant, tyres, vibration and corrosion protection, conveyor belts 

etc.  
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The main physical requirements for a polymer to show elastomeric properties are 

summarized by Treloar 4: 

• Long polymeric chains having a high degree of flexibility and mobility (glass 

transition  temperature  (Tg)  must  be  below  the  operation  temperature of the 

material).

• High  molecular  weight  of  the  chains  favouring  the  formation  of  entanglements 

among the molecules joining them together in a network structure.

• Random coil conformation in relaxed condition.

2.2 Definition of entropic rubber elasticity  
In elastomeric polymers macro-molecules change their shape quickly and continuously 

at normal temperature by Brownian motion assuming random conformation5. When a 

perturbation is applied, as an external stress, polymer chains uncoil and begin to align 

into a more ordered state with correspondingly lower entropy. The driving force of the 

elastic recovery is therefore of entropic origin (not internal bond origin as enthalpic 

solid) since the material tends to return to its minimum free energy state by increasing 

the entropy level. An additional condition is that the polymer must be able to store 

deformation energy when strained without an excessive viscous flow of the chains. When 

chains flow the elastomers can retrieve its high entropy state of coiled conformation but 

it will not exhibit any elastic recovery after the application of the load (Figure 2-1). The 

introduction of chemical or physical reticulation points hinders viscous flow and ensure 

elastic behaviour.  
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Figure	2‐1	Schematic	representation	of	application	and	removal	of	an	external	load	in	an	

un‐crosslinked	(up)	and	crosslinked	elastomer	(down)	

2.3  Statistical theory  
One of the simplest models to describe rubber elasticity of a polymer network is the affine 

model originally proposed by Kuhn and developed by Wall , Flory, James and Guth and 

accurately described by Treloar4. The two main assumptions are: the affine model and 

the Gaussian statistics of the polymer chains. The first implies that the deformation of 

each network strand is identical to the deformation of the macroscopic solid. The 

Gaussian assumption considers the entropy of the network as the sum of the entropies 

od individual chains and can be described by Gaussian statistics.   Furthermore, the 

network is considered ideal so that enthalpic force are neglected (fH=0) , the volume 

change is equal to zero, the chains are flexible (T>Tg) and there is no chain slip or strain 

induced crystallization.  The entropy of a single chain with n	links of equal length l with 

completely random orientation within the chain, can be expressed as  

𝒔 𝒄 𝒌𝒃𝟐𝒓𝟐 Equation	2‐1	

Where, c is an arbitrary constant with no physical meaning,  𝑏 𝑛𝑙  (function of chain 

length) and r is the end-to-end distance of the chain.  Within the limit of the model 

assumption, given Li0 the polymer network dimension in the -i direction in the 
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undeformed state. If the network is deformed by the factor i the dimension on the 

deformed network is described as: 

Li=	i*Li0	 Equation	2‐2	

If each network strand is composed by N monomers and both end of the strands are 

deformed affinely to the macroscopic network, we can define the initial end-to-end 

vector R0 and the projections along the -i direction of the deformed R as :  

ri	=	iri0	 			Equation	2‐3	

For an ideal network, in absence of any enthalpic contributions (which means that the 

presence of crosslinking is ignored), the total Helmholtz free energy of the system can 

be written as W=-T S.  Where S is given by the sum of the N single chain entropy 

difference between the undeformed and deformed state: Ss.  

Combining Equation 2-3 and Equation 2-1  the total work of deformation or, elastically 

stored energy per unit volume W takes the form:   

W=	
𝑮

𝟐
𝝀𝒙

𝟐 𝝀𝒚
𝟐 𝝀𝒛

𝟐 𝟑 	 Equation	2‐4	

And the shear modulus 𝐺 can be expressed for as:  

𝑮
𝟏
𝟐

𝑵𝒌𝑻
𝝆𝑹𝑻

𝑴𝟎𝑵𝒄
	 Equation	2‐5	

where is the density of the rubber,  R the gas constant , M0 the molecular weight of the 

monomer and 𝑁  the number of monomers per elastic strands, i.e. between crosslink 

points.  Equation 2-4 is the fundamental expression defining the elastic properties of 

rubbers in the Gaussian approximation regime and has the huge advantage to enable the 

derivation of the stress-strain relationship for any type of applied strain. Additionally, it 

involves only a single physical parameter or elastic constant: G which contains the 

dependence of the materials structure. Equation 2-4 indicates that, as far as the Gaussian 

approach is valid, the elastic response of the rubber is independent of the chemistry of 

the polymer chains. 
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2.3.1 The case of uniaxial tension and limit of  Gaussian theory    

We can use the Gaussian theory to predict the stress strain behaviour in the specific case 

of uniaxial tension. According to incompressibility condition ( 𝜆 ∗ 𝜆 ∗ 𝜆 =1), the 

following holds:  

𝜆 𝜆;        𝜆 𝜆 𝜆  ; 

The strain energy density calculated with Equation 2-4 takes the form:  

𝑾
𝟏
𝟐

𝑮 𝝀𝟐 𝟏
𝝀

𝟑 	 Equation	2‐6	

And the force per unit cross-sectional area becomes: 

=	𝒅𝑾

𝒅𝝀
𝑮 𝝀

𝟏

𝝀𝟐  	Equation	2‐7	

Experimental observations of stress-strain relationship in conventional elastomers 

anyway, reveal substantial deviations from the theoretical behaviour of  Equation 2-7 .  

Figure 2-2 shows the comparison between stress-elongation behaviour predicted by 

statistical Gaussian theory (full line) with experimental behaviour observed for a 

vulcanized NR sample4. The model works quite well over a limited range of 

deformations below 𝜆=1.5.  The deviation at higher strain is due to the effect of limited 

chain extensibility that is not accounted in the Gaussian theory. Additionally, in NR and 

other stereo-regular elastomers strain induced crystallization effects will also increase 

the material stiffness and dominate at high strain.  Unfortunately, the stiffening of 

crosslinked polymer chains cannot be predicted by simple considerations on the 

crosslinking density of the network. Several non-gaussian theories have been provided 

to describe the large strain behaviours of elastomers that can be mainly divided in: 

phenomenological models, invariant-based and physical models.  Nevertheless, non-

gaussian approaches are less general than the gaussian approach that, despite failing 

at large strain, maintains the advantage to provide an easy understanding of the 

relationship between the stress-strain curve for different type of loading (uniaxial, 

biaxial, pure shear, etc. ) 
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Figure	2‐2	Comparison	of	statistical	theory	with	experimental	data	for	unfilled	natural	

rubber	from	4.	

2.4 Viscoelastic behaviour of elastomers 
In the previous sub-chapters, we mainly explored the ideal behaviour of an elastomer 

that is assumed to have a perfect reversible character. In practice, real elastomers are 

viscoelastic materials and exhibit time dependent and hysteretic behaviour. The 

viscoelastic behaviour of elastomers  mainly originates from their own architecture made 

of several long macromolecules that can slide on each-other generating complex 

phenomena of friction and resistance to motion.  As far as the energy of the system is 

above such energetic barrier the material is soft and the polymer chains have a high 

mobility. When the energy of the system is reduced (decreasing temperature for 

example) the polymer chains do not have enough thermal energy to overcome the 

molecular friction and the material behaves as a hard solid and becomes difficult to 

deform. A typical manifestation of the viscoelastic behaviour of elastomers is the 

variation of the complex  modulus G* at low strain with applied temperature (or 

frequency). G* can be divided in an elastic component G’ and in a viscous component G’’. 

Figure 2-3 shows the typical variation of G’ and loss modulus or tan  for a viscoelastic 

network where we can distinguish three regimes:  

 T<Tg the material behaves as a hard solid and the elastic modulus is high ≈ GPa 
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 T≈Tg the material is in the transition state between a hard and soft solid where 

chain can move but are highly constrained. This generates a maximum in the 

dissipation indicated by the peak in tan(=G’’/G’) 

 T>Tg the material is in a rubbery and soft state. Polymer chains can ideally flow 

unless they are kept together by some reticulation point as for vulcanised 

elastomers.  

One typical difference between pristine and crosslinked elastomers is the Young’s 

modulus dependence on temperature.  Figure 2-3 shows that the drop in the modulus for 

the un-crosslinked elastomer is replaced by a plateau. 

	

Figure	2‐3	Schematic	of	elastic	modulus	and	los	tangent	evolution	with	temperature	
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3 FILLED RUBBERS 

The term “rubber” generally indicates a compound between an elastomeric matrix and several 

additives, fillers and crosslinking agents, whose structure has been modified into a permanent 

shape becoming essentially insoluble and not easy to re-shape using heat and moderate 

pressure. Commercial elastomers are generally divided into rubbers for general purpose and 

specialty elastomers. This classification is mainly based on suitability of elastomer for specific 

applications1. 

General purpose elastomers are probably the largest section and are characterised by: high 

extensibility, low Young modulus (within the range of some MPa) and good electrical 

insulation. Some common applications include:  tyres, sealing, insulating and damping items, 

cable etc. (Figure 3-1). 

Among rubbers for general purpose, we can distinguish between: natural and synthetic rubber. 

The first one can be isolated from hundreds of different species of plants and was historically 

the first material used for tyres. The advances in synthetic chemistry and the introduction of 

several cheaper elastomers limited the use of NR that is now only considered for its strength in 

specific and severe dynamic application (as truck and earthmover tyre tread).  
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Figure 3-1 Example of applications for rubbers 

 

 

 

3.1 Polymer Matrix: SBR 

In this work we used styrene-butadiene-rubber (SBR) that belongs to the class of general-

purpose rubber.  SBR is a statistical copolymer between butadiene and styrene. The presence 

of styrene contributes to increase abrasion resistance and strength reducing the overall price of 

the elastomer. The good mechanical properties, versatility and the low price of SBR contributed 

in its huge diffusion especially in the car industry (almost 50% of the production of car tyres 

are made on SBR 2). Contrarily to natural rubber, the bulky styrene ring hinders the possibility 

of crystallization of polymers chain under strain.  
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Figure 3-2 Chemical structure of SBR 

3.2 Vulcanization 

Vulcanization, is a commonly used procedure adopted in tyre industry to obtain items with 

typical rubber elasticity. The process was introduced in 1843 by Charles Goodyear to generate 

irreversible chemical junctions among polymer chains through the formation of sulphur bonds 

between polymer chains as sketched in Figure 3-3.  

 

Figure 3-3 Introduction of crosslinking between chains using sulphur3. 

Differently from other crosslinking processes used in thermoset polymers, vulcanization is a 

mild crosslinking process and only a few amounts of crosslink points are generated. The 

crosslinked polymer maintains the random coil configuration with several degrees of freedom 

after vulcanization but at the same time viscous flow is suppressed.  Once an elastomer has 

been vulcanized, it cannot be modelled anymore and the process is typically irreversible.  

3.3  Filler system  

The term “filler reinforced” can be used to identify the changes in stress-strain properties in a 

material compared to its unfilled state 4. In rubbers, the addition of a suitable quantity of filler 
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(often nanoparticles of carbon black or silica) generally implies a marked increase in linear 

modulus, tensile strength, and maximum extensibility as shown in Figure 3-4 for two 

vulcanised SBR that only differ for the presence of 50Phr (parts by weight per hundred parts 

of rubber) of Carbon Black.   

 

Figure 3-4 Stress-strain curve for filled and unfilled rubber taken from (4) 

 Carbon black (CB) is one of the most common filler used to reinforce elastomers and is made 

by spherical particles which usually appear as fractal aggregates with average size ranging 

between 100nm -1mm (Figure 3-5). The reinforcing effect induced on the rubber by the 

addition of filler is not trivial and depends on several factors including filler composition, shape 

and dimensions. General conditions for filler reinforcement is the interaction between the filler 

particles and the polymer. The wide diffusion of the CB is justified not only by its low price 

but also by the good physical interactions that it can establish with the matrix. In particular, the 

surface of CB is made by graphitic layers with some high energy surface defects that are 

unstable absorption sites capable of strong interactions with unsaturated polymers (C=C). The 

phenomenon is referred as bound rubber and consist in a mobility reduction of rubber 

bounded on CB particle surfaces that in turn increases the reinforcing effect5,6.   
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Figure 3-5 TEM images of CB aggregate in rubber. Re printed from7 

3.3.1 Reinforcing effect on linear modulus 

The most simple model, aiming  to understand the increase on the modulus by the filler 

addition, is the Einstein-Smallwood 8 equation. Einstein equation was not originally meant for 

rubber but to model the effect of filler on the viscosity of dilute solution and Smallwood 

adapted his equation to explain the increase of the linear modulus of filled rubber using the 

concept of hydrodynamic effect. This derives from the fact that the filler is a rigid phase and 

unable to be deformed under the applied load. The Einstein-Smallwood equation consider only 

one filler-parameter that is its volume fraction 𝝓.  

𝑬 𝑬𝟎 𝟏 𝟐. 𝟓𝝓  Equation 3-1 

Where, E is the modulus of suspension, E0 is the modulus of the incompressible rubber. 

Equation 3-1 is valid for an infinitely dilute system and accounts for the individual contribution 

of the particles to the reinforcement but is not followed by rubber compounds where interaction 

between filler and matrix cannot be neglected. A modified version by Guth and Gold 9 who 

introduced a second-order term accounting for weak interactions.  

𝐸=𝐸0(1+2.5𝜙+14.1𝜑2)  Equation 3-2 
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Equation 3-2 is still excessively simplistic and must often be corrected taking in to account 

other additionally effects including the filler-polymer interactions (in-rubber structure) and 

elastic properties of the polymer after the vulcanization (polymer network contribution). 

Generally, the contribution to the modulus is divided in deformation-dependent and 

deformation-independent as will be discussed in 3.4.1.  

3.4 Dissipative mechanisms in filled rubbers  

Unfilled rubbers at low strain and far from Tg are mainly elastic and the most significant 

viscoelastic contribution is chain friction. Real rubbers anyway, are never used alone and 

always contain several additives and a certain amount of filler as previously explained. The 

addition of filler is irremediably related to an increase in viscous dissipation within the rubber 

system both at small and large strain.  

3.4.1 Payne effect 

Filled rubbers present a significant drop of the dynamic shear modulus under strain that is 

generally accompanied by a maximum in dissipation indicated by the peak in tan . The 

maximum in tan , generally occurs at some tenths of strain, a value that is likely to be close 

to the values of macroscopic deformation used in cyclic fatigue in filled elastomers. The 

reduction of modulus with strain was first studied by Payne 10,11 who interpreted it as the result 

of the breakage of physical bonds between filler particles, for example van der Waals or 

London forces, neglecting the role of the matrix itself. Actually, there are several parameters 

contributing to the Payne effect as: filler content, surface modification of the fillers and 

morphological characteristic ( volume fraction, filler shape and aspect ratio) 12. A more recent 

insight of Payne effect includes the presence of a glassy layer around the filler particles where 

polymer has reduced mobility. Such glassy layer forms a percolating structure that is 

responsible for the strain induced softening 13.  Generally, all the effects related to the structure 

of the material, that contribute to the strain amplitude dependency, are referred as “filler 

network” while polymer network, hydrodynamic effect and in-rubber structure are generally 

indicated as non-strain dependent as schematically shown in Figure 3-6.  
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Figure 3-6 Schematic behaviour of the complex shear modulus versus dynamic shear 

deformation. 

3.4.2 Mullins effect  

Mullins effect was observed for the first time in filled vulcanised rubber around the beginning 

of the 190014 and later on, extensively studied by Mullins and co-workers for elastomeric 

systems when cyclically strained at high deformation 15.  Mullin’s effect involves a remarkable 

stress softening between the first and the second cycle (at the same maximum strain) 

accompanied by a visible hysteresis between the loading and unloading path of the stress-strain 

curves. During the following cycles, within the same range of applied strain, the remaining 

hysteresis, is significantly smaller than in the first cycle and the stress-strain response tends to 

overlaps. When the maximum strain is further increased, the loading curve rapidly recovers the 

original behaviour of a single monotonic test as represented in Figure 3-7.  
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Figure 3-7 Illustration of Mullins effect on a filled SBR. Taken from 16 

Historically, the Mullins effect was observed in filled and crystallizing rubber when cyclically 

strained at high deformation but recently several authors reported the same phenomenon also 

for different systems such as thermoplastic elastomers 17 , hydrogels 18 and other living 

systems19.  As reviewed by Diani et al. 20 several physical interpretations have been proposed 

to justify this dissipative behaviour but a complete agreement has not emerged yet. Some of 

them involve: microstructural modification of filler aggregates, bond ruptures or slippage of 

shorter chains between aggregates and network re-arrangement, chain disentanglements, 

network re-arrangement. Despite the absence of a unique explanation, Mullin’s effect is 

generally considered as some form of permanent damage that is a-priori unknown and may 

cover for several phenomena as structural damage, chains rupture, nanovoids formation etc...  

Different models vary from each other in the definition of such damage parameter. In a recent 

paper, Merckel and co-workers 21 proposed an easy methodology to quantify the Mullin’s 

contribution that allows comparison between different materials. They worked on styrene-

butadiene-styrene rubber  (SBR) cyclically strained at different, medium to large, strain levels 

and introduced two damage parameters: one to account for the reduction in linear modulus with 

applied strain and the other to account for the change in the onset of strain hardening with strain 

induced during loading at larger strain. They showed that, for filled elastomers these two 

parameters have the same dependence on strain and also have very similar values. This led 
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them to conclude that in filled elastomers, small and large strain damage are two manifestations 

of a single phenomenon. 

3.4.3 Heat Generation 

Energy dissipation is also related to the phenomenon of heat generation and temperature 

increase. As far as the generated heat has enough time to diffuse through the sample this is not 

really a problem and only leads to some degree of temperature increase within the sample (or 

heat build up). In other cases, especially for materials with low thermal conductivity and in 

cyclic conditions at high strain, the generated heat has not enough time to diffuse away and can 

cause a significant temperature increase in the whole sample or in localised highly stressed 

region,  that can be detrimental 22–24. The amount of dissipated heat per cycle depends on 

several factors such as: filler content, maximum strain amplitude, frequency25.  Of great interest 

is the case of strained samples containing a crack. The crack in fact, creates a much higher local 

strain at the crack tip than in the bulk and as a consequence generates non uniform surface 

temperatures within the sample26,27. Persson and Carbone22 used viscoelastic arguments, to 

show that, as long as the crack propagates slowly, the heat produced at the crack tip can diffuse 

away resulting in only small increases in surface temperature. On the other hand, a moderate 

crack velocity (>1cm/sec) may lead to a large temperature increase ( 1000𝐾) in poorly 

conductive materials such as rubbers. In this case, the zone close to the propagating crack may 

be seriously damaged causing a degradation in mechanical resistance and unstable crack 

propagation. The first accurate measurement of heat sources and local temperature rise at the 

crack tip was provided by Martinez et al 27.  They used an infrared camera to evaluate the local 

heat generation at the crack tip in filled SBR and demonstrated the presence of a small zone 

close to the crack tip, smaller than the area of influence of the crack, where heat dissipation is 

remarkably higher than the bulk although the final surface temperature was only few degree 

higher.  Their work highlighted the possibility of a local build-up of temperature only in the 

region at the crack tip that cannot be predicted only by surface measurements and must be 

considered to improve constitutive modelling of cyclic crack propagation in filled rubbers.  

An interesting approach was proposed by Saux et al. 28 . They proposed an interesting 

correlation between heat build-up and cyclic fatigue in rubber using thermal measurements to 

deduce the fraction of dissipated energy related to cyclic induced damage.  



Filled Rubbers 

3-26 

 

3.5 Strain induced crystallization   

Strain induced crystallization consists in alignment and further crystallization of polymer 

chains under tension. Historically, the phenomenon of SIC was firstly observed in NR and 

deeply studied by means of X-Ray analysis as reviewed by Huneau 29.  In case of NR, SIC 

appears above a certain threshold that depends on several factors such as filler content, 

temperature and strain rate. Despite the fact that SIC is completely reversible, the melting of 

crystallites is generally observed at lower stretch ratios than that required for their 

crystallization. The different kinetics between formation and melting of crystallites in loading-

unloading has been often considered as a dissipative mechanism explaining the hysteresis loop 

in stress-strain curves of NR and identified as one of the major mechanisms responsible for 

high fatigue resistance of NR. Interesting, recent studies 30,31 used calorimetric analysis proving 

the absence of any mechanical dissipation over a cycle adducing the ability of NR to store 

mechanical energy without converting it in to heat as one of the principal cause of high crack 

propagation resistance of NR. The absence of any significant connection between energy 

dissipation induced by SIC  and high fracture resistance of  NR was also confirmed by the 

results of  Demassieux et al 32,33. They carried out a comprehensive X-ray investigation at the 

crack tip area of filled NR  and identified the local stiffening induced by SIC, and the 

corresponding reduction in strain intensification as the major mechanism contributing  to the 

remarkable cyclic fatigue resistance of NR .  

3.6 Nano-cavitation  

Another well-known source of dissipation in filled elastomers is the opening of nanocavities 

during extension33–35.  Despite the phenomenon of cavitation in unfilled rubbers, was firstly 

proved by Gent and Lindley in 195836 (using specific sample geometry called “poker chip” 

which generates hydrostatic pressure in the bulk on the material) it took years before the 

observation of nanocavities in rubbers. Firsts observations on volume variation in filled rubbers 

were provided by Le Cam et al. 35 but only more recently, Zhang et al. proposed an accurate 

methodology to quantify the presence of nanocavities in filled elastomers. They used real time 

X-Ray scattering (and the analysis of SAXS scattering invariant) on two different rubbers: SBR 

and NR.34,37  In particular, they found nanocavities of 20-40nm at the crack tip of filled SBR 

that were absent in unfilled rubber suggesting that nano-cavitation was the main cause of 

volume variation in filled rubber. Furthermore, the fibrillar structure, detected in the crack area 
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both in filled NR and SBR,  suggested that nano-cavities could act as precursor of the observed 

ligaments in filled rubbers26,38,39 .  

3.7 Concluding remarks  

This chapter introduces the topic of vulcanised rubbers and their main dissipative properties. 

In particular, two main concepts will be stressed in the Part II: the heat dissipation and the 

Mullins effect. The first topic will be explored in the Chapter 6 for SBR and related to the local 

conditions at the crack tip of fatigued samples. The second will be frequently recalled, 

especially in Chapter 3, to discuss and compare the concept of strain-induced damage during 

cyclic loading condition between TPU and filled thermoset rubbers.  
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4 THERMOPLASTIC  

ELASTOMERS  

Thermoplastic elastomers (TPE) are a widely diffused class of material and are present nearly 

everywhere in our daily life: toothbrush handles, mobile covers, sneakers soles are only some 

example of applications (Figure 4-1).   

The reason behind the huge diffusion of TPU can thus be summarized in a single concept:  they 

allow rubberlike materials, that cannot be melted and reprocessed once moulded, to be 

produced and re-shaped as a thermoplastic1 (e.g. injection moulding, extrusion). 

Rubbers are generally known for their characteristic elastic behaviour including the ability to 

be deformed several times their initial length, and to recover the original shape once the load 

is removed. The drawback is that classical rubbers are thermoset, that means that irreversible 

bonds are introduced between certain number of chains through an irreversible process called 

vulcanization as explained in Chapter 2. On the other side, thermoplastic elastomers have 

several properties of rubber such as softness and large strain elasticity but, can be rapidly and 

reversible shaped as a thermoplastic.  
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Figure 4-1 Example of TPE applications 

4.1 Historical survey and generic classification 

The history of TPE begins in 1930 when Goodrich scientists realised that adding plasticizers 

to PVC would convert hard PVC into a flexible product (Drobny n.d.; Holden 2000). Classic 

PVC is made by two different structures: syndiotactic and crystalline and amorphous atactic 

one. The use of plasticizers reduces the glass transition temperature of the amorphous atactic 

polymer and leads to a flexible polymer consisting in the combination of a rigid phase (that 

melts  at high temperature) with a softer and amorphous one (above its glass transition 

temperature in usage condition). Despite the fact that plasticized PVC was still lacking many 

elastomeric properties, the higher flexibility provided by the coexistence of two different 

phases raised the interest toward a new class of flexible-thermoplastic polymers and opened 

the route for further development of soft and flexible thermoplastic elastomers.  The second 

breakthrough in the history of the development of thermoplastic elastomers came in 1937 when 

Otto Bayer and his co-workers recognised the advantage of using a polyaddition reaction (noted 

since the middle of 1800) to produce useful plastics 1,2. Bayer and co-workers originally 

produced polymer fibres consisting in semi-crystalline polyurethane rich domains (below their 

Tg,) and an amorphous phase (above its glass transition temperature) made of long polyols. 

Basically, using a diisocyanate, a short chain and a long chain glycol they reproduced the two-

phase structure of PVC that nowadays we know to be the basis of the elastomeric behaviour of 

thermoplastic elastomers. This discovery received worldwide attention but, due to the 

constraints induced by the second World war, it was only in 1950 that the first production of 

commercial polyurethane based thermoplastic elastomers (TPU) started by the Goodrich 
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Company. The last and missing milestone that allowed a fast development and 

commercialization of thermoplastic elastomers was the emergence of the anionic 

polymerization in 1950 that opened an easy route for the production of block copolymers by 

alternating soft and hard blocks 1. A new class of polymers, providing several properties of 

vulcanised rubber without any chemical vulcanization that could be shaped using thermoplastic 

techniques was finally discovered.  

4.1.1 Classification of TPE  

The development of the chemistry of TPE become suddenly extremely fast and creative. 

Different chemistries, respecting the basic requirement of the formation of the specific multi-

phase structure, were explored to produce different TPEs with specific characteristics in terms 

of strength, elasticity, wear and oil resistance etc. Nowadays TPE can be classified in two major 

classes: segmented block copolymer and polymer blends 3 as represented in Figure 4-2.  

● Segmented copolymers are characterized by alternating soft elastomers and hard 

thermoplastic block such as polyamide/elastomeric block copolymers (TPAs), 

polyether/elastomer block copolymers (TPEs), polyurethane/elastomers block 

copolymer (TPUs). 

● Blends are essentially divided in polyolefin blends (TPOs) and dynamically vulcanized 

blends (TPV) 
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Figure 4-2 Example of classification of TPE.  

Among all TPEs, the class of TPUs is one of the most versatile. The easy polyurethane 

chemistry allows to produce TPUs over a wide range of rigidity, with a modulus between 10 

and 10.000 MPa 4. As the majority of TPEs, TPUs do not require any curing operation and can 

be processed by a variety of techniques including: injection moulding, extrusion and solvent 

casting.  Common properties of TPUs are: good elastic and flexible behaviour and an excellent 

resistance to abrasion. Additionally, TPU can be produced with low Young’s moduli (<10 

MPa) that makes them a possible sustainable alternative to commercial thermoset elastomers.  

Therefore, the importance of TPUs in the last years has grown because of their less expensive 

and faster production processes and the possibility of being recycled5.  

4.1.2 Chemistry and production of TPUs 

TPUs are the product of polyaddition reactions involving three principal reactants: a 

difunctional linear diol (hydroxyl terminated polyether or polyester) also called soft segment; 

an aromatic or aliphatic diisocyanate and a chain extender (short chain diol) forming the hard 

segment. The typical structure of TPU is shown in  Figure 4-3 
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Figure 4-3 Schematic structure of TPU. Image from 6 

Among the most popular aromatic diisocyanates we find the aromatic 4,4'-methylene bisphenyl 

diisocyanate (MDI) (Error! Reference source not found.)   The structural rigidity of the hard 

segments generally provides the TPU with a high tensile strength, modulus and thermal 

stability 7. However the aromatic units are susceptible to ultraviolet attack and stabilizers are 

required to avoid excessive degradation and yellowing. A common aliphatic alternative is the 

1,6-hexamethylene diisocyanate (HDI). TPU with aliphatic hard segments are generally 

characterised by higher flexibility and phase separation compared to aromatic one. 7–9. There 

are two main procedures to produce TPU:  one involves a single step where all reagents are 

mixed, the second requires the creation of a pre-polymer. Both processes have advantages and 

drawbacks in terms of timer and control of the final product.   

A) Single step procedure: it implies that all reactants are mixed together and reacted in one 

step.  This method is simple, however, the whole heat of reaction is released right away 

which suddenly increases the temperature of the reaction system considerably and 

makes it often incompatible with industrial procedures 10. Low molecular weight chain 

extenders are often the most reactive elements having the tendency to react with the 

isocyanate faster and before the high molecular weight polyols.  

B) Two steps procedure: the flexible block (either a polyether or polyester) reacts with the 

hard segment in the first step forming a pre-polymer containing both flexible and rigid 

block terminating with isocyanate groups. Then, the excess of diisocyanate reacts with 

the chain extender (usually a short chain diol or diamine) leading to the formation of 

the final TPU Generally, the single step procedure leads to the formation of more 

random copolymer while the two steps allows to obtain polymers with higher molecular 

weight (100.000 g/mol) and lower polydispersity index 11.   
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4.2 Morphology of TPU  

As previously mentioned, the final structure of a TPU is a copolymer composed by the long 

macrodiol or soft segment (SS) and the diisocyanate & chain extender composing the hard 

segment (HS). The HS and SS are chemically incompatible and tend to phase separate. 

Moreover, HS gather together thanks to the favourable hydrogen bonding (red in Figure 4-4) 

between carbonyl and amine groups developing aggregation of small domains surrounded by 

a soft phase. Depending on a combination of chemical composition, molecular weight and 

steric hindrance, the phase separation can be more or less partial but is generally never 

complete. Hard domains occupy significant volume 5-30 nm and are stiffer than soft domains 

acting as nanoscale fillers and physical crosslinks at the same time 12,13.  

 

Figure 4-4 Schematic structure of TPU morphology. 

 

4.3 Thermodynamic of phase separation  

The tendency to segregate and forming phase-separated microdomains of HS is mainly driven 

by the chemical incompatibility between soft and hard segments but, as reported by  Van 

Bogart,  11 the influence of temperature plays a key role in determining phase separation and 

usage limit of TPU. In a copolymer in fact, the most important variable controlling the phase 

separation is the free energy of mixing  ∆𝐺:  

∆𝐺 ∆𝐻 𝑇∆𝑆 
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Where ∆𝐻 is the enthalpy of mixing, ∆𝑆 the entropy of mixing and T the temperature of the 

system. The thermodynamic incompatibility between polar hard segment and less polar SS 

makes ∆𝐺>0 and force them to separate. The term 𝑇∆𝑆  is generally small for high molecular 

weight polymer but if T increases the two-phase mixing is promoted. This simple argument 

demonstrates the importance of temperature in determining microstructure and properties of a 

segmented copolymer as TPUs and explain why thermoplastic elastomer have less thermal 

stability compared to thermoset rubbers.  It is finally important to remark that, unlike the 

blending of two incompatible polymers, TPUs share covalent bonds between the HS and SS 

segments that prevents macroscopic separation of phase (as it the case of blends) resulting in 

the micro-phase separated morphology.  

4.3.1 Role of hydrogen bonding in phase separation 

The formation and stability of HD in TPU is promoted to the formation of extensively hydrogen 

bonding between urethane units. Hydrogen bond is one of the strongest intermolecular 

interaction (20-50KJ/mol) but weaker than a covalent or ionic bond. The NH group of the 

urethane linkage (-NHCO-O-) acts as a proton donator whereas the hydrogen bond acceptor 

can be found either in the carbonyl group of the hard segments or, to a lesser extent, in the soft 

segments. Figure 4-5 summarizes different possible kinds of hydrogen bonding in TPU. The 

first consequence of hydrogen bonding is the formation of physical crosslink points that can be 

compared with the chemical crosslinking taking place for classical vulcanized rubber. The 

extension of hydrogen bond interactions also affects the stability of hard-domains, that mainly 

derives from the self-assembly ability of urethane groups between inter-carbonyl and amino 

group  14. Recently, Mc Kiernan et al. 15 compared to a series of conventional TPUs with 

analogous structures achieved without hydrogen bonding revealing the strong influence of 

hydrogen bonding in improving the crystallization ability and packing of HS in soft TPU.  

Nevertheless, the effective role of hydrogen bonding in TPUs is still discussed.  Seymour and 

Cooper 16 found a good phase separation and similar mechanical properties in two series of 

TPUs with or without of hydrogen bonding concluding that the hydrogen bonding can be 

neither the principal reason responsible for phase separation nor the main reason of such 

excellent mechanical properties of TPU.  
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Figure 4-5 Possible hydrogen bonding in Polyurethane. Reprinted from 17 

4.3.2 Experimental evidence of the two phase morphology 

According to He10, Schollenberger 18  was the first to introduce the concept of   “virtual” 

crosslinking in 1958 to underline the main difference between reversible physical interactions 

in TPUs and the irreversible crosslinking in classical rubbers.  At the time anyway, there was 

no proof yet of the two-phase microstructure of TPU. The first evidence of the formation of a 

two phase morphology was provided by Cooper and Tobolsky 19 who suggested that the 

unusually high plateau modulus of TPUs was due to intermolecular associations between hard 

segments of TPU block copolymers. Some years later, Bonart  and Clough et al20 established 

that in TPUs, HS aggregate via hydrogen bonds form a physically crosslinked and reversible 

network.  13,21. Some years later,  Koutsky 22 confirmed the multiphase structure of TPU using 

a TEM analysis Figure 4-6. Later on, the effect of the micro-phase morphology on the final 

properties was investigated in depth by using several characterization techniques including 

scanning electron microscopy (SEM), atomic force microscopy (AFM), Fourier transform 

infrared (FTIR)  An interesting review on the structure-composition relationship is provided 

by He et al. 10. 
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Figure 4-6 TEM image showing the 2-phase structure in polyester-urethane block copolymer. 
Reprinted from22 

 

4.4 Strength of TPU and deformation mechanisms 

As already pointed out, in phase separated TPUs the hard domains appear to behave as both 

crosslinking points and fillers. Early in 1974-76, Smith 23,24, proposed that the principal 

mechanisms explaining the reinforcing effect of hard domains in soft TPU elastomers are: 

increase in energy dissipation during strain, crack bifurcation, cavitation , and plastic 

deformation of domains. Additionally, comparing the  tensile strength of TPU at different strain 

rates and temperatures, he highlighted that, for this class of materials, the time-temperature 

superposition does not work23,25. These results contributed to reinforce the idea that in 

segmented TPU, it is the specific hard-soft segment architecture (degree of phase separation, 

which is affected by the testing temperature and chemical composition of hard and soft 

segment, etc.) that governs the final strength and mechanical behaviour.  This explains why, in 

the following years, investigating how the deformation mechanisms of TPUs were affected by 

their morphological features became an attractive topic and will be explored in 4.4.1.  

4.4.1 Structural changes induced by deformation in TPU 

In order to better understand the excellent mechanical strength of TPU the response of the 

microstructure to external deformation has been largely studied using different techniques. 

Bonart 21 was among the first investigating the deformation behaviour of TPU using small and 
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wide angle X-Ray scattering (SAXS and WAXD). He proposed that the hard segment 

reflections in the diffraction pattern were produced by lateral arrangement of HS via hydrogen 

bonding in a pseudo-crystalline formation. According to his analysis, for strains below 200-

300%, the progressive tensile alignment of strained SS exerts a torque on the HD that, as a 

result, tend to orient transversal to the direction of the applied load as schematically represented 

in Figure 4-7. A further elongation was associated with breaking and restructuring of HD along 

the loading direction. Nevertheless, further studies suggested that for high value of strain the 

nature of the hard segments greatly affects the deformation behaviour. Crystalline HD with a 

high diisocyanate content (>40%), never become completely aligned and mainly act as inert 

filler and 26.   

 

Figure 4-7 Schematic structure of TPU at 200% of strain (From Bonart 1968). The loading 
direction is indicated by the arrows.  

The process of “cross-linking restructuration” as defined by Ishihara 27, consists in breaking 

and re-forming of hydrogen bonding to allow the hard segment to be re-aligned. An excellent 

summary on X-ray investigations in deformed TPU with a low hard segment content (<12%) 

was provided by Yeh and co-workers28 and schematically represented in Figure 4-8 . Moreover, 

they also proposed that the disrupted hard domain lamellae and elongated or strain induced SS 

contribute to the equatorial scattering often visible in soft TPU that should arise from electron 

density contrast between restructured and aligned hard blocks and aligned soft chains. Lee29 

and co-workers also proposed that the initial orientation of HS, that may be induced during the 
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processing of TPU, affect the final mechanisms favouring or not the fragmentation of the hard 

domains.  

 

Figure 4-8 Schematic of strain-induced structural modification in TPU with low HD content. 
Reprinted from 28 

Further studies30–33 used Fourier-transform infrared (FT-IR) dichroism to confirm Bonart 

model. Cooper and al32. proved that orientation of hard segments is mainly affected by HS 

length while SS orientation that progressively evolves parallel to the load, do not depend on 

the composition.  Kimura et al27,31 further proposed that the elongation mechanism can involve 

a complete re-organization of the hard domains through the progressive rotation of the principal 

axis of the HD from a relaxed to a strained condition as reported in Figure 4-9. In the relaxed 

condition,  the principal axis lies in the direction perpendicular to the lamellae stack of HS 

while upon deformation and restructuration of HD, it changes to orient along the parallel 

direction of the applied load inducing a fibrillar structure.  
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Figure 4-9 Schematic illustration of HD rotation and principal axis direction during TPU rotation 
(from Kimura) 

4.4.2 Effect of composition and modelling of mechanical behaviour  

Mechanical properties of TPU where extensively studied in the past. The effect of temperature, 

strain rate, hard/soft segment ratio and composition was often investigated mainly with the aim 

to better understand how they affect the mechanical strength in TPU.  12,34–37. 

Russo et al. 35 studied mechanical properties at low strain rate of a series of TPUs with different 

content of hard segments. They correlated the increase in hard segment content with the 

increase of the initial modulus and ultimate strength and the decrease in elongation at break. 

O’sickey 37 and others analyzed the effect of changing hard segment content and molecular 

weight of soft segments in polyurethane-urea. They concluded that the molecular weight of SS 

had considerable influence on the morphology of TPUs while the hard segment content mainly 

affects the reversible elasticity (TPU with E <10MPa).  

More recently, Buckley and al 38 analyzed the large strain mechanical properties of TPUs by 

varying the crystallinity and composition of hard  and soft segments. They found that the linear 

modulus of TPU significantly increased with increasing hard domain content and crystallinity, 

but was almost independent of the degree of phase separation. Moreover, a remarkable 

uniformity in dissipated energy was revealed by TPUs with linear moduli ranging from 40-

300MPa during the second and following loading cycles.  

An interesting review on the correlation between mechanical properties and morphology is 

reported by Qi and Boyce34 who proposed a constitutive model for the observed elastic 
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behavior treating hard domains as reinforcing particles in an elastomeric matrix. Although the 

model captures the time dependent behavior and strain induced softening in cyclic loading, it  

fails in predicting the unloading path and only takes into account the evolution of the volume 

fraction of soft domains with deformation without accounting for  time dependent and 

anisotropic response. The latter reinforces the importance of the microstructure evolution with 

applied strain. The developing anisotropic behavior (both in hard and soft segments) cannot be 

neglected in order to predict the cyclic response in TPU.  

4.5 Inelasticity of TPU 

When cyclically loaded, TPU generally present a certain residual plastic deformation (that in 

some case can be partially recovered) and cyclic hysteresis (or Mullin’s effect). An example of 

TPU stress-strain curve is reported in in Figure 4-10.   

 

 

Figure 4-10 Example of Cyclic stress-strain curve for two TPUs with different chain extender and 
crystallinity. Re-printed from 38 

These inelastic phenomena are a common feature of several TPUs irrespectively of the specific 

hard/soft segment ratio and chemistry. Buckley et al38.  tested the cyclic response of fourteen 

TPUs differing in hard and soft segment chemistry (MDI or DBDI) content and molecular 
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weight, and found similar qualitative behaviours in terms of hysteresis and residual 

deformation. Regardless of their origin, both residual strain and large hysteresis can be 

detrimental in several applications especially those requiring several loading-unloading cycles 

and must be carefully evaluated.  

4.5.1.1 Microscopic interpretation of Mullins effect 

We already presented the Mullins effect in classical thermoset rubber. In the case of TPU this 

has been less extensively investigated but, an interesting interpretation at the microscopic scale 

of the Mullins effect in TPU was proposed by  Sui et al39 who investigated the phenomenon by 

exploring deformation at the micro- and nano-scales of DBDI/PEA TPU using in-situ x-Ray 

analysis. They evaluated the apparent modulus of the hard and soft phase and of the in-between 

interface and associated the Mullins effect to the strongest change of apparent modulus at the 

interface. They argued that, for strain lower than 50% this interface is the first to be deformed 

and accommodates the strain gradient between hard and soft phase. On the other hand, for 

higher strain values the large hysteresis is more likely to be attributed to larger structural 

changes. This result mainly refutes the general consideration that HD restructuring is the sole 

phenomenon accountable of hysteresis in TPU.  

4.5.1.2 SIC in Thermoplastic elastomers 

SIC was found both in TPE 40 and TPU 8,41,42 containing either polytetrahydrofuran (PTHF) 

or  Poly(oxytetramethylene) glycol (PTMG). One of the main differences between SIC in TPE 

and NR  is that in the case of NR, SIC is completely reversible and no crystalline structure is 

generally observed after the removal of the load, while  in TPE the presence of a residual 

crystalline phase was often found after the removal of the stress using both X-Ray and 

calorimetric analysis40,42,43. 

4.5.2 Fracture and fatigue behaviour  

Despite the growing interest toward the class of TPU, their fracture and fatigue behaviour has 

been only poor investigated. Major et al44. evaluated cyclic fatigue in two classes of TPU filled 

and unfilled at the frequency of 2 and 10Hz. They highlighted the dependence of energy release 

rate on the number of cycles and the slightly better crack resistance at 10Hz for the unfilled 

TPU. Additionally, they noted the formation of a whitening layer close to the crack tip that 

they associated to the process zone. More recently Mars and Ellul45 ,evaluated the cyclic crack 

propagation for a commercial TPE known as SantopreneTM consisting in a blend of vulcanized 
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EPDM (Ethylene propylene diene monomer) and polypropylene. This class of material is 

generally harder than the soft TPU considered in this study (E =~400 MPa) and presents 

evident yielding. Mars and Ellul 45 inferred that, the fracture mechanic framework can still be 

adopted in this class of materials presenting high inelastic behaviour provided that, only the 

fraction of recovered energy is considered in the calculation of G. Thus, they proposed an 

experimental routine to account only for the fraction of the stored energy (associated to the 

elastic part of the strain) in the calculation of G.  

4.6 Concluding remarks 

This extended introduction on thermoplastic elastomers (and in particular on TPU) was aimed 

to recall some theoretical tools which will be adopted the Part II. In particular, the key messages 

of this part can be summarized as follows:  

 Soft TPUs present high extensibility and elastic behaviour, comparable to that of 

vulcanised elastomers, coupled with the outstanding advantage to be processed as a 

thermoplastic with less time-consuming processes than those conventionally adopted 

in rubbers. 

 The excellent mechanical properties of unfilled and un-crosslinked TPU, derive from 

the presence phase-separated morphology (HD and SS). The HDs (formed by 

aggregation of HS through hydrogen bonds) play the role of both filler and crosslinking 

points. 

 TPU generally present inelastic phenomena. Some of them:  SIC, Mullins effect and 

residual deformation, are qualitatively similar to those found in filled rubbers. Other, 

as the re-orientation of HDs with applied strain and plastic deformation, are 

characteristic of this class of materials. In particular, the lack of experimental works on 

cyclic and fracture behaviour of TPU leaves several open questions about the effect that 

their strain-dependent microstructure can have on fracture and fatigue properties of 

TPU.  
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5 FRACTURE AND FATIGUE IN 

SOFT MATERIALS  

5.1 Brief introduction to linear elastic fracture mechanic 
The theory that studies the crack propagation in an elastic solid is known as LEFM and 

originated around 1921 with Griffith’s work on fracture of glass fibres. At the time, the effect 

of stress amplification played by a crack subjected to a static load was already known thanks 

to the work of Inglis 1.  Griffith’s intuition was to apply the concept of stress intensification 

factor to microscopic flaws, naturally present in all materials, to explain the reduction of the 

strength to rupture of a glass fibre when increasing its diameter.  Based on this assumption, he 

proposed an energy based approach for crack propagation comparing the work required to 

break atomic bonds with the strain energy released as a crack grows concluding that, the crack 

propagation is due to the conversion of the elastic energy (stored within the deformed elastic 

material) into the energy required to separate the crack surfaces Γ 2 , where γ represents the 

material surface energy. In other words, the condition for crack propagation can be expressed 

as 

𝑮
𝒅𝑼𝒘

𝒅𝑨
𝒅𝑼𝒆𝒍

𝒅𝑨
𝜞 Equation 5-1 

An equivalent description of LEFM in terms of singular stress field was provided by IRWIN 

in 1957 who calculated the singular stress field produced around a loaded crack. He found a 
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square root dependence of the stress on the distance from the crack tip expressed as: 𝜎~
√

 . 

Where K is a loading parameter. Using this approach, an equivalent condition for crack 

propagation in terms of stress can be then expressed as K>Kc.  It can be demonstrated that for 

linear elastic material, the two approaches (energetic-local stress) are equivalent and, indicating 

with E the linear elastic modulus of the material the following holds: 

𝑲~√𝑬𝑮 Equation 5-2 

In other words, in LEFM both energy criterion and stress criterion are equivalent and the 

maximum stress achieved at the crack tip is essentially defined by the external work or input 

energy provided to the entire sample.  

5.2 From LEFM to fracture mechanic of soft materials  
One of the main differences between fracture in hard (see glass) and soft materials (see 

elastomers) is the localization of the bond breakage process.  In the first case, fracture is directly 

associated to bond breakage that takes place in a small region around the crack tip. Namely, 

there is a clear separation of scale between the bulk of the sample, that is macroscopically 

deformed, and the stress conditions achieved at the crack tip.    

As carefully reviewed by Creton and Ciccotti2, in case of soft materials, this sharp separation 

between the sample scale and the local bond breakage disappears. The whole process of 

fracture in soft materials involves bonds breakage at the molecular level, bulk dissipation 

associated to linear viscoelasticity and a transition region (or zone of influence ≈ 100nm-

100m) where several processes as irreversible deformation, nonlinear elastic effect, damage 

etc. take place. A generalised model of main process involving fracture in soft material can be 

schematically described as follows (see Figure 5-1):  

 Bulk: far away from the crack tip the material may dissipate energy through different 

irreversible phenomena such as viscoelastic or plastic energy losses. For an ideal elastic 

material no dissipation occurs in this region.    

 Zone of crack influence or process zone: the crack tip region (100nm-100m), where 

the singularity generates a complex and non-linear strain field is fundamentally 

important for soft materials.  When the Young’s modulus of the sample is sufficiently 
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low the crack blunts reducing the strain concentration and retarding crack propagation  

in soft materials3.  

 Local damage zone: at the molecular scale chains friction and bonds breakage are 

among the main  dissipation mechanisms.  

 

Figure 5-1 Schematic of the different length-scales involved in a crack propagating in soft 
material. Re-arranged from (2) 

It is clear thus that several energy dissipation sinks, acting at different length-scales,  must play 

a significant role in crack propagation of soft materials and the equivalence Γ 2  in principle 

is not valid anymore.  Despite the difficulty in separating the single contribution coming from 

each length-scale, a generalised form for the fracture energy  that accounts for all sources of 

dissipation can still be adopted as will be described in the next sub-chapter.  

5.2.1 A criterion for crack propagation on elastomers 

Around 1953, Rivlin and Thomas started to study the problem of crack growth in rubbers 

translating the Griffith criterion from a brittle material to vulcanised rubber. They extended the 

concept of fracture energy to rubber under the following assumption:  
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 The elastic energy is not only converted in free surface energy but it is also dissipated 

in other forms as irreversible process in the bulk and at the crack tip.  

 Dissipative phenomena are limited to a relatively small volume of the material 

compared with the overall dimensions of the body.   

Under these assumptions, the energy release rate to propagate a crack historically defined as 

tearing energy in rubber (T or G) is a material characteristic and defined as :  

𝑮
𝒅𝑼
𝒅𝑨

 Equation 5-3 

 

Where U is change in the total mechanical energy and A the crack surface. The criterion for 

crack propagation can still be expressed as G  also defined as fracture toughness, 

indicates the energy required to propagate the crack and, unlike the case of an elastic material, 

contains all non-linear dissipative effects associated to the crack propagation. It is worth to 

remember that G and  are two distinct variables. G is a loading parameter while is a 

characteristic of the material measuring the energy dissipation associated with the propagation 

of the crack.  

5.2.2 Analytical form of G, the easy case of pure shear geometry  

The exact calculation of G (Equation 5-3) may be critical in elastomers where stress and strain 

at the crack tip are not infinitesimal and would require the complex resolution of the local field 

at the crack tip. Rivlin and Thomas derived simple analytical forms of G for different test pieces 
4, some of them are shown in  Figure 5-2 
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Figure 5-2 : Some geometries used in fracture experiment for rubber (a) “trousers”; (b) 
pure shear; (c) “angled” ; (d) “split” tear. Reprinted from5. 

In particular, the so-called pure shear geometry (b) (in Figure 5-2) consists in a long and thin 

rectangular sheet with width/height ratio are between 6 and 15 6. This particular geometry, is 

often used to evaluate the fracture resistance in monotonic and cyclic condition because of the 

easy calculation of G independent from the crack length.  The term “pure shear” refers to the 

strain condition generated in the transversal side of the sample that is clamped along the long 

side and strained in the vertical direction. When the two extremities are pulled apart the lateral 

contraction along the long side is prevented by the clamps (except for the two edges that can 

contract towards the centre) while the sample may contract in its thickness generating a pure 

shear state indicated by the arrows in the lateral section of the sample Figure 5-3.  

Figure 5-3 Schematic of pure shear geometry and different loaded areas according to lake 
and Thomas(a). Section of the pure shear sample showing the principal strain acting on 
the sample(b). 
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As reported by Thomas, in the presence of a long crack the sample can be divided in four 

regions as depicted in Figure 5-3: 

 A is homogenously loaded in pure shear condition 

 B  is affected by the complex crack tip field, but according to Saint Venant’s 
principle this area remains localized to a lateral dimension close to the sample 
height ℎ 6. 

 C is fully relaxed 

 D differs from PS because of the vicinity with free edges.   

When the crack advances by a small amount c, the area B is merely translated forward, 

increasing the size of C at the expenses of A. Thus, the energy variation associated with 

crack growth is simply:  U	=	W()h0tc where W() is the strain energy in the region A 

at the constant applied stretch ,  ℎ and t the height and the thickness of the unstrained 

sample. The energy release rate for a selected value of stretch is thus independent from 

crack length and can be calculated as:  

𝑮 𝝀
𝒅𝑼
𝒅𝑨

𝒅𝑼
𝒕𝒅𝒄

𝑾 𝝀 𝒉𝟎	 Equation	5‐4	

 

5.2.3 Condition at the crack tip  

At first glance it may be surprising that an approach that is derived from consideration far from 

the crack tip may be related to the local process of a propagating crack. However, the 

relationship between strain energy density and local conditions at the crack tip was proved by 

Thomas in 19557 who found the following equation for G closely related to the strain energy 

density at the crack tip.  

𝑮  𝑾𝒕𝒅 Equation 5-5 

Where 𝑊  is a suitable averaged strain energy density at the crack tip and d is the effective 

crack diameter. This result was further confirmed by Andrews with direct photoelastic 

measurements 8 and compared with the values of G obtained using the external applied forces 



Fracture and Fatigue in Soft Materials  

5-59 

 

Equation 5-3 showing a general good agreement . This result confirms the close relationship 

between G and the local strain condition at the crack tip. Additionally, because the value of G 

is independent of the geometry of the specimen Equation 5-5 indicates that also the crack tip 

diameter d should be independent of the test piece geometry.  

5.3 Cyclic fatigue 
When rubber components are used in applications that involve repeated loading cycles, they 

can undergo fatigue failure even if the level of deformation is well below the maximum 

extensibility of the material.  Cyclic fatigue is a specific case of fracture, that involves the 

nucleation of microscopic flaws in regions where they were not-observable before, followed 

by nucleation and finally propagation of dangerous macrocracks. This form of mechanical 

damage is of superior importance for several applications such as tyres, damping objects, 

gaskets etc, and must be carefully assessed to avoid unpredictable catastrophic failure during 

usage. 

5.3.1 Two approaches for cyclic fatigue  

Fatigue life prediction is fundamentally important for engineering applications as witnessed by 

the great amount of work that was devoted to the subject as reviewed by Mars and Fatemi in 

2002 9 and most recently by Tee et al.10.  

There are two main approaches used to study cyclic fatigue in rubber: crack nucleation and 

crack growth.  

The first approach is based on the detection of a spontaneous crack nucleation within a material 

for a specific stress/strain history. This approach considers the material’s lifetime as the number 

of cycles requires to create a crack of a specific size. This crack nucleation method was used 

for the first time by Wöhler (to determine the lifetime of locomotive axles in 1860) and 

modified for rubber by Cadwell around 194011. The control parameter used in this approach 

can be either strain, energy density (generally estimated from an hyperelastic function) or stress 

(barely used for rubber). 

The second is an extension of the fracture mechanics approach developed for monotonic crack 

propagation4 and explicitly considers the introduction of a macroscopic crack and evaluates its 

extension as function of the ability of materials to store elastic energy when deformed. 
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Considering that the pre-cut is typically much longer than any other defect or imperfection 

within the material, the fracture typically starts from the crack. This method is suitable for 

applications where lifetime is controlled crack growth before failure. 

5.3.2 Extension of the fracture mechanics approach in cyclic fatigue  

In their early works on rupture of rubbers, Rivlin and Thomas 4 established that the strain 

energy G required to extend a crack does depend only on the material, not on the sample shape 

or loading conditions. Similarly, they observed that in cyclic conditions, the crack propagation 

rate was mainly determined by the value of  the  maximum energy release rate G  achieved in 

the cycle regardless of the specific manner to achieve it 12,13. Therefore, the crack propagation 

per cycle is typically a function of the strain energy release rate and can be expressed as:  

𝑓 𝐺 . Where c is the crack length and n the number of cycles.  In their investigation on dynamic 

crack growth in vulcanized rubbers,  Lake and Lindley 14 identified the presence of a threshold 

energy G0 below which the crack propagation was not activated by mechanical loading. They 

used a log-log plot to express dc/dn VS G and proposed four distinct regimes of propagating 

crack for rubber as follows:  

 

Figure 5-4 Typical regimes of crack propagation dc/dn of natural rubber. 

Reprinted from Mars15 
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 For values of G < G0 the crack can only propagate only for external chemical attack as 
ozone degradation. 

 Above this critical level and before the threshold energy for cyclic fatigue a transitional 
regime occurs and the crack increases almost linearly with applied G.  

 As G achieves the fatigue threshold and Gt<G<Gc the crack rate and the applied G 
follow a power law. Interestingly, in this regime the power exponent was found to vary 
between 2 and 6 for several elastomers and to depend mainly on the rubber network 
and to a lesser extent on specific compounding ingredients such as filler, additives and 
crosslinking agent.  

 Finally, at highest value of G≥Gc the crack propagates catastrophically after only a few 
cycles. A fatigue resistant material generally possesses a high fatigue threshold and low 
 exponent.  

The different regimes evidenced in cyclic fatigue are summarized in Table 5-1 

 

Table	5‐1	Summary	of	the	different	regimes	in	cyclic	fatigue	

Sub threshold regime Transition regime 

 

Power law regime 

 

 

Failure regime 

 

G<𝐺  𝐺 <G<𝐺  𝐺 <G<𝐺  G=𝐺  

Stationary  Transition regime Power law Catastrophic failure  

𝑑𝑐
𝑑𝑁

𝑉  
𝑑𝑐
𝑑𝑁

𝐴 𝐺 𝐺  
𝑑𝑐
𝑑𝑁

𝐵𝐺  
𝑑𝑐
𝑑𝑁

𝑉𝑐 

 

5.3.3 Threshold energy 𝐺  

From several works on fracture of vulcanised rubber, 4,16–18 carried on different sample’s 

geometry and types of vulcanised rubbers, emerged a very similar threshold value G0 (50-

100J/m2) defining the limit below which, under repeated stresses no propagation occurs. This 

value was very similar for several different elastomers.  The observation that G0 was 

uncorrelated to the viscoelastic properties of the material and was weakly dependent on the 
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chemical structure of the rubber, suggested that G0 is a property determined by the failure of 

the primary C-C bonds of the network. In parallel Lake and Thomas19, proposed that, in the 

absence of any energy dissipation (at high temperature far from Tg or with oil swollen rubber), 

a value of G0 in monotonic loading could be predicted from molecular assumptions. They 

proposed that, when a crack advances, only the chains lying across the fracture planes are 

broken and the total energy stored in each bond of the stretched strands (portion of the chain 

between two crosslinks) is consumed during the process (Figure 5-5). Under these assumption 

G0 in monotonic loading can be estimated as follows:  

𝑮𝟎 𝑵𝒙𝑼𝒃𝜮 Equation 5-6 

Where Nx is the number of C-C bonds between crosslinks, Ub is the bond energy for C-C bond 

and S is the  areal density of chains crosslink the crack plane.  For an homogeneous network, 

S and  Nx are not independent and, using the hypothesis of affine deformation it can be 

demonstrated that :  

𝑮𝟎 ∝
𝝆 𝒍 𝑼𝒃𝑵

𝟏
𝟐

𝑴𝟎
 Equation 5-7 

Where r is the monomer density, M0 the molar mass of the monomer and l the length of the 

monomer. Equation 5-7 is fundamentally important because reveals that there is a trade-off 

between stiffness and G0.  Its validity was demonstrated experimentally for several rubbery 

systems and more recently also for hydrogels20–24.Although it was never proven experimentally 

for fatigue, it is generally assumed that for conventional rubbers the fatigue threshold and the 

monotonous loading threshold at high T are both scaling as as  𝐺 ∝ 𝑁 .  
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Figure 5-5 Schematic of a polymer chain crossing the fracture plane according to Lake 
and Thomas theory19 

5.4 Strategy to improve fatigue resistance in soft materials  
As previously described, the average fatigue threshold for a generic elastomer is between 50-

100 J/m2, considerably lower than its toughness or G0 (10^3-10^5 J/m2)25. Nevertheless, a high 

cyclic fatigue threshold is a fundamental property for materials such as elastomers, that are 

often required to be deformed several times in their lifetime. This is why several studies focused 

on finding solutions for improving cyclic fatigue resistance of elastomers and soft materials 

without changing their stiffness.  Here we propose some of the most recent approaches that 

used induced anisotropy to increase cyclic fatigue resistance in soft materials. 

5.4.1 Composite networks 

In a recent work, Li et al. 25 reported a threshold energy G0 (above 500J/m2) for a new class of 

composite elastomer. Their idea was to use a reinforcing net made of hard elastomer 

microscopically aligned in the direction parallel to the applied load. This hard structure deflects 

the crack and increases the threshold energy without having a significant effect on the modulus 

of the softer matrix. Other similar strategies have been implemented to reinforce different soft 

materials such as hydrogels that generally suffer from a low fatigue threshold 26,27. 
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Figure 5-6 Example of composite elastomers. The crack is deflected by the hard network 
fibres. 

5.4.2 Bio-inspired hydrogels 

Load-bearing biological tissues (as skeletal muscles) are an excellent example of bio-

engineering that takes advantage of aligned nanofibrils to produce an excellent combination of 

high fatigue resistance and strength.  Lin et al.27  produced muscle-inspired hydrogels which 

can be mechanically trained to increase their fatigue threshold (>1200J/m2). The mechanical 

training uses repeated pre-stretches of the chain to induce high density of nanocrystalline 

domains with aligned nanofibrillar microstructure that deflects the crack and strongly increases 

the fatigue threshold.  

Another example of bio-inspired anti-fatigue hydrogels was produced by Li et al. 28.  In this 

case, the ability to  stop the crack propagation is linked to the hierarchical structure of a 

continuous bi-phase network. The critical energy to crack propagation (G0) is determined by 

the soft network at the smallest scale (10nm) but the crack advance is slowed down by the 

hard/soft bi-phase structure. This anti-fatigue behaviour is maintained until a critical value of 

Gt >G0 , determined by the rupture of the hard-phase network at larger scale, when the crack 

will  propagate rapidly.   

5.5 Concluding remarks  

To conclude, the reinforcing mechanisms of soft crosslinked networks have been studied in 

depth in the past years and different strategies have been proposed to improve their fatigue 

resistance. Nevertheless, this field of research is relatively new and is still confined to the lab-

scale. Therefore, an accessible and implementable engineering alternative to classical 

reinforced rubbers to improve fatigue threshold is still missing.   Within the field of  soft  

materials, the family of TPU has demonstrated a very high strength and toughness even in their 

5-64
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unfilled state 29,30. The possibility for TPU to achieve a high toughness in their unfilled state 

coupled with a peculiar multi-phase structure, ignited a scientific interest towards the possible 

use of TPU in cyclic applications. Soft TPU in fact, can be produced with low modulus 

>10MPa very comparable to conventional filled rubbers and possess a multi-phase architecture 

with a strain-induced aligned morphology that recalls some characteristics of the reinforcing 

strategy implemented in muscle-like hydrogel and seems to be promising for cyclic application.  

Nevertheless, to fully exploit the nature of cyclic resistance of TPU a better understanding of 

the effect of cyclic deformation of TPU multi-phase structure is necessary.   
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Important note: 

Each chapter is presented in the form of finished scientific paper: title, authors and 
affiliation, abstract and body of paper. Nevertheless, the articles are still under 
improvement and some changes are  likely to be done before the official submission of 
the papers. 
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6.1 Abstract 
We characterized the highly strained region developed at the crack tip during cyclic fatigue of 

three different carbon-black (CB) filled SBRs with the aim to discuss the different effect of 

filler content and crosslinking density. Using an infrared camera, we demonstrated that the 

presence of filler mainly controls the temperature rise in the bulk while, the crosslinking density 

controls the extent of strain concentration at the crack tip. Additionally, optical imaging reveals 

that the addition of CB contributes to strongly modify the crack shape (from blunted to sharp) 

and the fracture surfaces from chaotic and delocalized front (composed by thick fibrils) to 

localized and thin fibrillar crack front in highly filled SBR only visible at the microscopic scale. 

Surprisingly, similar observations are valid both in monotonic and cyclic fracture. Using the 

results of the present work, we completed the information of our previous article and we 

propose a better defined interpretation of the fracture mechanisms acting at the local scale.  

 

 

6.2 Introduction 
Carbon black filled elastomers based on natural rubber or styrene-butadiene rubber are well 

known for their reversible elasticity and remarkable toughness. They can be reversibly 

deformed several times without visible permanent damage up to relatively large strains. 

Nevertheless, when such elastomers are cyclically loaded over hundreds of thousands of cycles, 

they can still fail at strain values much lower than their maximum extensibility often due to the 

propagation of pre-existent cracks 1. Such a crack propagation process under low amplitude 

cyclic loading, named cyclic fatigue, has been extensively characterized in the literature for a 

variety of elastomers and macroscopic loading conditions 2–9. Nevertheless, the relationship 
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between cyclic fracture resistance in elastomers and their composition and molecular structure 

is still a highly empirical endeavor. A common misconception concerning the fatigue resistance 

of elastomers is that, increasing the level of dissipation in the material upon deformation will 

necessarily reduce crack propagation velocity in fatigue.  This notion, that has been clearly 

validated in monotonic condition 10–12, is mainly related to the tendency of  neglecting the small 

scale damage mechanisms present at the crack tip such as localized hysteresis, large strain 

deformation and finally bond breakages. This has been recently point out in a review on fatigue 

of hydrogels13. Resistance to crack propagation in fatigue is commonly characterized in terms 

of crack propagation per cycle (dc/dn) as function of applied energy release rate (G). Generally, 

the crack propagation rate, in relevant fatigue conditions, is of the order of a few nm/cycle, 

meaning that most of the energy input during each loading/unloading cycle is either dissipated 

by heat or reversibly released back to the system during the unloading of the sample, while 

only a small fraction contributes effectively to the breakage of bonds leading to crack 

propagation. In order to better understand the problem of cyclic fatigue some authors 

concentrated on the smaller microscopic scale using different techniques. A significant body 

of work has been done in particular for natural rubber that presents the interesting ability to 

crystallize under strain 14–17. On the other hand, much less has been done for non-crystallizing 

elastomers such as filled SBR 18–20. In our previous paper 5, we used digital image correlation 

to explore the microscopic area around the tip of a fatigue crack for filled SBR elastomers 

revealing directly, for the first time, the existence of a steady-state process zone in front of the 

crack, where the elastomer is highly stretched. At the same maximum stretch 𝜆 applied to 

pure shear samples, the local steady-state strain-field was quite different for different 

elastomers and mainly controlled by the material composition. We evaluated a local energetic 

parameter gloc representing the only fraction of the overall released elastic energy that reaches 

the crack tip (net of dissipation).  Remarkably, all the data of crack propagation rate dc/dn as 

function of gloc of four different SBR based materials collapsed on a single master-curve, while 

their crack propagation velocity differed by more than two orders magnitude if plotted as a 

function of the applied macroscopic G. We concluded that,  the fatigue behavior in filled SBR 

was only controlled by the local condition at the crack tip while the relationship between the 

macroscopic energy input (G) and that locally available gloc was mainly determined by the 

crosslinking density and, to a lesser extent by the filler content .  

This paper aims to complete the work of Mzabi et al.5  explaining more in detail the role played 

by filler and crosslinking density in controlling different aspects of cyclic fatigue behavior in 
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filled elastomers. We divided this work into three parts. The first part is dedicated to 

mechanical properties and fatigue resistance of selected SBRs. In the second part, we present 

thermal measurements on notched and un-notched samples and investigate the effect of 

composition on the occurrence of a temperature gradient between the crack tip region and the 

bulk. The last part focuses on the optical imaging of the crack shape and surface morphology 

under monotonous and dynamic loading conditions at different magnifications.  

6.3 Materials and Methods  
We investigated three non-crystallizing random copolymers of styrene and butadiene (SBR) 

with different fractions of carbon black (CB) and crosslinking densities 21as indicated in Table 

6-1 . The uncrosslinked SBR used has a weight Mn of 120 kg/mol and a polydispersity of 1.94. 

Its styrene content is 15 wt % and the glass transition temperature measured by differential 

scanning calorimetry (DSC) is Tg =-48°. Two of the SBR are representative of what is used in 

classical tyre applications, but the third one containing only 5 phr (or  = 0.03) of CB 

(3CB_8XL) has essentially the properties of an unfilled SBR and will be often referred as 

“unfilled” in the following. 

All samples were prepared molded and cured by Michelin. For tensile tests, samples were cut 

with dog-bone shape and cross section of 2x4mm. For crack propagation experiments we used 

samples with the “pure shear” geometry (PS) that is commonly used to study fatigue in 

elastomers 22. The sample dimensions are:  length lo = 157 mm, height h0 = 13 mm and thickness 

t0 = 2 mm. The crack propagation rate is expressed as crack propagation per cycle (dc/dn) as a 

function of the the maximum applied energy release rate Gmax.  Each value of Gmax is evaluated  

using Equation 6-1 as proposed by Rivlin 23. 𝑊PS(𝜆) is conventionally defined as the integral 

under the loading curve from 𝜆min 1 to 𝜆 for an identical PS sample without notch previously 

strained for 1000 cycles at 𝜆pre 3.7 higher than those used during fatigue test. This pre-

conditioning is used to avoid Mullin’s effect that generally lasts for a number of cycles in filled 

rubber24.   

 

𝐺max=𝑊PS(𝜆)ℎ0PS Equation	6‐1	

All the fatigue fracture tests were carried out using the same cycling frequency of 10 Hz. Two 

edge cracks and one center crack were cut with a fresh razor blade. Each pre-conditioned 
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sample was cycled between  = 1 and the maximum stretch 𝜆 corresponding to the desired 

value of Gmax. The sample was illuminated with a cold source in order to avoid extrinsic heating 

and imaged at regular time intervals with a digital camera. The crack length c(n) at the nth cycle 

was measured by identifying the most advanced point of the crack cavity in the open 

configuration. After a poorly reproducible transitory that typically lasted less than 5.000 cycles, 

the crack propagation per cycle (dc/dn) achieved a stable steady-state regime.  

Table 6-1 Chemical composition in Phr. Filler content and crosslinking density are 

reported in volumetric fraction. Data from21. Note that N347 is a type of carbon black, 

Sulfur is a crosslinking agent, Struktol™ and N-Cyclohexyl-2-benzothiazole sulfenamide 

(CBS) are accelerators to vulcanize the rubber, and N-(1,3-dimethylbutyl)-N'-phenyl-p-

phenylenediamine (6PPD) is an anti-oxidant. 

	 3CB_8XL	 20CB_8XL	 20CB_19XL	

SBR	 100 100 100 

N347	 5 50 50 

6PPD	 1 1 1 

Struktol	 3 3 3 

CBS	 1.5 1.5 1.5 

Sulfur	 1.5 1.5 3 

 0.03 0.2 0.2 

 8.1*10-5 7.1*10-5 19*10-5 

 

The surface temperature was imaged during cyclic fatigue experiments for all samples using 

an IR camera (CEDIP JADE MWIR InSb) with a resolution of 320x256 pixels, a sensitivity of 

20 mK and a spectral band ranging from 3 to 5.1 . The acquisition frequency was set between 

25Hz and 100Hz.  

To explore the morphology of the crack front region within the crack cavity, a second set of 

optical images were taken with a high-speed camera fixed on a tripod. The camera resolution 
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was 0.31 Megapixel. The objective allowed a field of view of 2 mm and focus distance of 10 

mm. Two sets of pictures were taken during static and cyclic fatigue experiments. For static 

tests, the sample was notched and slowly strained up to the threshold value of  (specific of 

each material) that allows slow crack propagation in order to expose fresh crack surfaces. The 

displacement was then kept constant leaving the sample under stress relaxation and slow crack 

propagation conditions. For cyclic fatigue pictures we used the procedure detailed above, but 

we pivoted the sample’s clamps so that the crack front could face the camera.  The crack front 

region was also imaged by scanning electron microscopy (SEM Hitachi 3600) in crack 

propagation conditions. The presence of carbon black allowed a good resolution without any 

metallization. The SEM chamber was equipped with a DEBEN (Microtest, Woolpit, UK) micro 

tensile machine. The sample was vertically mounted allowing the primary electron beam to 

scan the propagating crack surface while the sample was strained under constant applied 

displacement.  

6.4 Results  

6.4.1 Uniaxial tensile tests 

The uniaxial stress-strain curves of the three materials are reported in Figure 6-1. Both filled 

SBRs (20CB) are stiffer than 3CB_8XL and increasing crosslinking density in 20CB_19XL 

results in a reduction of the maximum extensibility.  



Cyclic fatigue in SBR: The role of crack tip 

6-77 

 

	

Figure 6-1 Nominal stress-strain curves in uniaxial tension of the three materials. Data 

from Mzabi(Mzabi, 2010) 

It is well known that the presence of filler, while stiffening the matrix, induces additional 

mechanical dissipation generating a larger hysteresis loop than the unfilled matrix. Figure 6-2 

(a) reports the loading-unloading curves in a step-cycling test done in uniaxial extension for all 

three samples. The unfilled SBR 3CB_8XL has a predominantly elastic character with very 

low or negligible energy dissipation.  Both filled SBRs display a typical Mullin’s effect 24,25 

and the energy dissipated in the first cycle is considerably higher than in all the following ones.  

Figure 6-2 (b) reports the energy dissipated in the second cycle vs. applied maximum stretch. 

We remark that the dissipated energy in the second cycle is a good approximation of the 

asymptotic regime.  
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Figure 6-2 Cyclic stress strain curve for the three materials (a) Values of energy 

dissipated in the second cycle (b). Data from Mzabi21  

6.5 Cyclic fatigue tests  
Figure 6-3 reports the values of the crack propagation rate (dc/dn) as function of the applied G 

for all tested materials. As reported in the literature 1, for several different elastomers the value 

of dc/dn increases with the power of G . For the same applied G, the unfilled 3CB_8XL is the 

least resistant to crack propagation (higher dc/dn).  For the two filled materials reducing the 

crosslink density leads to a significantly lower crack propagation rate.  
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Figure 6-3 Crack propagation rate dc/dn as function of G for all tested materials. Data 

from Mzabi 21  

6.5.1 Heat generation  

During cyclic loading, several hysteretical phenomena such as internal friction at the monomer 

level and network rearrangements can lead to a temperature rise due to the low thermal 

conductivity of the rubber. Using the IR camera, we mapped the evolution of the surface 

temperature during cycles for notched and un-notched PS samples (the same as that used for 

fatigue experiments). The data were collected after a short transient lasting some hundreds of 

cycles during which surface temperature stabilizes to a steady-state. In all un-notched samples, 

the maximum temperature (Tmax) is achieved in the center and symmetrically decreases when 

moving towards the edges of the sample as shown in Figure 6-4(a). Notched samples mainly 

differ for the occurrence of a hotter area close to the crack tip (Figure 6-4(b)) with a higher 

local maximum temperature TCT, while the temperature Tbulk, evaluated in the middle line far 

from the crack,  is comparable with the maximum value Tmax found for un-notched samples at 

the same value of stretch.  
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Figure 6-4 Example of temperature map for the un-notched 20CB_8XL strained at  

1.28% (a) and the notched 20CB_19XL strained at 1.23. Data from Mzabi 21 

Since Tbulk and Tmax can be considered the same, in Figure 6-5(a) we report only the values of 

Tmax , plotted as function of applied strain for all un-notched samples.  As expected, Tmax 

increases with applied strain for all materials and, at the same value of, the increase in 

temperature is governed by the filler content. Surprisingly, if we plot the same data of Tmax as 

function of G (instead of ) all points tend to collapse on a single curve as shown in Figure 

6-5(b). The latter indicates that, regardless of the maximum applied strain, at iso-G the 

combination of heat produced and diffused leads all materials to achieve approximately the 

same surface temperature in the steady-state far from the notch localization. One should be 

careful however, since the measured temperature is a balance between heat generated and 

thermal conductivity. Introducing filler does increase the heat generation, but also the thermal 

conductivity. 
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Figure 6-5 Maximum value of surface temperature as function of applied deformation (a) 

and energy release rate G (b). Data from Mzabi 21  

The enhanced temperature rise at the crack tip with respect to the bulk in steady-state conditions 

is expressed as T= TCT-Tmax and is reported in  Figure 6-6 as function of  the applied strain. 

When deformed less than =1.25, all materials present a negligible temperature difference 

(T≈0°C) between crack tip and bulk. On the other hand, for higher values of maximum strain, 

all samples show a T > 0. The temperature difference between crack tip and bulk is related to 

the higher deformation experienced in the crack tip region 5 as will be discussed in the 

following section.   

																										

Figure 6-6 Temperature difference between bulk and crack tip (ΔT) as function of applied 

strain. Data from Mzabi 21 

The maximum T is around 5 °C but, for the same class of materials, the maximum strain near 

the crack tip was found to be between 10 and 14 times higher than far from the crack5. However, 

the instantaneous temperature increase in the first cycles (before the achievement of steady 

state) reported in Figure 6-7, shows that the surface temperature increases faster at the crack 

tip than in the bulk as visible in Movie_1. This suggests that the source of heat generation is 

initially larger at the crack tip and eventually leads to similar value of surface temperature after 

stabilization.  
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Figure 6-7 Surface temperature measured at the beginning of the first load. Close (1) and 

far away (2) from the crack for the sample 20CB_8Xl at λ= 1.23.  

6.6 Multi-scale crack tip observation  
During cyclic experiments, we observed that the shape of the crack tip for the unfilled SBR 

was much more blunted (less pointy) compared to filled samples as qualitatively visible in 

Figure 6-8(a). To quantify the difference in shape between all materials, we performed a 

parabolic fitting on the profile of all fatigued samples. The resulting crack radius, reported in 

Figure 6-8(b), confirms the more highly blunted profile for 3CB_8XL for all value of  adopted 

in cyclic fatigue experiment. 
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Figure 6-8 Example of open crack profile during a fatigue experiment for all SBR at 

max=1.27 (a). Fitted crack radius VS for al SBR in cyclic fatigue experiment (b). 

In order to further confirm that the major differences in crack profile are mostly governed by 

the presence of filler, we investigated the morphology of the crack front surfaces by moving 

the camera in front of the crack (instead of its side). This point of view also had the advantage 

to reveal a pronounced 3D structure of the crack, that is best appreciable in the movies in the 

supplementary material(Movie_2 and Movie_3). Using this camera configuration, we took 

high resolution images of the crack tip under both static (monotonic load up to the onset of 

crack propagation) and dynamic loading conditions as shown in  Figure 6-9(a-b) for  

3CB_8XL. Interestingly, while the applied strain required to propagate the crack in monotonic 

loading conditions is considerably higher than that used in cyclic fatigue, both images of the 

fibrillar structure look quite similar. This indicates that the morphology developed at the crack 

front is the same whether the crack propagates at fixed strain or in cyclic dynamic conditions. 

The only difference is the time spent by the material at single values of deformation and thus 

the applied deformation required to propagate the fracture. Furthermore, the images taken 

during crack propagation from this point of view confirmed obvious differences between the 

crack surface of the weakly filled 3CB_8XL and the other two highly filled SBR irrespectively 

of the crosslinking density.  The 3CB_8XL presents a very chaotic aspect of the fracture front 

with elongated rubber strands extremely strained over a region larger than 500-700m. From 

the supplementary movie (Movie_2) we can also appreciate that these rubber strands break in 
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a highly delocalized fracture area of ≈200m. The chaotic scenario is completely in contrast 

with the more localized and well-defined crack surface for both filled SBR Figure 6-9(c-d). 

 

	 	

a b 

  

c d 

Figure 6-9 Optical images of crack front for the sample 3CB_8XL strained at  =1.18 in 

cyclic (a) and at=1.67 in static (b) conditions.  20CB_19XL at = 1.30 (c) and  20CB_8XL 

at  =1.80 in static conditions.  

 Intrigued by these differences, we decided to perform a microscopic investigation (SEM) to 

further investigate the difference between unfilled and filled SBR. Since no differences were 

observed in optical images between cyclic and static loading, we performed SEM observations 

on notched samples with a crack propagating under static conditions. The pre-notched samples 

were stretched allowing the crack to slowly propagate, in order to expose fresh cracked 

surfaces, and then the displacement was kept constant.  At this magnification the sole 

significative difference in crack surface is again between unfilled and filled SBR as visible in 
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Figure 6-10(a-b) confirming the chaotic VS highly localized front for 3CB_ 8XL and 20CB 

8XL and 19XL.  In both filled SBR, we additionally found out that the crack front line, as 

identified from the optical images, actually consists in several thin fibrils with an average 

diameter of 2-5m Figure 6-10(c-d). Table 2 presents a summary of the main features of the 

fracture surfaces for unfilled and filled SBRs obtained by optical imaging. The fracture zone, 

corresponds to the area where breaking of fibrils take place as highlighted in Figure 6-10 .  

  

Figure 6-10 SEM images of the crack front for 3CB_8XL at  =1.67,  and 20CB_8XL at 

 =2.33. The white rectangle indicated the are magnified in picture c) for 20CB_8XL and 

d) 20CB_19XL . Arrows indicate the traction direction.  
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Table 6-2 Overview of the principal characteristic dimensions of the fibrilla region 

observed near the crack tip as a function of the filler content. 

Sample 20CB	(both) 3CB 

Rupture	zone		 <1m ≈200 m 

Fibril	diameter	 2-5 m 10-15 m 

 

6.7 Extended Discussion 
The characterization of the crack tip in fatigued sample was divided in two main parts: thermal 

analysis and optical imaging.  

Monitoring the surface temperature in the bulk and at the crack tip in steady-state conditions 

we demonstrate that the increase in surface temperature is mainly driven by two factors: filler-

induced dissipation and local level of strain. In particular, we showed that the surface 

temperature is higher for both highly filled SBR but the more crosslinked 20CB_19XL has the 

highest T (Figure 6-6). This can be explained considering that, increasing the crosslinking 

density does not affect the amount of dissipation at fixed  as shown in Figure 6-5(a), but does 

increase the local strain field established in steady state  at the crack tip (max) generating 

different T for the same macroscopic  in SBR with same filler content.  

We also pointed out that, despite the high value of local strain present at the crack tip, the 

maximum increase in T relative to the bulk value is surprisingly low. Such a small increase 

in crack tip temperature can be explained considering that our measurements were taken under 

non-adiabatic conditions. The value of surface temperature is then the result of complex 

phenomena of heat diffusion including conduction due to the temperature gradient and 

convection of the  surrounding air.  In 2D, the heat diffusion takes the form:  

 

𝒅𝑻
𝒅𝒕

𝑫𝟎∆𝑻
𝑺

𝝆𝑪
	 Equation	6‐2	
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where D0 is the thermal diffusivity, 𝜌 the density, 𝐶 the specific heat and S the heat source 

produced by the material. The right term has the dimension of  °C/sec. In the case of a strong 

strain localization, as for a loaded crack tip, the heat source is not homogeneous and, as 

demonstrated by Martinez et. al 26,  the main part of the generated heat at the crack tip is 

transferred by diffusion through the sample justifying the relatively low temperature rise at the 

crack tip.  A detailed analysis of the heat source at the crack tip is beyond the scope of this 

study but the faster temperature increase at the crack tip before the achievement of steady 

(Figure 6-7) state confirms the higher thermal activity at the crack tip even for negligible T.  

By performing comprehensive optical imaging analysis of both the lateral and the frontal view 

of the crack tip and different magnifications, we revealed that the filler strongly modifies the 

crack front while doubling the crosslinking density does not have any visible effect. For the 

unfilled 3CB_8XL the images of a very chaotic crack front, composed of thick fibrils breaking 

very randomly and independently in a delocalised way, contrast with the well-defined fracture 

front, composed by thinner fibrils (only visible at the SEM microscopic scale) in both filled 

SBR. This different picture can be explained by considering that the addition of filler particles 

suppresses the instability at a larger scale, that is responsible for the generation of thick rubber 

strands in 3CB_8XL. This hypothesis is supported by the work of Zhang et al. 20,27 who used a 

highly collimated X-ray beam to investigate the structure of the region near the crack tip of 

different SBR. They detected nano-cavities with average dimensions between 20-40 nm, only 

at the crack-tip of filled samples previously fatigued. Such kind of nanocavities weren’t 

detectable in unfilled elastomers.  

These results are in line with the idea already discussed in our previous work 5, that in cyclic 

fatigue the effect of dissipation is not the predominant one but other effects including strain 

localization and delocalization of the fracture area should be considered.  In particular, the 

lower crack propagation rates per cycle, demonstrated by the less crosslinked SBR at the same 

filler content, must be related to a lower probability of chain breakage in this material. We 

previously found 5 that the less crosslinked SBR presents both a lower level of local strain max  

at the crack tip and less elastic energy available at the crack tip (gloc ) for the same value of 

applied G. Furthermore, reducing the crosslink density, while decreasing the stiffness of the 

rubber, also increases the maximum chain extensibility, that determines the maximum strain at 

which the polymeric chains can be stretched before breaking (lim ). All these three parameters: 

the maximum deformation at the crack tip, the chain extensibility and the local energy release 
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rate, play a specific role in determining the probability that the crack will propagate for a certain 

value of applied G and when it does, at which dc/dn the fracture will move. Each parameter 

depends on the material composition and or on the external loading conditions as follow:  

 lim: the distribution of maximum chain extensibility depends on to the crosslinking 

density and network homogeneity. This is a characteristic of the polymer network 

chemistry and it does not depend on the applied strain.  

 max: the maximum strain achieved at the crack tip, depends on both the specific ability 

of the material to reduce strain concentration at the crack tip (that will probably depend 

on different factors including non-linear viscoelastic dissipation) and on the maximum 

applied strain. Figure 6-11(a) reports max (at ~30-50µm from the crack tip) as a 

function of the macroscopic applied stretch as evaluated by DIC. It shows that for the 

same value of applied macroscopic stretch λ, the unfilled SBR achieves the highest 

value of max  while among the filled samples the less crosslinked has the lowest max . 

This observation suggests that max depends on both the filler content and crosslinking 

density.  

 gloc: the energy per unit area consumed during the crack propagation (evaluated on the 

basis of the maximum strain achieved at the crack tip max) mainly depends on the 

network architecture, as predicted by the original Lake and Thomas approach for 

monotonic fracture28, rather than on the specific composition as suggested by the 

existence of a master curve of dc/dn vs. gloc for different SBRs found by Mzabi et al.5. 

It is worth to note that, in the original calculation of gloc we neglected the role of the 

increased temperature at the crack tip, that is different between all samples (Figure 6-6) 

. gloc in fact, was calculated using the cyclic stress-strain curve that simulates the 

maximum strain experienced at the crack tip at 23°. In a more accurate evaluation, this 

calculation should be refined by using the material behavior at the evaluated TCT to 

account for the effective viscoelastic contribution.   

 

The probability for crack propagation could be expressed thus as a function of the difference 

∆𝜆  𝜆 𝜆 . The smaller the value of ∆𝜆 and the higher is the probability that chains are 

broken during each loading up to a specific applied G max, resulting in an increased value of 

dc/dn.  
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This concept is expressed in Figure 6-11 (b) that represents dc/dn VS max for all three 

materials. Regardless of the applied macroscopic strain, for the same value of max the unfilled 

and weakly crosslinked SBR has the lower dc/dn, followed by the filled but weakly crosslinked 

20CB_8XL. This ranking can be rationalized by differences in 𝜆 . 𝜆 is the highest for 

3CB_8XL unfilled and less crosslinked. 20CB_8XL is filled and hence the stretch seen by the 

chains is amplified by the presence of filler 29,30. Finally, the 20CB_19XL has both a lower 

𝜆  and amplification of the stretch which makes it the closest to the finite extensibility of the 

chains. 

 

To summarize, the specific composition of the material, in particular the crosslinking density, 

determines the ratio between the macroscopic strain (or G) and max. Nevertheless, for the same 

value of max , the more extensible SBR (less crosslinked) and less filled material must have 

less probability to propagate (to break a smaller number of chains per cycle) resulting in an 

enhanced fatigue resistance. Interestingly these two parameters may go in opposite directions. 

3CB_8XL may have a large extensibility (favorable) but it also has by far the highest max for 

a given applied G (very unfavorable). 

 

	

Figure 6-11 Maximum max at the crack tip as function of applied macroscopic  (a) and 

dc/dn as function of max (b) for all SBR. 
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6.8 Conclusions 
In this work, we completed the analysis of crack propagation in fatigue in non-crystallizing 

filled and unfilled SBR elastomers. In particular,  we focused on the shape and processes taking 

place at the crack tip to complete and enrich the  analysis presented in our previous paper5. We 

provide additional insights concerning the role of the filler and crosslink density in the 

mechanisms involved at the crack tip including heat dissipation and fracture localization. As 

expected, the presence of filler improves the material resistance to crack propagation in fatigue, 

but the predominant effect is played by the crosslinking density. By measuring with an IR 

camera the increase of surface temperature due to self-heating during cyclical loading of un-

notched samples, we identified the filler content as the major factor responsible for energy 

dissipation in the bulk of the material, while the crosslinking density mainly controls the 

maximum strain achieved at the crack tip. Interestingly, we found that the crack front presents 

the same fibrillar morphology for a given material when propagation occurs under cyclic 

loading or under static loading. However, the presence of filler influences not only the 

dissipation but also the crack shape (that is sharper in filled SBR), the localization of the 

fracture area and the length-scale of the fibrils that are in fact thicker and more randomly broken 

in 3CB_8XL compared to both highly filled SBR. We also show that the crack propagation 

rate dc/dn is probably controlled by a combination of bulk dissipation (relating the applied G 

to the local energy glocal available for crack growth and maximum stretch at the crack tip max) 

and the ration between max and the limiting extensibility of the polymer chains (controlled by 

the crosslink density and filler content through the strain amplification effect).  

6.9 Supplementary information  
Supplementary information includes three movies: 

The video obtained by the infrared camera of the lateral profile of 20CB_8XL at the beginning 

of a typical fatigue experiment before achieving the steady state (Movie_1). It shows the not-

uniform heating of the whole sample, with the hottest area the area surrounding the crack.  

Optical movies of the front crack for 3CB_8XL (Movie_2) and 20_CB_8XL (Movie_3) during 

monotonic extension. In Movie_2 we can distinguish the very chaotic crack front with several 

thick fibrils breaking in a random and delocalised way.  This scenario is very different from 

the smoother crack front in Movie_3 where is clearly visible a thin fracture line which 

maintains its shape as the crack propagates. 
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7.1 Abstract  
Thermoplastic polyurethane elastomers (TPU) are stretchable, tough, wear resistant and easily 

processable soft materials. Especially because of their recyclability, TPUs can be suitable candidates 

to replace rubbers in several applications such as damping, footwear and cable coatings. However, 

their capacity to operate under cyclic loads over many cycles was rarely investigated, mainly due to 

their complex strain-dependent morphology and viscoplastic character. Additionally, the absence of 

chemical crosslinks results in a certain degree of creep and plastic deformation when TPUs are 

cyclically strained, questioning how to unambiguously define fracture mechanics variables such as 

the energy release rate G, typically used to evaluate fatigue crack growth in chemically crosslinked 

elastomers.  We show that when TPUs are cyclically loaded up to the same value of maximum strain, 

their stress-stretch curve changes with the number of applied cycles, but eventually achieves a steady-

state. We propose a suitable methodology to evaluate the cyclic fatigue resistance in TPUs, based on 

a fracture mechanics approach with some additional treatments to account for the higher tendency to 

creep of TPUs than thermoset rubbers. Comparing the obtained results of TPU with those for classical 

filled rubbers with a similar linear modulus, we underline the excellent toughness and cyclic fatigue 

resistance of TPUs, opening new opportunities in their use for applications requiring to resist to crack 

propagation under cyclic loading at large strains.  

7.2 Introduction 
Thermoplastic polyurethanes (TPU) are an interesting class of thermoplastic materials that appeared 

on the market around 1950. Soft TPU display a rubberlike behavior at ambient temperature without 
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any need for chemical crosslinking. They are typically composed of long polyether or aliphatic 

polyester flexible chains called soft segment (SS) and short sequences containing an isocyanate linked 

with a short chain extender called hard segments (HS). Because of their chemical incompatibility SS 

and HS tend to separate in a two-phase system, while the presence of inter-hydrogen bonding between 

urethane units causes the HS to aggregate in small and hard domains (HD) of nanometric dimensions. 

These HS clusters connect the polymer chains with physical links and prevents them to flow at 

working temperature. When the softening temperature of the hard phase is reached, the polymer flows 

and can be easily and reversibly shaped with conventional thermoplastic processing techniques such 

as extrusion and injection moulding. Classical elastomers need to be chemically crosslinked and filled 

(with carbon black and/or silica) to show the combination of reversible elasticity and toughness 

typical of commercial rubber. On the other hand, the properties of TPU can be tuned to achieve 

specific strength and elasticity by changing the chemical nature and relative proportion of either the 

hard polyurethane group or the long soft segment. The HS microdomains are generally sufficient to 

reinforce the materials without any additional filler. Figure 7-1 reports a sketch of the network 

organisation for vulcanized rubbers and TPUs. This peculiar microstructure provides TPU with some 

advantages compared with conventional rubbers such as the possibility to be easily processed and 

reprocessed through injection moulding and extrusion. Moreover, they also possess an excellent 

abrasion resistance as well as blood and tissue compatibility, so that they have been rapidly used in 

numerous applications such as footwear, medical cables, wheels or dampers. Nevertheless, the 

suitability of TPUs in applications requiring the material to sustain cyclical loads and to prevent 

sudden failure or fatigue crack growth requires a robust characterization method in cyclic fatigue. 

Opposite to rubbers, where cyclic fatigue resistance has been thoroughly studied1,2, only few 

investigations have been carried out on fatigue fracture in TPUs3–5. This shortcoming mainly comes 

from the complex visco-plastic character of TPUs at large strains. The mechanical properties of TPUs 

are indeed deeply related to their complex strain-dependent morphology. Size and orientation of the 

hard domains were shown to change under the application of a load6–8, inducing mechanical hysteresis 

in cyclic loading and a permanent modification of the elastic modulus and extensibility of the 

material. Additionally, the absence of chemical crosslinking induces a significant residual plastic 

strain (and stress softening) that increases with cyclic sample deformation. Such complex change in 

structure and strain dependent properties6,9 are not straightforward to include in the common 

framework of fracture mechanics used to assess cyclic fatigue in rubbers that are mostly elastic.  

In this work, we use a pure shear geometry to investigate how a crack propagates in a typical 

commercial soft TPU. submitted to a cyclic loading. We used two different testing protocols and 
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assessed their suitability and the effect on the crack propagation rate.  Finally in order to highlight 

key differences between TPU and conventional elastomers, we also compared our results with those 

obtained on a filled SBR having a similar Young’s modulus.  

	

Figure 7-1 Example of network organization for filled crosslinked rubbers (a) and TPUs where 

the hard domains act as physical crosslinks (b). 

7.2.1 The classic fracture mechanics approach for cyclic fatigue in rubbers 

Since the last century, the field of cyclic fatigue resistance was largely developed for crosslinked 

elastomers2,10 and two main approaches have been used to define their cyclic fatigue resistance: onset 

of crack nucleation11,12 and crack propagation rate13,14. The first method defines fatigue resistance as 

the maximum number of cycles at a given strain or stress to achieve a definite loss in strength or end 

of life of the material. The second one seeks to evaluate the crack growth rate of a pre-existing crack 

per cycle as a function of applied energy release rate G 15. We focused on the second approach that 

has in our view several advantages:  

 The use of the energy release rate G (instead of strain or stress) allows to compare samples of 

different sizes tested under different loading conditions.  

 Opposite to crack nucleation, where small defects (that are potentially precursors of the 

macroscopic failure) are randomly distributed in the sample, in notched samples the 

macroscopic cut dominates over all the pre-existent defects leading to more reproducible 

results.  

 It is suitable for applications where cracks are nucleated from the start, but lifetime is limited 

by propagation. 

Following the crack propagation approach, fatigue resistance in rubbers is typically carried out using 

samples in the pure shear geometry16 (PS) which corresponds to a wide and thin rectangular strips 

with width(w) and height (h) >> thickness (t) as schematically showed in Figure 7-2 . Fatigue 
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resistance is expressed in terms of crack propagation per cycle dc/dn vs maximum applied energy 

release rate G. For filled elastomers this characteristic curve provides a convenient assessment of 

fatigue resistance as a material property and has the advantage to allow an easy comparison of fatigue 

data among different materials.  

As reported in the literature14,17, irrespectively of their composition elastomers typically show similar 

trends of dc/dn vs. G, which can be summarized as follows:  

 For values of G lower than a critical threshold G t , in the absence of any chemical attack, the 

crack does not propagate.   

 For G > G t , dc/dn can be described  by a monotonically growing function of G, which presents 

a linear region for small G, followed by a  a power law for larger  G.  

 Finally, for G larger than a critical value G	c, generally named “toughness” in the literature of filled 
rubbers, a catastrophic propagation is observed and the material ruptures in a few cycles. 

 
 
 

	

Figure 7-2 Example of PS geometry. 

7.2.2 Evaluation of G in conventional elastomers and thermoset rubbers. 

 
One of the main advantages of using the PS geometry is that it allows an easy evaluation of the  energy 

release rate G() as a function of the applied stretch which is independent of crack length as shown 

by the seminal work of Rivlin and Thomas15 and can be calculated as:  

𝑮 𝝀
𝒅𝑼
𝒅𝑨

𝒅𝑼
𝒕𝒅𝒄

𝑾 𝝀 𝒉𝟎 Equation	7‐1	

	
Where 𝑊 𝜆  is the integral under the stress-strain curve of an unnotched sample with the same 

geometry.For an elastic material the typical stress-stretch curve during cycles is stable in time, and 

takes the form of Figure 7-3(a).  All the curves mainly overlap and the strain energy W() is well 

defined and is calculated as the area under the loading stress-strain curve up to .  
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Figure 7-3 Example of stress-stretch curve for a nearly elastic material (data from Gabriel E. 

Sanoja) (a) and a filled thermoset rubber (data from Mzabi18) (b) 

Figure 7-3(b) reports an example of typical filled elastomers that are generally not fully elastic. 

Hysteresis during the first cycle (also called Mullin’s effect) and cyclic hysteresis are typical 

manifestations of the damage and viscoelastic character of common filled rubbers. The damage in the 

rubber network is more evident in the first cycle and it gradually decreases in the following ones. A 

common approach to calculate G() in filled rubbers is to pre-strain (or precondition) the unnotched 

sample for some thousands of cycles at higher values of than those used in fatigue testing and then 

to evaluate G() by cyclically straining the accommodated sample at different values of increasing 

stretch.  In this way most of transient effects related to Mullin’s damage in the first cycles are avoided 

in the calculation of the relevant G	for long term cyclic fatigue. The pre-conditioned sample can still 

present residual hysteresis between the loading and unloading curves associated to viscoelasticity. 

Figure 7-4 shows a typical stress-stretch curve for a PS sample (taken from Mzabi18). The area 

indicated as W1 corresponds to the energy dissipated per cycle, W2 to the energy recovered, the total 

work done on the material during the loading phase of each cycle is W1+W2. Since the evaluation of 

the energy release rate requires to account only for the elastic contribution, the calculation of W() 

can be carried out by using the area under the un-loading curve, instead of the loading one, that 

represents the elastic part of the loading energy as in Equation 7-2.  
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Figure 7-4 Typical stress-strain curve of filled SBR after pre-conditioning from Mzabi 18. 

𝑾𝒖𝒏𝒍𝒐𝒂𝒅 𝝈 𝒅𝝀
𝝀𝒎𝒊𝒏

𝝀𝒎𝒂𝒙

  Equation	7‐2 

Applying this method to TPUs without modification creates several challenges that are the focus of 

this paper. The first issue is that TPUs typically show significant residual deformation when unloaded. 

If cyclic loading is carried out at a constant maximum applied strain, the residual strain increases 

during cycles, and hence the stress-stretch curve is modified and the actual energy release rate seen 

by the crack is not constant. Unlike conventional rubbers the applied energy release rate G is a 

function of both the maximum applied strain and the number of cycles n: G(n). Moreover if the 

sample is allowed to unload up to min = 1,  calculated using the initial height h0 of the pristine sample, 

, the residual plastic strain causes an extensive  buckling of the TPU sample during unloading cycles 

that may induce additional undesirable damage in the sample.  

Since TPUs are typically tested in cyclic fatigue at significantly larger strains than filled rubbers, a 

second important issue needs to be addressed.  The well-established pre-conditioning procedure 

cannot be easily implemented to eliminate transient effects, since it would involve very large strains 

that are likely to damage the sample. Also if the sample is preconditioned to a stress max that is only 

slightly larger than the cyclic stretch to be tested, the values of  the energy release rate  will precisely 

depend on this maximum stretch: G(max) applied during the preconditioning.   

Defining in which conditions should the cyclic load be applied in TPU to obtain reliable and 

reproducible crack propagation data is precisely the objective of this work. 
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7.3 Materials and methods  

7.3.1 Styrene-Butadiene Rubber   

We used SBR rubber filled with carbon black. The SBR has a mass Mn of 120 kg/mol and a 

polydispersity of 1.94 and was provided by the Michelin research center. Its styrene content is 15 

wt% and the glass transition temperature Tg measured by differential scanning calorimetry (DSC at 

10°C/min) is -48°C. The detailed composition is reported in Table 7-1 as provided by Michelin:  

 

Table 7-1 SBR composition in PHR. Filler content and crosslinking density are reported in 

volumetric fraction (data from18). Note that N347 is a type of carbon black, Sulfur is a 

crosslinking agent, Struktol™ and N-Cyclohexyl-2-benzothiazole sulfenamide (CBS) are 

accelerators to vulcanize the rubber, and N-(1,3-dimethylbutyl)-N'-phenyl-p-

phenylenediamine (6PPD) is an anti-oxidant. 

	 20CB_19XL	

SBR 100 

N347 5 

6PPD 1 

Struktol 3 

CBS 1.5 

Sulfur 1.5 

 0.03 

 8.1·10-5 

 

All samples were prepared, moulded and cured by Michelin. For tensile tests, samples where cut in a 

dog-bone shape with a cross section of 2x4 mm and loaded with a strain rate of 4 s-1. For crack 

propagation experiments, pure shear samples were moulded with the following dimensions: length = 

157 mm, height = 13 mm, thickness = 2 mm. Two edge cracks and a centre crack were cut with a 

fresh razor blade in the direction perpendicular to the loading. Uncracked samples were 

preconditioned at max=1.27 for 1000 cycles to get rid of transient effects. Then, the same samples 

were used to calculate G() = 𝑊 𝜆 ℎ . Each preconditioned sample was then notched and strained 

for 50.000 cycles at values of G corresponding to  <max. All tests were performed at 10 Hz.  
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7.3.2 TPU 

The TPU is a polyester-polyurethane block copolymer kindly provided by BASF (commercial name: 

EC 60 A 10 Elastollan©). The volume fraction = 0.24of hard segments and the average distance 

L=12-15 nm between hard domains was estimated from X-Ray diffraction of pristine samples using 

the lamellar model Fourier analysis19,20. A Tg of -50°C was obtained by Differential Scanning 

Calorimetry (DSC) at 10°/min (very similar to that obtained for filled SBR).  

PS Samples were injection moulded BOY 50M injection moulding machine (Boy machines Inc., US) 

at the LRCCP using the procedure recommended by BASF. The temperature used in the injection 

procedure is summarized in Table 3 and schematically showed in Figure 7-5. 

 

Table 7-2 Barrel temperature profile for the injection procedure. Zones 1 to 4 are located 

between the rear and the front of the barrel. 

Barrel	/		

Sample	

Zone	1	(°C)	 Zone2(°C)	 Zone4(°C)	 Nozzle	(°C)	 Mold	(°C)	

     

 (TPU) 165 170 175 170 30 

 

	

Figure 7-5 Schematic of injection process with the different zones of the barrel 

7.3.3 Large strain tensile tests  

Uniaxial tensile tests were performed on dog-bone samples (with a cross section of 2x4 mm cut from 

a square plate) using an Instron 5590 tensile machine. The samples were deformed at constant stretch 

rate 𝜆 4 𝑠  up to rupture or in cyclic conditions. In the second case, 10 cycles were performed up 

to maximum stretch of 20, 40 and 100% of the stretch at break b.   
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7.3.4 Dynamic mechanical analysis (DMA) 

DMA analysis was performed on circular disks of 10 mm diameter and 2 mm thickness cut from a 

square plate using a METRAVIB (DMA+450 series, FR). The cylinders are glue to three metallic 

supports placed in metallic grips. The middle support moves and generates an oscillatory 

displacement up and down between 0.005% and 100% of strain at temperature of 23°C and frequency 

of 10 Hz/s as schematically showed in Figure 7-6.              

 

Figure 7-6 Illustration of DMA apparatus 

7.3.5 Fracture toughness and cyclic fatigue 

Fracture toughness and cyclic fatigue tests were carried out using pure shear samples of 65x5x1 mm 

with a single crack of 22 mm cut along the direction parallel to the sample’s length. Each cut was 

made in non-relaxing conditions on the clamped sample and after the application of a small pre-

stretch. For measuring the fracture toughness , the material was stretched stretch rate 𝜆 4 𝑠   up 

to fracture. The minimum strain to propagate the crack c is determined from the point where the 

stress undergoes a maximum value in the stress-stretch curve of notched samples. At the crack 

propagation conditions the equivalence G =   holds15 and the value of fracture toughness is defined 

as 𝛤 𝑊 𝜆 ℎ  where W(𝜆 ) is calculated  by integrating the stress-stretch loading curve of pristine 

PS samples between   and  𝜆 21,22. Cyclic fatigue experiments were carried out at frequency of 10 

Hz using the procedure reported below. 

 

7.4 Materials characterization  

7.4.1 Small strain properties  

The filled SBR and TPU have similar values of the storage shear modulus ’ at low strain, and both 

materials display a decreasing modulus with applied strain as shown in Figure 7-7. This strain 
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softening, known as Payne effect, is common in filled rubbers23.  The main difference between TPU 

and SBR is that in TPU the linear regime extends to higher strains before a drop in the modulus is 

observed. This reflects the limited structure modifications up to 10% strain.  

	

Figure 7-7 Storage modulus vs. dynamic strain amplitude  for TPU and SBR at 23°C and 10Hz. 

7.4.2 Uniaxial tensile tests 

Figure 7-8(a) shows representative stress-strain curves for TPU and filled SBR. The linear regime is 

only observed for less than 20% strain and is similar for both materials as underlined by the close 

values of Young’s moduli reported in Table 7-3 along with the values of maximum strength σb and 

extensibility b for both materials. After the linear regime, both materials display stress-softening 

followed by strain-hardening although to a very different extent. Among all factors contributing to 

the mechanisms of crack growth, viscoelastic dissipation is known to play an important role in 

elastomers24,25. In Figure 7-8(b) we show uniaxial step-strain cycles of deformation for TPU and SBR. 

Both materials exhibit cyclic hysteresis that is more pronounced in the first cycle and then gradually 

decreases in the following ones. This phenomenon, knows  as Mullins effect, was already observed 

both in filled rubbers and unfilled TPU2627. Although there is no generally accepted microscopic 

explanation, the Mullins effect is often attributed to structural modifications of the filler network or 

of the hard domains respectively for filled rubbers and unfilled TPUs26,28,29. It is important to note 

that despite its thermoplastic character the fraction of dissipated energy at fixed applied strain is lower 

for TPU than for filled SBR. This is true in the 1st cycle, characterizing damage (Figure 7-9(a)) and 

in the 10th cycle (Figure 7-9(b)) representing stabilized cycling conditions where an excessive 

hysteretic behaviour is often undesirable, since it may lead to heat build-up, reducing the material’s 

ability to resist crack propagation.   
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Figure 7-8 Uniaxial nominal tensile test at 23°C for TPU (red) and SBR (black) up to failure (a) 

and in cyclic experiments (b) 

	 	

Figure 7-9 Dissipated energy during the first (a) and the 10th (b) cycle of the uniaxial cyclic 

experiments 
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Table 7-3 Linear modulus, stretch and stress at break and toughness  of TPU and SBR (data 

from Mzabi18) 

Name 

E 

[MPa] 

λb 

 

σb 

[MPa]

Γ 

KJ/m2 

TPU 
7.3 

± 0.12 

10.8 

±1.9 

 

24.7 

±2.3 

 

 

138 

±13 

 

SBR * 
8.2 

± 0.5 

3.6 

± 0.1 

16.6 

± 1.1 

23 

±3 

 

7.4.3 Fracture toughness  

Table 7-3 reports the value of calculated for notched SBR and TPU. Despite similar linear 

properties of the two materials, TPU is almost one order magnitude tougher than the SBR filled rubber 

at 23°C indicating clearly that large strain properties (that predominate around the crack tip 

singularity) play an important role in the toughness.  

7.4.4 Results on the cyclic fatigue of TPU 

7.4.4.1 Effect of the loading conditions 

The fatigue resistance of TPU samples was probed with two different loading protocols as 

schematically shown in Figure 8: either a minimum value of stress min= 0 was imposed at every 

cycle (Protocol A) or the sample was unloaded to the displacement corresponding to its initial length 

(Protocol B), as it is classically done for SBR.  

With Protocol A the sample is strained between an imposed  𝜆  and a variable minimum stretch 

𝜆 , corresponding to the imposed condition min=0, that increases in time due to residual plastic 

strain experienced by the sample, as illustrated in Figure 7-10(a). Therefore, the applied value of G 

decreases with the number of cycles until a steady-state is reached30,31.  

With Protocol B the sample is strained between imposed nominal values of both 𝜆  and 𝜆 1, 

implying that the sample will undergo compressive stresses and buckle when the strain decreases 

below the residual plastic strain  𝜆 , as illustrated in Figure 7-10(b).  In classical rubbers the two 

loading schemes A and B are substantially identical, since the residual plastic strain is generally 
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negligible and it stabilizes after a few cycles (Figure 7-3(b)).   

Figure 7-10 Sketch of evolution of minimum strain 𝝀𝒎𝒊𝒏 and minimum stress min as function 

of the number of cycles during a fatigue experiment for Case A (a) and B (b).   

7.4.4.2 Evaluation of G in TPU 

As discussed in the introduction we did not use any pre-conditioning procedure in TPU, unlike what 

is classically done for filled chemically crosslinked rubbers.  

Figure 7-11 shows the stress-stretch curve for TPU at =2.2 for the 1st , 200th , 5.000th and 10.000th 

cycle (a) and the corresponding values of G as a function of the number of cycles are reported in 

Figure 7-11 (b). Most of the softening and the accumulation of plastic strain occurs over the first 

cycles of the experiment and the stress-stretch curve eventually stabilizes between 5.000 and 10.000 

cycles and the value of G is very stable during further cycles. Even after the shake-down, the stress-

stretch curve of TPU shows a residual hysteresis, as it is also the case for SBR (Figure 7-4). 

Nevertheless, as previously indicated for uniaxial cyclic experiments, for the same value of maximum 

stretch the hysteresis is comparable or lower for TPU. 
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Figure 7-11 Stress-stretch curve of TPU strained atλ  =2.3 and evolution of G with cycles. 

Figure 7-12 shows an example of stabilized curve of TPU obtained with the methods A (a) and B 

(b). The value of elastic energy density per cycle (W) was always calculated using the positive area 

below the unloading curve (shaded in Figure 7-12(a) and (b)). Interestingly, for comparable values 

of the maximum stretch, the unloading path of the stress-stretch curve is not much affected by the 

methodology and the calculated values of W(λ) overlap as it can be appreciated in Figure 7-13.  

Nevertheless, in case B the stress-stretch curve per cycle results in a higher hysteresis than method 

A.
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Figure 7-12 Stress-stretch curve for the stabilized cycle obtained using method A (a) and B (b). 

The shaded area represents the stored elastic energy density.  

Figure 7-13(b) reports the values of G() obtained without any pre-conditioning but using the 10.000th 

unloading curve (after shake-down) for different values of increasing applied deformation for both 

methodologies A and B. All the data can be consistently fitted with a linear relationship for the curve 

G(.  

Figure 7-13 Example of  calculated G vs  for TPU without pre-conditioning using the 10.000th 

stress-strain curve for each value of the increasing applied stretch. The data for method A and 

B overlap. 
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7.4.5 Fatigue Failure 

Once G() has been experimentally calibrated on unnotched samples, crack propagation experiments 

under cyclic loading were carried out on notched samples for at least 36.000 cycles at different values 

of applied stretch corresponding to the selected values of G(). For each fatigue experiment, we 

evaluated the crack length c during the cycles by taking images of the crack tip at regular time 

intervals and identifying the maximum value of the x-coordinate of the contour of the crack in the 

open position, as shown in Figure 7-14(a). The crack profile is clearly blunted rather than sharp in 

TPU. To quantify the difference in crack shape between TPU and SBR we calculated the crack tip 

radius in the open position during cyclic experiments using a parabolic fitting (yellow line in Figure 

7-14 (a)). Figure 7-14 (b) reports an example of the fitted radius for TPU and SBR strained at:  

G=8.000 J/m2 and G=1.800 J/m2 respectively, corresponding to the highest values of G used in fatigue 

experiment for both materials.  After a first transient stage, where the crack tip changes shape, both 

TPU and SBR show a constant value of the fitted radius. Remarkably, TPU shows a considerably 

blunted profile and a higher radius than SBR according the higher value of G (and ) required to the 

propagation.  

	

Figure 7-14 Example of crack profile and parabolic fitting during cycles (a) and calculated 

radius for TPU and SBR in a cyclic experiment 
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Figure 7-15(a,b) reports the crack length c as a function of the number of cycles for TPU tested either 

with protocol A (no buckling) and protocol (B). In the case of protocol A, at the beginning of the 

experiment, the crack extension per cycle is higher and gradually approaches a steady state growth 

rate (constant dc/dn). This behaviour, may be related to stress accommodation:  at the beginning of 

the experiment, the stress singularity around the crack tip is more pronounced and the material is not 

“accommodated” yet. Moreover, in the case of TPU the residual plastic strain in the bulk is not 

stabilized yet. To evaluate the value of crack propagation per cycle expressed as dc/dn we only 

considered the data points after 10.000 cycles and we evaluated the slope of the curve c vs. the number 

of cycles. In the case of protocol B, the crack increases almost linearly with the number of cycles, 

and we also evaluated the slope of the curves above 10.000 cycles as is conventional. The final results 

for TPU tested with both protocol and for SBR, are reported in Figure 7-15(c) as dc/dn vs applied  G.	

The values of dc/dn in the whole range of tested G are always higher for the protocol B than protocol 

A. This is probably a consequence of the continuous buckling of the specimen during unloading 

cycles that, in case B, is likely to damage the sample along the main fold in the centre, leading to  

lower fatigue resistance. 
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Figure 7-15  Crack length vs cycles for TPU with protocol  A (a) and protocol B (b) for different 

values of the applied G. Crack propagation per cycle for TPU (protocol A and B) and SBR (c).  

It is also interesting to discuss the “threshold” value Gt required to propagate the crack between TPU 

and SBR.  According to Lake and Lindley17,32, in vulcanized rubbers Gt can be estimated using the 

extrapolation of the linear part of the curve dc/dn VS G.	In case of TPU, we did not see this linear 

regime, furthermore we observed a rapid transition between values of G with very low crack 

propagation ( <0.5 nm/cy) and some 20-50 nm/cy. In order to estimate the value of  Gt we carried out 

some longer fatigue tests at low G. The resolution of the optical system was ~10 µm and we completed 

400.000 cycles at 10Hz. This implies that the minimum detectable crack growth is 0.025nm. Using 

this definition, dc/dn < 0.025 nm/cy at G < 800J/m2. At slightly higher values (G =1000J/m2 ) we 

observed an unstable regime where dc/dn assumes values between 0.7 and 70 nm/cy (Figure 7-16). 

We thus can assume Gt ~800 J/m2.  This value is surprisingly high compared to classical thermoset 

rubbers which generally show typical values of  G t s between 40 and 70 J/m2 17,33,34.  
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Figure 7-16 dc/dn for samples tested at lowest G for 400.000 cycles. Linear representation 

 

7.5 Discussion 
The results of this paper highlight two important elements in the cyclic crack propagation behaviour 

of TPU compared to crosslinked rubbers: a) TPU have higher Gt than those of common elastomers, 

b) the linear regime in dc/dn VS G typically found in crosslinked rubbers,   is replaced by a fast 

transition between not propagating and fast propagating (or power law regime) crack.  We also 

showed that the fatigue resistance of TPU is affected by the specific testing procedure, and in case of 

buckling of the sample during cycles (caused in principle by the residual deformation) dc/dn is 

significantly increased by mechanical damage on the folding line.  

 

The high values of strain required to propagate the crack in TPU are accompanied by significant 

blunting developed at the crack tip (Figure 7-14) and bring additional difficulties in the evaluation of 

the fatigue resistance. The average crack tip radius is indicative of a zone of the sample where large 

deformations are involved. Although the methodology presented to evaluate G	 is in principle 

compatible with large deformations of soft materials, the fracture mechanics approach still requires 

that the dissipative process zone remains smaller than the sample’s dimensions. In the case of TPUs, 

the clear blunting revealed by the large crack tip radius suggests a more extended large strain process 

zone region that may become comparable with the height of the sample.  
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The independence of the crack propagation curves dc/dn vs G from sample dimension should thus 

be carefully checked in the future. In our case we planned to stay as close as possible to the 

procedure adopted for SBR for better comparison. Moreover, despite the very large fracture energy 

of TPUs in monotonic loading, it is well known that in these materials  the fatigue threshold  is 

considerably lower than  toughness and crack propagation in cyclic fatigue is generally observed  

for strains far below their maximum extensibility in monotonic  loading2,35,36.   Thus, such a large-

strain fatigue regime of TPUs was unexpected. In order to check if such uncommon result is 

affected by the combination of high deformation and small sample dimension, or if it is rather an 

intrinsic material behaviour, larger samples than those used in this work (and conventionally 

adopted for rubbers) should be used for comparison. We remark that in order to preserve the 

aspect ratio required for a proper analysis of the pure shear sample, the whole sample should be 

scaled up as well as the loading fixtures.  This cannot be done easily without an extensive 

investigation of the effects of moulding TPU at larger scale on the modification of its structure and 

properties.  

7.6 Conclusion 

We have proposed an approach to evaluate cyclic fatigue resistance in TPUs using the framework of 

fracture mechanics as developed for cross-linked elastomers. We showed that compared to 

methods used for of classical filled elastomers, a different protocol is required to account for time-

dependent properties and permanent plastic strain of TPUs. This must include a control in force of 

the minimum of each cycle to avoid the phenomenon of buckling which can in turn damage the 

material inducing higher dc/dn.  

Moreover, we demonstrated that TPUs possess typical values of fracture toughness and a 

cyclic fatigue threshold (where dc/dn < 0.025 nm/cy) almost one order of magnitude larger than that 

of filled SBR rubbers with similar values of Young modulus. This implies that TPUs may either 

resist for more cycles than classical rubbers when similar energy release rates are applied, or may 

sustain larger strains with only moderate crack growth when rubbers would fail in a single 

cycle. This result confirms that TPUs possess the combination of high fatigue threshold and 

low stiffness that is strongly desirable for practical applications and still missing in conventional 

elastomers as proved by the numerous attempts to develop high fatigue resistance elastomers 

implementing different complex techniques37–39.  
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8.1 Abstract  
The cyclic mechanical response of three soft TPUs (linear modulus <10MPa) was investigated. 

Their physical structure was analyzed with X-ray scattering (SAXS and WAXD) revealing 

differences in their crystallinity and the presence of Polybutylene terephthalate (PBT) in a TPU 

based on soft aliphatic polyester. While different large strain properties were measured for the 

three TPU in uniaxial strain, they all present similarities in their inelastic behavior (such as 

residual deformation after unloading and fraction of dissipated energy) in cyclic conditions. 

All TPUs present a first cycle softening that is qualitatively similar to what is commonly found 

in filled rubbers but is hardly related to the concept of strain-induced damage in cyclic loading 

as has been done in case of conventional crosslinked rubbers. In fact, the application of step-

strain cycles results in a marked stiffening effect in all TPU when measured in a true 

stress/Hencky strain representation. The generality of the phenomenon suggests that this 

stiffening is probably associated to the restructuring of hard domains with applied strain and 

the generation of a permanent modification of the structure associated with a residual plastic 

deformation.   

8.2 Introduction  
Thermoplastic polyurethane elastomers (TPU) were first introduced to the market around 1960 

and  experienced a rapid diffusion since then1. Soft TPU are multiblock copolymers 

characterized by alternating soft segments (SS) and hard segments (HS) forming a two-phase 

microstructure where the soft phase is the majority. The microphase separation between soft 

and hard segments is driven by the ability of the hard segments to form inter and intra-chain 
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hydrogen bonds between carbonyl and amine groups developing therefore small stiff domains 

surrounded by the soft phase. Depending on chemical composition, molecular weight and steric 

hindrance, the phase separation is more or less complete. Hard domains have a typical size of 

5-30 nm and are stiffer than soft domains acting both as nanoscale fillers and physical

crosslinks2,3. Soft TPU are well known for their outstanding combination of reversible

elasticity, abrasion resistance and easy processability. Additionally, the absence of chemical

crosslinking allows these soft TPU to be re-shaped and re-used contrary to thermoset rubbers

that are difficult to recycle. Despite the much higher material cost, the versatile processing,

recyclability and comparable reversible elasticity make TPU a serious competitor to replace

elastomers in a number of technical applications. It is not surprising then,  that several  studies

on TPU mainly concentrated on the correlation between composition of TPU and mechanical

properties at small and large strain 2,4–6  with  the target to further explore the field of

applications of this class of materials.  It is generally accepted that the thermoplastic nature of

TPUs, results in a higher viscoelastic dissipation, compared to thermoset rubbers, that may

explain their high fracture resistance7–9. In particular, the presence of  higher energy losses and

stress softening during the first loading-unloading cycle (Mullins effect) have been observed

in unfilled TPU4,10. The Mullins effect was first detected in filled (or crystallizing) rubbers11

and despite its relevance for final rubber properties, its origin is still debated and may depend

on the detailed structure of the material. It is generally accepted however, that the first cycle

hysteresis comes in particular from structural rearrangements of filler aggregates12.

Recently, a mechanical behavior with the same characteristics as those of the Mullins effect

was observed also in other unfilled systems such as double network hydrogels13 and semi-

crystalline materials 14 that have in common the presence of inhomogeneities in their structure.

In the case of unfilled TPU, this phenomenon has been often associated  with changes in the

hard-soft domains structure of TPU with applied strain3,4,15,16. The majority of the studies of

cyclic dissipation in TPU mostly concentrate on the qualitative effect of composition or strain

rate on the macroscopic mechanical behaviour without providing any useful tool to interpret

this strain-induced damage in molecular or microscopic terms. Yet, the Mullins effect has been

extensively investigated in rubbers17 and recently, Merckel and co-workers 18 proposed an easy

methodology to quantify the Mullins contribution that allows an easy comparison between

different materials. They worked on filled styrene-butadiene-styrene rubber (SBR) cyclically

strained at different, medium to large, strain levels and they introduced two damage parameters:

one to account for the reduction in linear modulus with applied strain and the other to account
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for the change in the onset of strain hardening with increasing strain, as induced by a loading 

at larger strain. They showed that, for filled elastomers, these two parameters have the same 

dependence on strain and also have very similar values. This led them to conclude that in filled 

elastomers, small and large strain damage are two manifestations of a single phenomenon. We 

used the above-mentioned methodology 18 to quantitatively evaluate the effect of repeated 

cycles on the inelastic characteristics of TPU. Furthermore, we proposed a comparison between 

TPU and filled SBR, emphasizing similarities between these two classes of materials often 

associated in terms of small and large strain elasticity, but with completely different structures 

and large strain behaviours. 

8.3 Materials and methods 

8.3.1 Materials 

The three TPU used in this work are polyester based polyurethanes with commercial names 

EC 60 A 10P , LP9 277 10 and 565 A 12P  respectively produced by BASF in the Elastollan© 

series. We labeled them TPU_HARD, TPU_SOFT and TPU_XTAL respectively,  to underline 

the difference in their large strain behavior as will be discussed in the experimental part. Their 

glass transition temperature Tg measured by differential scanning calorimetry (DSC at 10°/min) 

is reported in Table 8-1.  

Table 8-1 Glass transition temperature for all TPUs 

Sample TPU_HARD TPU_SOFT TPU_XTAL 

Tg a 10°/min °C -50 -48 -34 

   

The chemical composition was not available since they are commercial products. The number 

average molar mass (Mn) and polydispersity index (PDI) as measured on samples after injection 

is reported in Table 8-2 and was obtained using gel permeation chromatography (GPC) with 

THF as carrier solvent. TPU_SOFT was not soluble in THF. From our previous investigation 

(see Annexes) TPU_SOFT seems to be a blend between a TPU and polybutylene terephthalate 

(PBT) with small quantity of urea that may explain the les good solubility in a solvent like 

THF. 
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Table 8-2 Average Molar mass and polydispersity index of used TPU 

Name		 Mn	[Kg/mol]	 PDI	

TPU_XTAL 47.09 1.3 

TPU_HARD 83.02 1.4 

TPU_SOFT Not soluble in THF  Not soluble in THF  

 

Specimens were injected by the Laboratory of Research and Control of Caoutchouc and 

Plastics (LRCCP)  into  2 mm thick large square-plate from which tensile dog-bone samples 

(cross section of 2x4 mm) were cut. The temperatures used in the injection molding procedure 

are summarized in Table 8-3 for all samples as recommended by BASF. 

 

Table 8-3 Barrel temperature profile for injection procedure. Zone 1 to 4 goes from the 

rear to the front of the barrel 

Barrel	/		

Name	

Zone	1	(°C)	 Zone2(°C)	 Zone4(°C)	 Nozzle	(°C)	
Mould	

(°C)	

     

	TPU_XTAL	 170 180 190 185 30 

	TPU_SOFT	 190 200 205 200 30 

	TPU_HARD	 165 170 175 170 30 

 

The SBR rubber is filled with carbon black (CB) and all data concerning that rubber comes 

from the work of Mzabi et al.19,20. The unvulcanised SBR has a mass Mw of 120 kg/mol and a 

polydispersity of 1.94 and was provided by Michelin. Its styrene content is 15 wt % and the 

glass transition temperature Tg measured by differential scanning calorimetry (DSC at 10°/min) 

is -48°C. The detailed composition is reported in Table 8-4 as provided by Michelin. All 

samples were prepared, moulded and cured by Michelin. For tensile tests, samples where cut 

in a dog-bone shape and cross section of 2x4mm and loaded with a strain rate of 4s-1. 
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Table 8-4 SBR composition in PHR. Filler content and crosslinking density are reported 

in volumetric fraction. Data from 19 Note that N347 is a type of carbon black, Sulfur is a 

crosslinking agent, Struktol™ and N-Cyclohexyl-2-benzothiazole sulfenamide (CBS) are 

accelerators to vulcanize the rubber, and N-(1,3-dimethylbutyl)-N'-phenyl-p-

phenylenediamine (6PPD) is an anti-oxidant.  

	 20CB_19XL	

SBR 100 

N347 5 

6PPD 1 

Struktol 3 

CBS 1.5 

Sulfur 1.5 

 0.03 

 8.1*10-5 

8.3.2 Structural study 

Information on the physical structure of nanodomains was obtained by X-Ray analysis using 

the facilities of the materials science center of DSM, Netherlands. The beam wavelength was 

0.154nm. The 2D data were integrated using “FIT-2D”21 software. All data were corrected by 

subtracting background scattering and circularly integrated to obtain 1D profile. SAXS data 

was expressed in terms of wave vector 𝑞   where 2θ is the scattering angle and  is the 

wavelength.  

The long period or inter-hard domain distance was evaluated in two ways: using the peak of 

scattering (Bragg’s law) and using the correlation function on the SAXS intensity I(q).  

For Bragg’s law the long period (d) was evaluated as the position of the maximum in 1D SAXS 

profile q* as  𝑑 ∗  .  

The correlation function has the form of Equation 8-1 and this approach is based on a two-

phase, lamellar morphology22 . The evaluation of Equation 8-1 requires the extrapolation of the 

data at 𝑞 →  ∞ and 𝑞 →  0 and an integration. The data were extrapolated using Porod’s law I 

≈𝑞  and Guinier’s law:  I≈A+Bq respectively.  
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𝑲 𝒙 𝟒𝝅𝒒𝟐𝑰 𝒒 𝐜𝐨𝐬 𝟐𝝅𝒒𝒙
𝟎

𝒅 Equation	8‐1	

This analysis of the correlation curve in Figure 8-1 was used to identify different parameters 

such as the long period (L) the crystalline layer thickness (C) and an estimated bulk volume 

crystallinity () graphically indicated in Figure 8-1 

Figure 8-1 Example of correlation function and interpretation of its features for 

TPU_HARD based on the analysis of Strobl and Schneider 22  

8.3.3 Mechanical testing 

8.3.3.1 Dynamical Mechanical Analysis 

DMA analyses were performed on the instrument Metravib DMA+400, FR.  The 

measurements were carried out at 10Hz over a temperature range from -80°C to 80°C  with a 

heating rate of 10°C/min.    

8.3.3.2 Step-Cycle Tests 

The two edges of the dog-bone shaped samples were strongly fixed between mechanical 

clamps. An optical system was used to measure the local stretch in the gauge area of the sample 

and check the absence of slippage from the clamps during the test.  The samples were strained 

in uniaxial conditions at the stretch rate of 𝜆 = 4 s-1. The elongation was performed in a stepwise 

mode: 5 or 10 cycles were performed for each increasing value of maximum stretch for SBR 

and TPU respectively. The force was reduced to=0 between two successive steps. Strain (ε), 
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stretch (λ), Hencky strain (h), stress (σ) and true stress (T) are defined as below with l0 and l 

indicating the initial length and instantaneous length respectively, A0 the initial cross section 

area and F the measured force.  

𝜀      𝜆  𝜎

 𝑇  𝜎 ∗ 1 𝜀     h=ln(𝜆)  

In particular the Hencky strain derives from the sum of the incremental strain 𝛿𝜀  and is 

obtained integrating this incremental strain between the initial and the final length of the 

sample: 𝑑𝜀= ln (λ)   . 

8.3.4 Thermal analysis 

Thermal properties of TPUs were studied by digital scanning calorimetry (DSC) (TA 

instrument, Q200 device, USA). The samples were heated first from ambient temperature to a 

maximum temperature (T1) that corresponds to  200°C and 100°C respectively for TPU and 

SBR and maintained at this temperature for 3 minutes. They were then cooled to -100°C and 

finally re-heated to the maximum temperature T1. Both cooling and heating rates were fixed at 

10°C/min. Thermal scans were performed on pristine and strained samples. 

8.4 Mechanical testing and Structural Investigations 

8.4.1 Mechanical characterization 

Figure 8-2 Storage modulus VS temperature for three TPUs (A) and for a SBR (B) 
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Figure 8-2 shows the temperature dependence of the storage modulus for all TPUs and for 

SBR. All materials display a drop in the modulus of almost 3 decades indicating the transition 

from a glassy to a rubbery state. The main difference between TPU and SBR is the variation 

of the low modulus in the rubbery state that decreases faster for all TPUs compared to that of 

filled SBR. The presence of chemical crosslinks in SBR ensures a higher temperature stability 

than the physical crosslinking present in TPU. An increase in temperature may induce partial 

debonding of inter-urethane hydrogen interactions (that ensure HD stability) leading to a faster 

reduction in modulus for temperatures higher than their melting temperature Tg. TPU_SOFT 

shows the highest and most stable plateau at high temperature indicating greater stability in 

hard-segment domains.  

 

	

Figure 8-3 Uniaxial stress-strain curves at different temperatures (a) and cyclic stretch-

stress curve at 23° (b) for three TPUs. 

Figure 8-3(a) shows the uniaxial engineering stress-stretch curves for the three TPUs at 

different temperatures. All TPUs are characterized by a high extensibility at failure. The linear 

regime is only observed for a few percent of deformation. Above this limit all three materials 

show first a strain softening. Then TPU_XTAL and TPU_HARD show a marked strain 
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hardening that is less intense in TPU_SOFT. The effect of increasing the temperature is mainly 

that of reducing the stress at break σb for all materials and, in case of TPU_SOFT also to reduce 

its maximum extensibility. This reduction of mechanical performance with temperature was 

already observed in some other classes of thermoplastic elastomers as reported by Aime 23 for 

thermoplastic elastomer (TPE) based on PBT as hard segment that confirms the hypothesis of 

the blend with PBT for TPU_SOFT.  

 
Figure 8-3 (b) reports stress-strain curves of uniaxial step-strain cyclic test for all TPUs at 23°.  

All curves present similar characteristics:  

i) Unloading and reloading paths during the first cycle at a higher stretch significantly 

differ (large hysteresis). 

ii) There is a very pronounced softening after the first loading, and the envelope of the 

monotonic test behavior is recovered only when the material is stretched to higher 

values than those previously applied (Mullin’s effect). 

iii) A marked residual deformation (λres) is visible after unloading.  

 

This large residual deformation λres is consistent with literature data on TPU 4,5 and is probably 

related to the absence of chemically crosslinked points and the possible plastic deformation of 

the hard domains with applied strain.  The Table 8-5 summarizes the principal mechanical 

properties for all TPUs.  
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Table 8-5 Young modulus, stretch and stress at break for all TPUs at 23 , 60, 80°. *At the 

maximum displacement allowed by the capacity of the testing machine the sample did not 

break. 

		 23°C	 60°C	 80°C	

Name  
E 

[MPa] 
b 

σb 

[MPa] 

E 

[MPa] 
b 

σb 

[MPa] 

E 

[MPa] 
b 

σb 

[MPa] 

TPU_XTAL 
8.7 15.4 25.1 5.03 >20* >8* 3.8 >18* >7* 

±0.1 ±1.2 ±1.3 ±0.7   ±0.1   

TPU_SOFT 
7.8 17.7 11.8 5.8 17.0 5.4 5.2 3.7 8.9 

±0.1 ±1.5 ±0.5 ±0.1 ±0.6 ±0.2 ±0.8 ±0.1 ±1.9 

TPU_HARD 
7.3 10.8 24.7 5.7 19.2 12.6 4.1 7.1 16.2 

± 0.1 ±1.9 ±2.3 ±0.1 ±0.7 ±2.1 ±0.3 ±3.3 ±1.2 

 

Figure 8-4(a) summarizes the values of λres VS  λmax for all TPUs (at 23°C and 60°C) and for 

SBR. A surprisingly simple and uniquely linear relationship between residual and maximum 

applied strain can be observed for all three TPU with some major deviations for TPU_HARD. 

All values of res  in SBR, for comparable max, are considerably smaller since the chemical 

crosslinking prevents plastic deformation.  

In Figure 8-4 (b) we plot the fraction of dissipated energy per cycle for the 10th cycle, i.e. in 

nearly steady state situation, for each value of increasing strain. The fraction of the provided 

energy that is effectively dissipated per cycle, weakly depends on the magnitude of the strain 

and is only shifted at slightly lower values increasing testing temperature from 23° to 60° for 

all three TPUs. One interesting result is that, for comparable values of applied deformation, the 

fraction of dissipated energy in SBR is comparable or higher than that of TPUs at 23°. This 

behavior is counter-intuitive if we consider that, unlike SBR, TPUs have hard domains which 

can be plastically deformed under strain.  The absence of an excessive mechanical dissipation 

in a stabilized cycle in TPU is a very important aspect especially in applications requiring 

repeated cycles in time. In this case in fact, an excessive energy dissipation is not only 

intrinsically undesirable but may lead to local heat build-up especially in weakly conductive 

materials such as rubbers and TPUs.  
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Figure 8-4: (a) Residual VS applied deformation and (b) ratio between dissipated and 

provided energy during the 10th cycle for all materials.  At 23° for: TPU_XTAL ,  

TPU_SOFT , TPU_HARD ,  SBR and at 60° for: TPU_XTAL 

TPU_SOFT TPU_HARD.  

8.4.2 Structural investigations 

WAXS 1D intensity profile are shown in Figure 8-5 for all three soft TPU (data were vertically 

shifted for readability). The absence of any crystalline reflection in TPU_XTAL and 

TPU_HARD indicate a completely amorphous hard phase. The crystalline peaks (indicated by 

the arrows) in TPU_SOFT are compatible with the crystalline structure of PBT as indicated by 

literature24,25.  
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Figure 8-5 WAXS pattern for pristine TPU_XTAL, TPU_SOFT and TPU_HARD 

2D SAXS images and the corresponding integrated profiles are reported in Figure 8-6. All 

curves are characterized by a maximum in the intensity that represents the long-range 

correlation of hard-domains (or long period) due to microphase separation in TPU26 .  

	

Figure 8-6  2D Pattern and 1D integrating profile for all TPUs. 

 

The data of the long period (calculated from Bragg’s law and indicated as d and from the 

analysis of the correlation function K(x), indicated as L (when possible), are reported in Table 

8-6. A schematic of the polymer structure as considered for the correlation analysis is reported 
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in Figure 8-7. 

 

 

Table 8-6 ID SAXS images and inter-domain spacing, domains thickness, hard segment 

volume fraction. 

	
L	

	nm	

d(Bragg’s)	

nm	

C	

nm	 ϕ	

TPU_XTAL 11.8 13.4 2.9 0.24 

TPU_SOFT - 29.9 - - 

TPU_HARD 12.3 15 2.9 0.24 

 

 

Comparable values of d (between 10-30nm) are reported in the literature for similar phase-

separated TPU systems 4,27,28.  TPU_SOFT has an elliptical SAXS pattern (Figure 8-6) 

indicating the presence of a preferential orientation in the lamellae (probably induced by 

injection) that makes the lamellar model inappropriate. The analysis of the correlation function 

in fact, is based on the hypothesis of random orientation of lamellae.  The similarity between 

the value of the long period evaluated with Bragg’s law and with the correlation function in 

TPU_XTAL and TPU_HARD is indicative of the good reliability of the correlation analysis 

(lamellar method). The strong similarity in  and C between the two TPUs  (Table 8-6) 

confirms that they possess a similar  thickness of hard domains (C) and comparable hard 

segment volume fraction ϕ as suggested by the similar linear modulus. The higher L for 

TPU_SOFT confirms the presence of some major structural difference compared to 

TPU_XTAL and TPU_HARD in agreement with our hypothesis of a blend of TPU-PBT.  

 

 

 

 

 



Mechanical properties of soft TPU and strain induced strengthening  

8-135 

 

	

Figure 8-7  Schematic illustrating the parameter extracted from the correlation analysis 

L (long period between hard domain) and C (thickness of the hard phase). 

8.4.3 Thermal analysis  

Figure 8-8 reports the DSC thermogram carried out both on all pristine TPUs (a)  and on the 

fractured part of samples strained up to rupture (b). Pristine TPU_HARD and TPU_XTAL are 

essentially amorphous as witnessed by the absence of melting peak in their thermogram. On 

the contrary, TPU_SOFT presents  a visible melting peak around 190°C (indicated by the 

arrow) which is attributed to PBT crystals whose melting peak is around 200°C ( higher for 

pure PBT and lower for blends) 29,30. 

For strained TPU, Figure 8-8 (b) on the other hand, it appears a clear the endothermic peak 

(TmSIC) in the originally amorphous TPU_XTAL. This peak is associated to the new crystalline 

phase generated during uniaxial tension in TPU_XTAL as consequence of the strain induced 

crystallization phenomenon (SIC). SIC consists in the progressive alignment of polymer 

chains, for an original amorphous polymer, into an ordered and crystalline structure with 

increase of applied strain. In case of TPU, unlike what is generally observed in crosslinked 

rubbers, SIC can be partially retained after the removal of strain and residual crystalline fraction 

can still be observed in the unloaded polymer 31–33.  The smaller endothermic peak in 

TPU_SOFT after strain (TmPBT) may be associated to original PBT crystal that were broken in 

smaller dimension with applied strain.  
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Figure 8-8 DSC thermogram for all TPU pristine (a) and after being strained to rupture 

(b) 

8.5 Damage analysis in cyclic loading 

8.5.1 Strain-Induced Damage in filled SBR  

Figure 8-9 reports an example of cyclic stress-strain curve for TPU_HARD and SBR in the 

Hencky strain VS true stress representation. 

Figure 8-9 True Stress-Hencky strain representation of Cyclic experiment for 

TPU_XTAL (a) and SBR(b). 
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We used the approach proposed by Merckel et al.18 to estimate the damage in both our unfilled 

TPU and filled SBR in terms of large strain damage 𝐷  and small strain damage (𝐷 ) as 

detailed in the following.  

The value of Dss for each increasing maximum strain (k),	is obtained from the ratio between 

the linear modulus for the cycle (Ek) and that of the pristine material (E0) so that:  

 

𝑫𝒔𝒔 𝟏 𝑬𝒌

𝑬𝟎
		 

Equation	8‐2 

	

Figure 8-10 (a) shows an example of linear fitting used to calculate E. The values of the fitted 

modulus calculated for all TPUs and SBR are shown in Figure 8-10 (b). The higher values of 

maximum Hencky strain at which the modulus was evaluated for TPUs are justified by their 

higher maximum extensibility compared to SBR. In the case of SBR, E always decreases with 

maximum applied strain. In all TPU, on the other hand, E initially decreases and, for Hencky 

strains higher than 1.5 (~4), E increases again reaching the pristine value or even higher in 

case of TPU_XTAL.  

Figure 8-10 Example of linear fitting of calculated E for TPU_HARD(a).  E vs Hencky 

strain for all TPUs and SBR  (b) 

The large strain damage or  𝐷  is on the other hand associated to the onset of strain hardening 

in cyclic loading at different maximum strain and is defined as: 

𝑫𝒍𝒔 𝟏 𝜶 Equation	8‐3	

 whereα is a re-scaling factor on the Hencky strain obtained as follows.  Each unloading curve 
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is first shifted to the origin to compensate for the residual strain (Figure 8-11 (a-c)). This step 

is considerably important especially for materials, as TPU, which present remarkable residual 

strain when unloaded. Shifting the stress-strain curve on the origin in fact, we obtain the same 

curve which a user, unaware of the previous history, would measure experimentally.  

Then a master-curve is built by performing a superposition fit using a least square minimization 

of each unloading curve using the first loading curve as a reference (Figure 8-11 (b-d)). This is 

mathematically equivalent to write  hvirgin = α*h shifted   

The shifted curves reported for TPU_HARD and SBR in Figure 8-11 (a-c) demonstrate the 

different effect on the onset of strain hardening (approximatively indicated as λhard) between 

TPU_HARD and SBR. Unlike to SBR, each unloading curve in TPU_HARD for the step k+1 

displays an onset of strain hardening at comparable or lower strain than step k. This has a strong 

influence on the described rescaling procedure as we’ll be clarified by the different resulting 

values of the damage parameter Dls between SBR and TPUs. 
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Figure 8-11  Example of True stress VS Hencky Shifted (a-c) and True Stress VS Hencky 

Virgin (b-d) respectively for TPU_HARD and SBR. The line represent an estimation of 

the onset of strain hardening and are used for guiding the eyes.  

Figure 8-12a,b,c reports the calculated values of Dss and Dls for SBR at 23° and for all three 

TPUs at 23 and 60°. The trend is substantially different between SBR (where both Dss and Dsl 

similarly increase with strain) and for the TPU. In all TPU Dss and Dsl have a dependence on 

the maximum Hencky strain that is qualitatively similar to that we just discussed for the linear 

modulus. Both damage parameters first increase (softening) and then decrease (stiffening) 

eventually becoming negative in case of TPU_XTAL.  At 60° this trend is even more evident 

and all values are negative. This means that the damage due to plastic deformation stiffens the 
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TPU and does not soften it, at least in uniaxial tension, and the damage in small and large strain 

are decoupled. 

	

Figure 8-12 Damage VS Hencky strain calculated for SBR (a) and TPU at 23° (b) and 60° 

(c)  . The symbols indicate Dss for:  SBR: ,   TPU_HARD: ,  TPU_SOFT : , 

TPU_XTAL: . Dls for SBR :  ,TPU_HARD: ,TPU_SOFT:   ,TPU_XTAL: ..  

8.6 Discussion on the differences between TPU and SBR 
In the case of SBR, the analysis of damage shows that both damage parameters (𝐷  and 𝐷 ) 

nearly overlap and have a positive dependence on the applied strain meaning that the damage 

in the material increases with deformation. Merckel and coworkers18 interpreted this as an 
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indication that, in filled SBR, the application of a cyclic strain generates some kind of physical 

damage on the polymer that affects in a similar way both the small and large strain properties 

of the polymer itself. Or, in other words, they speculate that in SBR the change in the small 

and large strain mechanical response with applied strain have the same origin. On the other 

hand, although in all three TPUs 𝐷  and 𝐷  have similar trends, they do not superimpose well 

and, above a threshold value of strain, they reduce with increasing maximum Hencky strain. In 

specific conditions, Dss and Dls even assume negative values. The main difference between 

TPU and SBR, which leads to a different trend in the calculated damage, is the residual 

deformationres. In the case of SBR, res is mostly negligible while, in the case of TPU, res 

accounts for almost one third of max and has a great effect on the rescaling procedure.  In cyclic 

deformation of TPU, the engineering stress-strain representation, that seems to suggest a cyclic 

softening, is misleading. The engineering representation of strain in fact, only compares the 

final state with the initial state and, in the case of materials with high residual strain it introduces 

a non-negligible error on the measure. Contrarily,  the Hencky strain accounts for all the 

incremental steps of deformation (considering the value of the sample length just before each 

strain increment).   

8.6.1 Interpretation of the calculated damage in TPU 

The decrease of 𝐷  in TPU, is justified by the increase in E with applied deformation for all 

samples (Figure 8-10(b)). In particular TPU_XTAL that can crystallize under strain at 23°C, 

shows the highest values of E that eventually becomes higher than in the pristine material, for 

larges values of maximum applied deformation. It is clear that using a negative value to 

describe strain induced-damage does not have any physical meaning but, the increase in 

modulus with applied deformation, indicates that the deformation induces stiffening in TPU. 

This unconventional increase in modulus with applied deformation must depend on the specific 

multi-phase structure of each TPU that re-arranges with applied strain 26. Additionally, the 

different values of 𝐷   and 𝐷  are in line with the hypothesis of Cooper and van Bogart 34. 

They argued that while the Young’s modulus depends on the rigidity and morphology of the 

hard domains, the stress softening also depends on the coupled action of hard and soft segment 

re-organization.  

We believe that the breakdown of the original hard domains in smaller domains with applied 

deformation, has the same effect of increasing the physical crosslinking points causing an 

increase of the stiffness. In the case of TPU_XTAL, which crystallizes under strain, the 



Mechanical properties of soft TPU and strain induced strengthening  

8-142 

 

increase in physical crosslinking (attributed to the fragmentation of hard domains) is enhanced 

by the intrinsic stiffness of the crystallites (that act as additional hard points) explaining the 

enhanced trend in E(h) for TPU_XTAL.  

8.7 Conclusions 
The cyclic mechanical behavior at small and large strain of three TPUs has been analyzed. The 

three TPUs have been chosen because of their similar linear modulus (~ 7-8 MPa at 23°C) but 

differ in composition and large strain properties as shown by X-Ray analysis and DSC. 

TPU_SOFT is a blend with semi-crystalline PBT and has a large softening before fracture 

while TPU_XTAL and TPU_HARD have similar fractions of HD and a remarkable strain-

hardening, which only for TPU_XTAL can be attributed to SIC. Despite their differences, we 

discovered two remarkable similarities among all materials: 1) a surprising almost unique 

linear relation between residual and maximum strain during cycles at different temperatures 2) 

a similar fraction of dissipated energy in the stabilized cycle, almost independent of the applied 

strain. However, the most remarkable and potentially impactful result of the present work lies 

in the discovery of strain induced stiffening in TPU with applied strain in cyclic loading. This 

finding is fundamentally different from the strain induced softening (also referred as cyclic 

damage) typically observed in filled rubbers.  While the molecular origin of this peculiar 

behavior in TPU has not been clarified unambiguously, we proposed that it originates from the 

fragmentation of original HD in smaller but more numerous sub-units that may themselves act 

as additional physical crosslinking points. This strain-dependent strengthening, analogous to 

the strain-induced crystallization observed in stretched natural rubber, can be interesting in 

specific applications in which the TPU can be locally reinforced by the presence of an 

inhomogeneous strain for example as in the case of cyclic fatigue.  
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9.1 Abstract 

Despite its technological relevance, the resistance of soft Thermoplastic Polyurethanes (TPU) 

to cyclic fatigue has not been investigated in detail yet. In this work, we explore the resistance 

to cyclic fatigue of two TPUs with a similar linear modulus (~ 8 MPa), but a different large 

strain behavior. We found an extremely high fatigue threshold compared to filled elastomers 

with similar linear moduli. Using digital image correlation (DIC) and in situ X-Ray diffraction 

(SAXS and WAXD), we characterized the region of high strain ahead of the crack tip in both 

TPUs, before and after cyclic fatigue. The lower strain localization and anisotropic structure 

found at the crack tip in both TPUs after cyclic fatigue was related to the local restructuring of 

the hard domains that derive from a self-organization in the TPU copolymer network. This 

hard-domain restructuration, activated by the larger strain induced in the first loading cycles 

close to the crack, induces a higher stiffness in the region surrounding the crack. This spatial 

variation of the mechanical properties reduces the strain concentration in the following cycles, 

thus shielding the crack tip from high values of strain and reducing the probability of bond 

scission at every loading cycle, explaining therefore the remarkable cyclic fatigue resistance in 

TPUs. The presence of strain induced crystallization in one of the TPUs was found to further 

enhance this shielding mechanism based on a local stiffening in the crack tip region, but it is 

not a necessary condition for local reinforcement.  
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9.2 Introduction  
TPUs are segmented multiblock copolymers characterized by alternating blocks of soft 

segments (SS) and hard segments (HS). The first are composed by long and flexible polyester 

or polyether chains that ensure high deformability, while the second consist of urethane rich 

hard segments. The TPUs typically self-organize in micro-hard domains (HD). The HD are 

generated from the lateral stacking of HS through physical interactions and hydrogen bonding. 

They generally have dimensions of tens of nm1,2, comparable to that of common reinforcing 

fillers used in rubbers. The flexible chains represent the majority of the material and are 

physically crosslinked by the HD providing the material with rubber-like elasticity and 

preventing macroscopic flow at ambient temperature.  

TPUs can be produced in different grades with Young’s moduli E ranging from some MPa to 

1.000 MPa. Among those, soft TPUs (E<10 MPa) include materials with high elasticity and 

excellent abrasion resistance. Soft TPUs have found many applications in several fields as 

sportswear and footwear and have recently gained increasing industrial attention because they 

are a great candidate for a recyclable alternative to replace classical filled thermoset rubbers in 

structural applications such as cables, dampers and belts.  One of the most desirable properties 

in this kind of structural applications is the ability to sustain several cyclic loadings without 

hazardous rupture of the material. In other words, having an appreciable cyclic fatigue 

resistance.  

In Chapter 7 , we  used the classic fracture mechanics approach, originally developed for  

rubbers, to develop a method to probe the cyclic fatigue resistance of soft TPUs. They 

highlighted that during cyclic deformation TPUs experience a shake down3 or stabilization of 

the cycle. Provided that the loading and unloading cycles are conveniently adapted to tackle 

the effects of plastic creep, the crack propagation can be robustly expressed as crack 

propagation per cycle dc/dn vs. the energy release rate (G). These preliminary results confirmed 

the very high resistance of soft TPUs to crack propagation in cyclic fatigue conditions even for 

large applied strains. 

Yet, a clear shortcoming in the literature for this class of materials is the lack of connection 

between the cyclic fatigue resistance and their peculiar large strain behavior that has a 

fundamental role in defining the material’s resistance to crack propagation. Although the 

typical range of bulk strain used in fatigue experiments is generally considerably lower than 

the strain at break in uniaxial tests, the presence of the crack induces significantly larger local 
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strains at the crack tip 4,5. This  strain concentration is particularly important for TPUs since 

their structure evolves with applied strain 6–11. However, previous studies on the structural 

evolution of HD with the applied strain, only focused on homogeneous samples and did not 

include the effect of singularities such as defects or pre-cracks. To our knowledge a 

comprehensive characterization of the local morphology induced at the crack tip during a cyclic 

fatigue experiment, and the discussion of its effects on the crack propagation rate for soft TPUs 

has never been carried out. To understand this crack tip structural change, it is useful to briefly 

recall some key results obtained in uniaxial extension of TPUs 7,9–16. Bonart 6 was among the 

firsts to investigate the deformation behavior of TPU using small and wide angle X-Ray 

scattering. He proposed that, for moderate levels of stretchλ<3, the progressive alignment of 

the soft segments along the tensile direction exerts a torque on the HDs. As a result, the HD 

tend to orient in a transversal direction relative to the applied load. In TPU with a low 

percentage of HS, further elongation generally corresponds to a re-organization of HD and 

alignment along the loading direction. This process, defined as  “restructuring of the cross-

linking” by Ishihara 12, consists in breaking and re-forming hydrogen bonds to realign the hard 

segments. An excellent summary on X-ray investigations in deformed TPU with low hard 

segment content (<12%) was provided by Yeh and co-workers 7.  

In this work, we tested the cyclic fatigue resistance of two TPUs which share very similar small 

strain properties, but present completely different large strain behavior especially when 

changing the temperature. In addition to the fatigue experiments measuring dc/dn as a function 

of the applied	G and uniaxial step-cycle tests, we used two additional techniques to characterize 

the structural changes occurring in the bulk and at the crack tip as the sample is fatigued: digital 

image correlation (DIC) and in-situ X-Ray wide and small angle scattering analysis (WAXS, 

SAXS).  

 

9.3 Materials and methods:  

9.3.1 Materials  

The used TPUs are commercial polyester based polyurethane multiblock copolymers produced 

by BASF with the trade names: 565A 12P and LP9277 10 of the Elastollan© series, 



Self-organization at the crack tip and cyclic fatigue of TPU 

9-151 

 

respectively denoted as TPU_XTAL and TPU_SOFT based on the large strain behavior. The 

materials were kindly provided by BASF. 

Specimens were injection molded into two different shapes: rectangular pure shear samples 

(PS) with dimensions of 65x5x1 mm for the crack propagation experiments, and dog-bone 

samples with a cross section of 2x4 mm, cut within a 2 mm thick large square-plate. The PS  

geometry is generally used in cyclic fatigue experiments because the energy release rate G is 

easily calculated and is independent of the crack length 17. The temperatures used in the 

injection molding procedure are summarized in Table 9-1 for both samples. All PS samples 

were pre-notched with a 20 mm cut.   

Table 9-1 Barrel temperature profile for the injection procedure  

Barrel	/		

Sample	

Zone	1	(°C)	 Zone2(°C)	 Zone4(°C)	 Nozzle	(°C)	
Mould	

(°C)	

     

TPU_XTAL	 170 180 190 185 30 

TPU_SOFT	 190 200 205 200 30 

 

The chemical composition of both TPUs is not available since they are commercial products. 

The Mn of TPU_XTAL after injection is 47kg/mol and was obtained by gel permeation 

chromatography (GPC) using THF as carrier solvent. TPU_SOFT was not soluble in THF or 

in other common polar solvents. Fourier transform infrared spectroscopy (FTIR) was used for 

structural analysis of the polymer, revealing an absorbance peak around 1640 cm-1 consistent 

with the presence of bidentate urea (that is generally associated with stronger interactions than 

simple hydrogen bonding in HD) 18 and may explain the poor solubility of TPU_SOFT 

suggesting a stronger inter-domain stability.  

9.3.2 Step-strain cyclic Tests 

The dog-bone shaped samples were mechanically clamped in order to withstand large strains. 

An optical system was used to measure the local strain in the gauge region. The samples were 

strained in uniaxial tension at the stretch rate 𝜆 = 4 s-1. The elongation was performed in a 

stepwise mode: 10 cycles were performed at progressively larger maximum applied stretches 
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. The force was unloaded to= 0 between two successive steps in order to prevent buckling. 

Strain ε, stretch λ, Hencky strain h, stress σ and true stress T are defined as below with l0 and l 

indicating the initial and instantaneous gauge length respectively, A0 the initial cross section 

area and F the measured force.  

𝜀      𝜆   𝜎     

 𝑇  𝜎 ∙ 1 𝜀     h=ln(𝜆)  

9.3.3 WAXD and SAXS Characterization 

In situ WAXD and SAXS experiments on strained samples were carried out at the PETRA III 

beamline P03 at Deutsches Elektronen-Synchrotron (DESY) in Hamburg. The technical details 

of the scattering experiments are summarized in Table 9-2. 

Table 9-2 Parameters of X-Ray experiments 

Facility 	 DESY, Petra III 	

Energy 13 KeV 

Wave length () 0.096 nm 

Beam size  22x16 m 

Step width  100 m 

Distance  from  detector 

(SAXS) 
4050 mm 

Distance  from  detector 

(WAXD) 
171 mm 

Image resolution   172x172 pixel 

 

2D scattering data were integrated using FIT-2D 19. All data were corrected by subtracting 

background scattering. We indicated as meridional and equatorial directions those parallel and 

perpendicular to the applied load. 
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WAXD analysis: 

The 2D diffraction pattern was circularly integrated. Peaks in the 2θ range between 260° and 

280° were deconvoluted using Gaussian/Lorentzian peak fitting routines. The crystalline 

fraction c was evaluated classically as the ratio between the total area of crystal peaks 𝐼  and 

the total area (amorphous and crystalline: 𝐼 𝐼 ) underneath the diffraction profile as:  

𝜒  

Azimuthal integration was performed on the most prominent peak as indicated in Figure 9-1(a). 

The obtained peak was then fitted with a Gaussian function to calculate the Full Width at Half 

Maximum (FWHM) Figure 9-1(b). The value of FWHM is indicative of the variability of the 

lattice parameter around its average value and is an indication of the level of disorder of the 

structure. A high value of FWHM indicates less ordering in the crystal phase.  

	

Figure 9-1 Example of azimuthal integration to evaluate the orientation factor (a). 

Example of Gaussian fitting of Azimuthal 1D profile to evaluate the FWHM (b). 

SAXS analysis: 

SAXS data are expressed in terms of intensity as a function of wave vector 𝑞   where 

2𝜃 is the scattering angle and  is the wavelength.  The long period 𝐿 represents the recurrent 

spacing periodicity between hard domains 6 and it was calculated as 𝐿 ∗   where q* 

represents the center of the Gaussian fitting of the peak in the 1D SAXS profile.  
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9.3.4 Cyclic fatigue experiments  

Fatigue results are generally expressed in terms of crack propagation per cycle dc/dn vs. applied 

energy release rate G. All the experiments were carried out on PS samples following the 

procedure developed in Chapter 7 for TPUs. We applied sinusoidal cycles between σmin=0 and 

an increasing value of the maximum stretch λmax at the frequency of 10 Hz on an un-notched 

sample. Under cyclic conditions the stress-stretch curve of TPU shows a very marked stress 

softening and some residual strain that eventually stabilizes between 5.000 and 10.000 cycles 

(shake down3). We used the stress-stretch curve at 10.000 cycles to evaluate G(max) as	G 

=H𝑊PS(𝜆max) where H is the unstrained height of the PS sample 17. To evaluate the crack 

propagation per cycle, a single long notch of 22 mm was cut and the sample was strained 

between 𝜎 =0 and 𝜆 for a minimum of 36.000 cycles. During the test, the extension of 

the crack, was monitored using a digital BAUMER VCXU-32M camera with resolution of 3.1 

Megapixel equipped with a macro objective resulting in a pixel size of 38 m.  The crack 

propagation rate stabilizes after 5.000-10.000 cycles and then we evaluate dc/dn. 

9.3.5 Digital Image Correlation (DIC)  

DIC is a technique which allows one to measure displacement fields by matching a reference 

with a deformed image. We used CorreliLMT software20 which represents the displacement 

field by the same kind of mesh as in finite element methods. The final displacement is evaluated 

using an algorithm that minimizes the difference in the gray levels between the matched 

images, while imposing some level of regularity to the solutions. Images were taken with a 

BAUMER VCXU-32M camera with a resolution of 3.1 Megapixel equipped with an objective 

resulting in a pixel size of 7 m. The spatial resolution of the DIC analysis (minimum distance 

between two adjacent estimates of displacement) was 112 m (corresponding to 16 pixels). 

Since the datapoint associated by convention to a distance of 0 mm from the crack tip is indeed 

the closest available point, this spatial resolution should also be considered as an uncertainty 

on the distance of such point from the crack tip. The samples were uniformly backlighted. A 

random speckle texture was obtained by black ink spraying, which provides the best contrast 

with the sample surface (either white or transparent). For each DIC characterization, a set of 

40-60 images was acquired between 𝜎 =0 and 𝜆 . In order to minimize the alteration of 

the gray levels by the large applied strains during DIC, we first performed the correlation 

procedure between each couple of subsequent images from the unloaded condition to the 

maximum strain. Then we evaluated the total displacement for each by progressively adding 
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the differential displacement fields of each step. The total displacement field was then used to 

evaluate the local strain field following the same procedure as in Mzabi21  

 

9.4 Results 

9.4.1 Tensile tests 

Figure 9-2 Uniaxial nominal stress-stretch curve of TPU_XTAL and TPU_SOFT at 23°C 

and 60°C (a). Zoom on the small stretch region (b). 

Figure 9-2(a) reports the stress-stretch curve in uniaxial tension at 23 and 60°C and highlights 

the main differences in large strain behavior between TPU_XTAL and TPU_SOFT. At ambient 

temperature, both TPUs are characterized by a high extensibility at failure (more than 1000%). 

After an initial linear elastic regime that only lasts a few percent strain, both TPUs soften as 

displayed in Figure 9-2(b). In the case of TPU_XTAL this is rapidly followed by a marked 

strain hardening, which is much less pronounced in TPU_SOFT.  At 60°C the TPU_XTAL has 

a significant drop in its stress curve up to failure, but not in the maximum extensibility that is 

found to slightly increase. The TPU_SOFT has a less pronounced drop in the stress curve, but 
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becomes less extensible than at 23°C. Table 9-3 reports the elastic moduli  as well as the stress 

and stretch at break for both TPUs at 23 and 60°C. 

Table 9-3 Young modulus (E), maximum stretch at break (b) and maximum stress (b) 

for TPU_XTAL and TPU_SOFT at 23 and 60°C.  *At the maximum displacement 

allowed by the capacity of the testing machine the sample did not break. 

 C C 

Name		
E	

b	
b	 E	

b	
b	

[MPa]	 [MPa]	 [MPa]	 [MPa]	

TPU_XTAL	
8.7	 15.4	 25.1	 5.0	 >20*	 >8*	

±0.1	 ±1.2	 ±1.3	 ±0.7	 	 	

TPU_SOFT	
7.8	 17.7	 11.8	 5.8	 17.0	 5.4	

±0.1	 ±1.5	 ±0.5	 ±0.1	 ±0.6	 ±0.2	

 

9.4.2 Cyclic fatigue  

 

Figure 9-3 Crack growth rate per cycle as function of the applied release rate G (a) and 

of applied stretch(b) for TPU_XTAL and TPU_SOFT at 23°C. 
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Figure 9-3 (a) shows the values of dc/dn in the steady state regime as a function of G for both 

TPUs. The threshold value Gt , indicated in the picture for each TPU, corresponds to the 

minimum value of  G  below which we could not detect any crack propagation. Our optical 

system has a resolution of 38 μm and the experiments last for 36.000 Cycles, this means that 

the minimum detectable crack growth was ~1nm. Using this definition, the value of Gt 

was found to be  ~2.000 J/m2 and ~5.000 J/m2,  respectively for TPU_SOFT and 

TPU_XTAL.  As already remarked in Chapter 7, this is not a physical value of Gt  but it 

does depend on the system and we cannot exclude that, higher resolution and/or longer test 

may lead to lower value of G. Nevertheless, in classical rubbers average Gt was found 

between 40-100 J/m2 22,23 , well below those obtained for TPUs  which present a fatigue 

threshold (and corresponding λmax) almost 1 order magnitude larger. Above the threshold, 

dc/dn of TPU_XTAL increases as a power law ≈ G 2.7. This behavior is similar  to that  found 

in several  elastomeric systems, which generally present a value of n varying between 1 and4 
24. On the other hand, TPU_SOFT has a rapid transition between a very slow or almost not 

propagating regime to a fast propagating regime where the values of dc/dn only weakly 

depends on G  and are higher than for TPU_XTAL at comparable G. The toughness, 

generally defined as a critical Gc above which the crack propagates so fast that the sample 

breaks in a few cycles 25, must be above 20.000 J/m2 in both TPUs since this unstable regime 

was not observed. For comparison, for a typical filled natural rubber with similar linear 

modulus the average value is generally below 10.000 J/m2 25. Figure 9-3(b) reports an 

equivalent representation in terms of dc/dn vs. the maximum stretch λ, which demonstrates 

the extremely large strain required to propagate a crack in cyclic fatigue for TPUs. 

Interestingly, comparable value of dc/dn, for similarly high value of λ were reported by other 

Li et al.26 in another multi-phase system. They showed that highly fatigue resistance 

hydrogel containing a reinforcing hard phase at the 100nm scale, larger than the polymer 

network (10nm), can be deformed at comparable maximum stretch for thousands of cycles 

without initiating a catastrophic propagation of the crack.  

A very visible crack tip blunting is associated to the propagating crack in cyclic fatigue 

experiments in both TPUs, a typical example is shown in Figure 9-4(a). The crack tip radius 

R, plotted Figure 9-4(b) as a function of G, was obtained using a parabolic fitting of the 

crack profile as indicated by the green line. The fitted crack radius increases with applied G 

and for 
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the highest tested values of G its dimension becomes comparable with the height of the sample 

(Figure 9-8 (b)).  

	
 

Figure 9-4 Example of crack opening profile in TPU_XTAL at G = 12.000 J/m2 (a) and 

fitted radius as a function of the energy release rate for both TPUs (b) 

Fatigue experiments were also performed at 60°C for both TPUs using the same procedure 

described above. The results in terms of dc/dn as a function of applied G  and maximum applied 

 are reported in Figure 9-5. In both materials, increasing the testing temperature causes a 

reduction in fatigue resistance, i.e. a higher crack propagation rate for the same G.  TPU_XTAL 

maintains a lower dc/dn than TPU_SOFT in the whole range of G, but the gap is greatly reduced 

compared to 23°C and dc/dn is still in a power law regime. Again, the crack propagation per 

cycle in TPU_SOFT is almost constant in a large range of applied G. Three different 

propagating regimes can be distinguished in TPU_SOFT. In the ranges 2.000-3.000 J/m2 and 

5.000-13.000 J/m2, dc/dn is independent from G and it is equal to ≈ 10 nm/cy and ≈ 1000 nm/cy 

respectively. Then above 14.000 J/m2 the value of the crack propagation per cycle drastically 

increases and the sample breaks in a few cycles, which corresponds to the toughness or Gc.  

Overall, both TPUs have a higher fatigue resistance than classical filled elastomers at the same 

applied G and require a much higher strain to propagate the crack during cyclic fatigue. In 
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particular, increasing the testing temperature does not affect the value of Gt which is very 

similar to those calculated at 23° for both TPUs .  

Figure 9-5  Crack growth rate per cycle as function of applied release rate G (a) and 

applied stretchb) for TPU_XTAL and TPU_SOFT at 60° 

9.4.3 Change in Structure due to Uniaxial Cycles of Deformation 

Characterizing the large strain cyclic behavior is fundamental to better understand the fatigue 

resistance of TPUs. In cyclic fatigue, the crack propagates at levels of bulk applied stretch 

considerably lower than the strain at break in static extension. Despite that, close to the crack 

tip,  the local strain is higher than in the bulk because of the stress and strain concentration 

induced by the notch. The history of a material point near the crack plane during cyclic fatigue 

can be simplistically represented by step-strain cyclic experiments up to rupture. When the 

crack propagates, the fresh material near the crack plane will experience a progressively 

increasing strain. Figure 9-6 (a) shows the stress-strain curve for a uniaxial cyclic step-strain 

experiment for TPU_XTAL and TPU_SOFT at 23°C. After the unloading TPUs retain a 

permanent stretch res. Moreover, the first loading pattern is substantially different from the 

unloading characterized by a visible stress softening.  This hysteresis behavior is usually 

referred as Mullins effect and is commonly found in several filled rubbers 27,28 and  TPUs 29,30. 

The dissipative behavior in uniaxial extension of TPU_SOFT and TPU_XTAL are 

qualitatively very similar (Chapter 8) and  cannot thus explain in any obvious way the 

considerably higher fatigue resistance of TPU_XTAL, especially at 23°C. 
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Figure 9-6 Cyclic stress-stretch curve for TPU_XTAL and TPU_SOFT at 23°C and 60°C.  

During the cyclic experiments the stress-strain response of the material is permanently affected 

by the maximum applied strain. One way to characterize this effect is to evaluate the evolution 

of the tangent modulus at low strain E with the maximum applied .  We adopt the Hencky-

strain, true-stress representation as already done in our previous work (Chapter 8). The linear 

modulus E was calculated with a linear fitting of the initial part of each unloading curve plotted 

in terms of true stress vs. Hencky strain as reported in Figure 9-7(a). Cyclic relaxation 

experiments carried out on filled SBR demonstrated that the viscoelastic effect is more evident 

in the loading path than in the unloading 31. Therefore, we decided to use the unloading curve 

to calculate E in order to minimize viscoelastic effects in the calculation of the modulus. Figure 

9-7(b) shows the values of E obtained for TPU_XTAL and TPU_SOFT at 23°C. Compared to 

the behavior of filled rubbers, where E linearly decreases with applied strain and the material 

softens 31, in both TPUs E first decreases with maximum applied strain (for  < 4) and then 

increases. At 60°C for values of Hencky strain corresponding to  > 3 the modulus linearly 

increases with the applied deformation in both TPUs. Overall, these results indicate a stiffening 

effect combined with a residual deformation, that is soundly related to the observed permanent 

strain-induced modification in the TPU microstructure as will be detailed in the following 

section. The stiffening effect in TPU_XTAL is considerably larger than in TPU_SOFT for all 

values of applied maximum stretch, in particular at 23°C.  
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These differences in strain-induced stiffening between TPU_XTAL and TPU_SOFT should 

play an important role at the crack tip. As proved by Mzabi et al. 4in filled SBR, the presence 

of a loaded crack generates a local strain gradient at the crack tip that depends on the external 

loading and on the material’s characteristics. In order to understand the role of the increase of 

the elastic modulus with applied strain in TPUs we need to better investigate the crack tip 

microstructure in both TPUs.  

	

  

Figure 9-7 Representative true-stress VS Hencky strain unloading curve in cyclic 

experiment for TPU_XTAL, the inset shows the linear approximation used to calculate E 

(a). E vs maximum Hencky strain for both TPUs at 23°C (b) and 60°C (c) 
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9.5 Differences between microstructure at bulk and crack tip 

9.5.1 Crack tip characterization in pristine samples 

In situ WAXD and SAXS experiments were carried out for two sets of samples: samples that 

were pre-fatigued and pristine samples. All of them contained a notch. The notched PS 

specimens were stretched in a displacement-controlled mode up to =2.25, then2D WAXD 

and SAXS scans were performed along the entire sample’s length parallel to the crack and in 

front of it.  The position of the first point (the actual crack tip) is not very precise and it has an 

uncertainty of  100 m, i.e. the step width between each successive scan. Figure 9-8 (a) 

illustrates the set-up of the in-situ scattering experiment. The meridional and equatorial 

directions are represented by the arrows. Figure 9-8 (b) is an example of the crack profile of 

the loaded sample and show the deformed mesh used to evaluate the local strain at the crack 

tip. The axis X1 and X2 correspond to the direction parallel and perpendicular to the applied 

load respectively. Note that in the sketch of X-Ray experiment in Figure 9-8 (a) the sample is 

turned of 90° compared to the picture of the sample in Figure 9-8 (b). 

	

Figure 9-8 Sketch of experimental set-up for WAXD and SAXS experiments (a). Example 

of open crack profile and deformed mesh obtained from DIC analysis. X1 indicates the 

direction parallel direction  (meridional) and X2 the perpendicular direction (equatorial) 

to the applied load (b). 
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Figure 9-9(a-b) shows an overview of the crack tip characterization in terms of DIC and X-Ray 

analysis. Figure 9-9(a) reports the local stretch 1  in the loading direction calculated at different 

distances from the crack tip  for both TPUs. The grey shadowed area corresponds to the bulk 

of the sample where the effect of the crack tip is negligible. The purple shadowed area indicates 

the area of the material affected by the strain gradient induced by the loaded crack. The 

maximum local increase of stretch  is slightly higher in TPU_SOFT than in TPU_XTAL. Figure 

9-9(b) shows the WAXD and SAXS 2D patterns far away and close to the crack tip obtained 

for TPU_XTAL strained at max≈2.25.  

	

Figure 9-9 Maximum stretch in the vertical direction (1) at increasing distance from the 

open crack tip (a) In situ WAXD and SAXS 2D representative pattern for TPU_XTAL 

close and far from the open crack (b) for pristine sample monotonically strained at 

max=2.25. The scattering vector varies  between qmin= 0.2 (corresponding to the beam 

stop) and qmax = 0.9 nm-1. 

Both SAXS and WAXD 2D patterns in the bulk are substantially different from the crack tip 

region, revealing that the structure in the material changes as the local strain gradient develops. 

In particular, the WAXD pattern at the crack tip for TPU_XTAL reveals 4 spots (two along the 

equator and two along the meridional direction) that are characteristic of the presence of well 

oriented strain induced crystallization (SIC) 32,33, while only an amorphous halo is visible in 

the bulk. The darker area of the halo in the equatorial direction is indicative of the sample 

anisotropy developed at max≈2.25. SAXS images, both in the bulk and close to the crack in 

Figure 9-9 (b) confirm the anisotropic character at max≈2.25 as evidenced by the appearance 

of two meridional sharp reflections (or lobes) that were absent in the amorphous SAXS pattern 

for the pristine unstrained TPU_XTAL (as reported in Figure S 9-1). According to different 
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authors 7,9,10,33, this indicates the preferential tilting of the HD along the meridional (loading 

direction) axis. At the crack tip the two meridional lobes become barely visible, while a new 

equatorial sharp streak appears. The appearance of the streak can be associated either to voids 
34 or to a fibrillar morphology 35 and it is frequently found in TPU deformed at large strains 7–

10,14,33. This feature stems from the destruction of HD in favor of rod-like soft domains 

composed of both elongated SS and HS. The appearance of the streak is then connected to the 

increased density difference between fibrillar rod-like structure and HD morphology. Yet, the 

inter-domain distance L revealed by the maximum of position in the SAXS 1D profile remains 

almost unchanged between the bulk and the crack tip (Figure S 9-3).  Figure 9-10 reports the 

1D WAXD profile for TPU_SOFT in comparison with TPU_XTAL. In this case the crystalline 

peaks visible in the bulk are associated to the crystalline structure of PBT as indicated in the 

literature 36.  In principle, PBT and strain-induced crystalline peaks can overlap 33.  

	 	

Figure 9-10 Integrated 1D profile of WAXD crystalline peak in TPU_XTAL (a) and 

TPU_SOFT (b) representative of the crack tip and bulk area. 

 

9.5.2 Effect of loading cycles on the crack tip structure 

In the previous section, we explored the effect of the strain concentration on the modification 

of the local morphology at the crack tip compared to the bulk, proving therefore that, during 

the firsts loading cycles, the structural organization developed at the crack tip may evolve and 

eventually stabilize to a position dependent structure near the crack tip. In other word the 
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presence of the crack induces not only a stress and a strain concentration but a gradient in 

structure.  

We also performed DIC and X-Ray analysis on both TPU samples that were previously notched 

and fatigued for 40.000 cycles at 10 Hz at max≈2.25. In this case we did not impose the fully 

relaxed condition (min =0) and the sample was free to return to the displacement corresponding 

to the initial length of the undeformed state. This procedure is described in Chapter 7 as 

“method B”. Unlike the method used to obtain the values of dc/dn vs. G shown in Figure 9-3, 

in this case the sample was allowed to buckle during the unloading cycle producing higher 

dc/dn compared to Figure 9-3 as described in the supplementary information (Section 9.4 ).  

We believe however that the results are also representative of the case reported in Figure 3. 

Results of the DIC analysis on fatigued samples at increasing distance from the crack tip are 

reported in Figure 9-11 for both materials, with the same color code previously used for pristine 

materials in Figure 9-9(a). For comparable distances from the crack tip, the value of vertical 

strain 1 is lower than the pristine counterpart in both TPUs. Remarkably, in the case of 

TPU_XTAL the strain localization is much weaker after fatigue and only involves a smaller 

area around the crack (≈1000 m) than for the TPU_SOFT (≈3000 m). 

	

Figure 9-11 Maximum stretch in the vertical direction 1 as a function of the  distance 

from the open crack tip for samples fatigued at max=2.25 

Figure 9-12(a) compares the representative WAXD 2D images, taken close to the open crack, 

between the pristine and the fatigued sample monotonically strained at max≈2.25. For both 
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TPUs, the images of the pristine samples are different from those of their fatigued counterpart 

as witnessed by the larger width of the crystalline peaks (corresponding to SIC for TPU_XTAL 

and PBT planes for TPU_SOFT). In Figure 9-12(b) we compare the SAXS 2D pattern at the 

closest distance from the crack tip between a pristine and a fatigued sample. The equatorial 

streak, that is generally observed for large values of strain in homogeneous TPU 7–9,14,  is less 

intense in the fatigued samples. This phenomenon is extremely pronounced in TPU_XTAL.   

 

	 	

Figure 9-12 WAXD (a) and SAXS (b) representative 2D patterns taken close to the 

crack tip  for pristine and fatigued TPU monotonically strained at max=2.25 

We evaluated the FWHM of the peak integrated along the azimuthal direction (as indicated in 

the methods section) for the pristine and the damaged samples at different distances from the 

crack tip in an area of about 500 m close to the crack tip. Figure 9-13(a) represents the ratio 

FWHM_𝑝/FWHM_𝑓  obtained from the average FWHM calculated from the single values at 

different distances from the crack tip, where p and f indicate the pristine and fatigued sample 

respectively. As the dotted line indicates equal values between pristine and fatigued sample, 

values lower than unity indicate that the quality of the crystal orientation in the pristine sample 

is higher than for the fatigued sample, at comparable distance from the crack tip. Therefore, in 

the case of TPU_XTAL, the strain induced crystallization of the soft segments occurs at the 

crack tip, but with smaller crystallites, while in TPU_SOFT the original crystallites (of the hard 

domains) are partially fragmented into smaller units. Figure 9-13(b) reports the crystalline 

fraction , obtained at different distances from the crack tip for TPU_XTAL both pristine and 

fatigued.  gradually increases when approaching the crack tip, following the same trend as 

that of the maximum strain (Figure 9-11).  
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However the fatigued samples present a lower degree of orientation and in the case of 

TPU_XTAL, also a lower fraction of crystalline phase when stretched again after being 

fatigued. This reduced ability of the damaged sample to orient and crystallize under stretch is 

somewhat unexpected, considering the remarkable fatigue resistance showed by both TPU, and 

especially by TPU_XTAL.  

 

 

Figure 9-13  Values of FWHM ratio between pristine and fatigued sample(a) and 

crystalline fraction in TPU_XTAL at increasing distance from the crack for pristine and 

damaged sample (b) monotonically strained at λmax=2.25 . 

9.6 Discussion  

9.6.1 A model to explain the strain-induced reinforcement in TPU 
The changes in local microstructure with  applied strain in TPU have been investigated in depth 

in the past for homogeneously strained samples7,10,11,13,14,32,33,37. Several authors showed that 

some of those changes are permanent and that the unloaded material does not completely come 

back to its original state. Depending on the maximum experienced strain, the polymer retains 

a certain degree of anisotropy or strain induced crystallites as shown by DSC analysis in Figure 

S 9-4. In particular, for TPU made from SS able to crystallize under strain, the fragmentation 

of the original amorphous hard domains and the formation of new crystalline domains, that are 
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persistent after the unloading, is generally considered responsible for the strengthening of the 

material with strain 10,16,33.  

In our case the linear modulus of both TPUs increases with applied strain, but only TPU_XTAL 

crystallizes under strain. This indicates that the strengthening effect induced by the strain is not 

uniquely related to the formation of a crystalline phase, but is a general property of the self-

organization of TPU in soft and hard domains. We believe that the permanent re-organization 

of the two-phase microstructures in TPU induces self-strengthening of the material through 

two main mechanisms:  

1) Above a certain value of , the original HD are fragmented into smaller units and this new 

structure partially persists after the removal of the strain (as suggested by the decrease of the 

long period 𝐿 length for strained TPU (Figure S 9-3). In a homogeneously stretched sample, 

these smaller and probably well dispersed HD, act as new physical crosslink points for the SS. 

The re-loaded sample results to have a higher physical crosslink density compared to the 

original one, leading to both an increase in the modulus and a reduction of the limiting 

extensibility with applied strain as schematically shown in Figure 9-14.  

2) In this new configuration of HD some soft chains, which were highly elongated during the 

deformation of the sample, may be prevented from recovering their original configuration, thus 

remaining partially elongated in the unloaded sample explaining the presence of residual 

crystallinity in TPU_XTAL. This residual crystalline phase, acts as additional hard domains as 

suggested by the larger increase of E (and reduction of1) in TPU_XTAL. This leads to 

increasing the fatigue resistance, but it is not a necessary condition for strain-induced 

reinforcement of TPU. 

	

Figure 9-14 Sketch of the effect of elongation on HD restructuration 
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9.6.2 The effects related to the presence of a crack in cyclic deformation 

Previous investigations on the structural evolution of soft TPUs with the applied strain mainly 

focused on homogeneously strained materials, and showed a remarkable strain stiffening after 

elongation 10. To the best of our knowledge, the effect of the presence of a crack and its 

associated strain localization has never been investigated. In this work, we show that the 

presence of a strain gradient at the crack tip generates a spatial gradient in the structural 

reorganization within the TPU, thus affecting the local mechanical response to the applied 

strain.  

Intriguingly, we observed that the repetition of several cycles (at the same bulk max) leads to 

a decrease  of the strain-induced anisotropy and crystallinity fraction (in TPU_XTAL) in  the 

crack tip region and in general to a decrease in the sharpness of the structural gradient. This 

raises the question: how is the local decrease of crystallinity and alignment related to the stable 

and low dc/dn at high values of G ?  

 

	

Figure 9-15 Distribution of the maximum 1 at the crack tip along the loading direction 

X1 for pristine and fatigued samples. 

We infer that the less oriented structure created by cyclic fatigue at the crack tip, compared to 

their pristine counterpart, is associated to the reduction of the strain concentration at the crack 

tip induced by the non-homogeneous spatial strengthening of the material during the first 
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loading cycles. In fact, in cyclic fatigue the strain experienced in the bulk is lower than close 

to the crack tip, where the strengthening mechanisms are active. This generates a spatially non-

homogeneous reinforced structure consisting of a stiffer core in the crack tip region with local 

large strain, embedded in a softer bulk material in the zone where the loading condition are less 

severe as schematically shown in Figure 9-16. This implies that when a macroscopic strain is 

applied to a notched sample, the material far from the crack must deform more to compensate 

the low deformability of the area around the crack tip (as an incompressible filler into a 

deformable matrix). This results in a reduction of the strain concentration effect at the crack tip 

as visible in Figure 9-15 that shows the strain distribution of 1  along the direction X1, parallel 

to the applied load, in the close vicinity of the crack tip. We can observe that the fatigued 

samples have a more uniform distribution of 1  along the vertical direction X1. 

Figure 9-16 Sketch of the spatial evolution of the Young modulus in a TPU containing 

a crack during cyclic deformation. 

The latter would explain both the lower crystallinity observed in TPU_XTAL and the 

less evident equatorial streaks in TPUs after fatigue. In particular, the appearance of an 

equatorial streak in the large strain region (λmax>52.2) is characteristic of several  TPUs 6–

8,10 and was associated to the presence of voids and fibrillar structures. Therefore, as far as the 

macroscopic strain remains moderate and does not induce the nucleation of voids, only the 

local strengthening mechanism is activated in the crack tip regime. However, when the whole 

sample is strained above this strain threshold, some structural damage can take place at the 

bulk scale causing a ruin of the sample. In other words, the TPU_XTAL is able to reduce the 

strain concentration to a level such that the crack tip  only experiences  a mildly 
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enhanced mechanical stress than the bulk. As explained in Chapter 6, the probability that the 

crack advances in cyclic fatigue is linked to two main aspects: the maximum stretch 

experienced by the material at the crack tip (which depends on the effect of the strain 

concentration induced by the crack) and the average maximum chain extensibility (which 

depends on the polymer network). It is thus reasonable to suppose that this low strain 

concentration  reduces significantly the probability of breaking bonds at the  crack tip at each 

loading cycle and hence reduces dc/dn, making the material highly fatigue resistant. The 

peculiar feature of the TPU is the ability to maintain an excellent reversible elasticity in the 

bulk (necessary for applications), while using its ability to plastically deform at high strain to 

reduce the severity of the strain concentration at the crack tip. In turn this less severe 

localization is essential in fatigue since it reduces the probability of bond scission at every 

loading cycle and hence reduces greatly dc/dn.  A similar mechanism has been recently shown 

for polyampholyte hydrogels where a strain dependent structural change is also active26  

9.7 Conclusion 
The cyclic fatigue behavior and structural evolution of two soft TPUs with different large strain 

behavior has been investigated using a strategy defined in our previous work (Chapter 7), and 

reported as dc/dn vs. G. We found that the presence of strain induced crystallization improves 

the cyclic fatigue resistance by reinforcing the crack tip in a similar way to what happens in 

stretched natural rubbers. However, SIC does not represent the unique source of local 

strengthening in fatigue. The presence of a strain gradient in an area close to the loaded crack 

was shown to generate a self-adapting non-uniform spatial organization of the TPU 

microstructure, which produces a selective reinforcement above a threshold value of strain. 

The more  strained region at the crack tip becomes stiffer than the bulk, leading to a reduction 

of the strain localization and thus reducing the probability of bond scission at every loading 

cycle that is necessary to propagate the crack. As a result of this weak strain concentration the 

crack propagation rate by cyclic fatigue dc/dn is markedly reduced. Some open questions 

remain regarding the behavior of this selective reinforcement in more severe conditions when 

the whole sample is highly strained, so that the permanent change in the microstructure can 

also affect the whole bulk region away from the crack. However, this study clearly shows on 

commercial materials the effectiveness of a strain-dependent structural change that is 

responsible for enhanced fatigue resistance and for high strain plasticity in TPUs.  
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9 EXTENDED SUPPLEMENTARY 

INFORMATION  

9.1 X-Ray analysis  

Static WAXD and SAXS characterization was performed on pure shear (PS) samples in two 

conditions:  pristine and unloaded after being fatigued at max≈2.25 for 40.000 cycles as described 

in 9.4 Cyclic fatigue method B. The technical details of the scattering experiment are summarized 

in  Table S 9-1. The 2D SAXS images for TPU_XTAL for pristine and fatigued sample are showed 

in Figure S 9-1 (a-b). The similar circular pattern in both images indicates that the TPU_XTAL 

recovers the original isotropic character when the strain is removed. On the other side,  

TPU_SOFT has an elliptical shape in the pristine configuration,  induced by the injection 

procedure, Figure S 9-1(c) that persists after fatigue Figure S 9-1 (d).   
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Facility 	 DSM, Netherlands 

Energy 8.04 KeV 

Wave length () 0.154 nm 

Beam size (SAXS) 

Beam size (WAXD)             

300 m 

700m 

Distance  from  detector 

(SAXS) 
1465.45mm 

Distance  from  detector 

(WAXD) 
120.45 mm 

Image resolution   172x172 pixel 

Table	S	9‐1	Parameters	of	X‐Ray	experiment	

	

Figure	S	9‐1	2D	SAXS	Pattern	for	both	TPU	pristine	(a‐c)	and	after	fatigue	(b‐d).	
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Figure	S	9‐2	1D	integrated	SAXS	profile	for	TPU_XTAL	(a)	and	TPU_SOFT	(b)	both	in	

pristine	and	fatigued	conditions.	

The 1D integrated profiles for all samples are reported inFigure S 9-2. The profile for TPU_SOFT 

is obtained integrating along the vertical direction. For TPU_XTAL, because of the symmetric 

pattern, we performed a circular integration. The long period L ,  evaluated as the center of a 

Gaussian fitting of the maximum in each intensity curve, is reported in Table S 9-2. In both 

materials the value of L is smaller after fatigue compared to pristine samples.  The reduction of L 

along the tensile direction with strain has been previously observed in similar TPU systems2,5,6,20  

and it was associated to the partial disruption of the original HD in smaller fragments reducing 

therefore their average inter-distance. Overall, this suggests that the strained sample has 

different HD size and organization compared to the pristine one and the original state is not 

recovered after the removal of the load.   

	

Name	 Pristine	L	[nm]	 Fatigued	L	[nm]	

TPU_XTAL 13.4 9.9 

TPU_SOFT 29.9 26.1 

Table	S	9‐2	Long	period	for	TPU_XTAL	and	TPU_SOFT	for	pristine	and	fatigued	samples.	
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9.2 Strain-induced structural changes during tensile deformation of 

TPU  

The application of external strain induces anisotropy on original isotropic TPU_XTAL as indicated 

by the ellipsoidal 2D SAXS with two prominent lobes along the straining direction (Figure 9-9 

(b)). We calculated the value of long period L along both meridional (Me) and equatorial (Eq) 

direction in strained samples at increasing distance from the crack tip.  (Figure S 9-3(a) shows an 

example of 1D-SAXS intensity profile, integrated along the meridional direction for TPU_XTAL).  

The calculated values of long period L at 𝜆 =2.25 are reported in Figure S 9-3 (b).  The dotted 

line indicates approximatively the original value of L calculated in the pristine sample. The lower 

values along the equatorial direction compared to the meridional one, are related to the shrinking 

lamellae within the aligned domains in the direction perpendicular to the stress as consequence 

of the Poisson effect. Additionally, the value of L remains almost constant, in both direction, at 

different distance from the crack suggesting the lack of spatial correlation (or affine deformation) 

in this new formed high-strain configuration. Similar results were obtained for TPU_SOFT. 

 

Figure	S	9‐3	1D	SAXS	profile	for	strained	TPU1	at	selected	distances	from	the	crack	tip	

(a).	Evolution	of	inter‐distance	L		for	pristine	TPU1	(dotted	line)and	as	function	of	the	

distance	from	the	crack	tip	in	strained	sample	(b)	at	𝜆 =2.25.	
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9.3 Residual crystallinity in uniaxial strained TPU_XTAL 

Thermal properties of TPUs were studied by differential scanning calorimetry (DSC) (TA 

instrument, Q200 device, USA). The samples were heated first from ambient temperature to 

200°C and maintained at this temperature for 3 minutes. They were then cooled to -100°C and 

finally re-heated to 200°C. Both cooling and heating rates were fixed at 10°C/min. Thermal scan 

were performed on pristine and strained samples. 

Figure	S	9‐4	DSC	thermogram	for	all	TPU	pristine		and	after	being	strained	to	rupture	

Figure S 9-4 reports the DSC thermogram carried out pristine TPU_XTAL and on the fractured 

part of a sample strained up to rupture. The endothermic peak (TmSIC) in strained TPU_XTAL , that 

was absent in the pristine material, is associated to the new crystalline phase generated during 

uniaxial tension that persists after the removal of the load (SIC).  

9.4 Cyclic fatigue method B 

The fatigued sample TPU_XTAL and TPU_SOFT used in in situ X-Ray experiments, were notched 

and strained for 40.000 cycles between  𝜆 2.25 and 𝜆 1. An accurate description of 

the fatigue method is reported in Chapter 7 (Method B). Both samples present un-negligible 

residual deformation 𝜆 1   when cyclically deformed. This implies that the sample buckles 

during each cycle as showed in Figure S 9-5. The crack extension during cycle was monitored with 

the optical system described in the present paper and the value of crack propagation are 
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expressed as dc/dn VS G. Figure S 9-6 shows the values of dc/dn in the steady state regime as 

function of G for both TPU at different values of G .  The two fatigued samples used for X-Ray 

characterization are indicated by a red circle. TPU_SOFT propagates almost 2 order magnitudes 

faster than TPU_XTAL confirming the strong reinforcing effect of SIC in crack propagation 

resistance for TPU_XTAL. Both TPU propagate faster compared to the values reported in the 

paper (obtained with fully relaxed cyclic conditions preventing buckling). This suggests that the 

continuous buckling of the sample induces some mechanical damage on the sample lowering the 

overall fatigue resistance.    

 

	

Figure	S	9‐5	Example	of	buckling	during	cyclic	fatigue.	
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Figure	S	9‐6	Crack	propagation	per	cycle	as	function	of	applied	G,	method	B	(allows	

buckling)		for	both	TPU.	The	red	circles	indicate	the	sample	used	in	X‐Ray	in	situ	

experiment.	
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10 GENERAL CONCLUSION AND 
PROSPECTS  

This thesis has been motivated by two different but complementary purposes which, together, 

explain the merging of the industrial and the academic interest into the subject of fatigue fracture 

in TPU. On the one hand, there is the industrial need to fulfil: the lack of suitable testing 

procedures to evaluate the fatigue resistance and durability of TPU. On the other hand, the 

scientific interest towards this class of polymers that, in the absence of any filler or permanent 

covalent crosslinking, demonstrates a remarkable fracture resistance comparable or superior to 

that of classical filled thermoset rubbers.  

TPU are experiencing a fast diffusion and gradually replacing thermoset rubbers in specialty 

applications. Nevertheless, the fatigue and fracture behaviour of TPU has not obtained yet the 

attention devoted to thermoset rubbers, in part because TPU are relatively new compared to 

rubbers. In 1960 actually, while TPU saw their first commercialization, almost all the 

conventional rubbers that we know today were already widespread and commercialized1.In part 

because it’s not trivial to deal with  a class of polymer, such as TPU,  which can sustain 

considerably large strain (λ~10), present high inelastic phenomena such as tendency to creep 

and have strain-dependent morphology.  

Connecting the dots: cyclic fatigue from thermoset rubber to 

thermoplastic elastomers.  
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Cyclic fatigue has been deeply investigated in filled rubber and one of the most diffused method 

is the fracture mechanic approach. This includes the introduction of pre-crack into the sample 

and the evaluation of the crack propagation rate per cycle (dc/dn) as function of energy 

release rate G. A complete understanding of the mechanisms involved in cyclic fatigue fracture 

for elastomers is still missing but it has been showed that the highly strained region at the crack 

tip (process zone) plays a significant role in determining cyclic fracture resistance2.  

An accurate investigation of the process zone in SBR during cyclic fatigue was provided by Mzabi 

et al3. They showed that SBRs differing for chemical crosslinking density and filler content, have 

different values of dc/dn  vs. G but all the curves collapse if the crack propagation per cycle is 

plotted against a new energy parameter: gloc which only considers the fraction of G locally 

available  in the process zone at the crack tip.    

In Chapter 6, we re-analyzed the data reported in the work of thesis of Mzabi2 to propose a 

fracture criterion  for cyclic fatigue in thermoset elastomers. We introduced the concept of  bond 

scission events as a necessary condition for crack propagation in cyclic fatigue. We argued in 

fact that, the probability of chain breakage in cyclic fatigue, must be related to the ratio between 

the maximum strain experienced at the crack tip (λmax) and the distribution of maximal chain 

extensibility of the polymer strands between crosslinks (λb). Within this context the fraction of 

energy release rate that is effectively available at the crack tip, named gloc, determines the 

average rate in nm/cycle at which the fracture propagates. 

In Chapter 7, we  approached one of the  the core topic of this work: the cyclic fatigue in TPU. We 

proposed an optimized testing procedure to evaluate fatigue resistance in TPU. We introduced a 

value of λmin defined by a zero applied force, to avoid the phenomenon of buckling related to the 

development of residual plastic deformation. Furthermore, we highlighted the presence of a 

shake down (steady-state regime), where we evaluated a stable value of the energy release rate 

G. Additionally, we pointed out that values of stretch well above λ=2 are required to propagate 

the crack in cyclic fatigue for TPU, well above those conventionally used in cyclic fatigue of filled 

rubbers.

In Chapter 8, we analyzed the large strain properties of TPUs and we re-interpreted the concept 

of Mullin’s effect and cyclic damage typically adopted in thermoset elastomers, for TPUs.  

 We used three TPUs strongly different in terms of large strain behavior: TPU_HARD and 

TPU_XTAL are completely amorphous in pristine state and present strong strain hardening effect 

when loaded in uniaxial conditions. Moreover, the phenomenon of SIC was only detected in 
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TPU_XTAL. TPU_SOFT on the other hand, presents traces of semicrystalline polymer (PBT) and 

shows very weak strain hardening compared to the other two.  Despite their differences, all 

TPUs present a common behavior: they became stiffer when deformed above a certain stretch 

threshold (around λ~4). This stiffening effect is maintained when the strain is removed and it 

is  different from the strain-softening generally observed in filled  rubbers (Mullins’ 

effect).   The fact that similar behavior is observed for all three TPUs suggests that is does 

depend on the two-phase structure of TPUs  but not on the specific composition of the 

polymer (neither on the large strain behavior and presence of SIC).  We associated the 

strain-stiffening effect to fragmentation of HD with applied strain and we argued that this 

effect may have important consequences in determining the fracture resistance when the 

material is subjected to a homogeneous strain as in the case of cyclic fatigue.  

In Chapter 9, we applied the cyclic fatigue protocol developed in Chapter 6 on TPU_SOFT 

and TPU_XTAL. In particular, we analyzed the crack tip area using in situ X-Ray analysis and 

DIC to study: 

• The effect on structure modification and strain gradient induced by the strain singularity

within the first cycle.

• The effect on structure modification and strain gradient induced by the strain singularity

after thousands of cycles.

• The possibility that some structural modifications remain after the removal of the load.

We showed that the presence of large strain at the crack tip locally alters the original morphology 

in TPU reducing the inter-distance between HD and inducing an anisotropic character.  

This modified structure  is partially retained after the removal of the load and it affects 

the mechanical behavior under the following cycles for same value of maximum applied 

strain. Using DIC in fact, we demonstrated that the strain gradient at the crack tip in TPU in 

the 36.000th  cycle is strongly reduced compared to what observed in the 1st cycle of for 

notched sample in both TPUs.  

We concluded our analysis proposing a general fracture mechanism in TPU which is can be 

summarized as follows:  

- Before loading the TPU presents a multiphase structure composed by HD 

and SD homogeneously dispersed.

- After the first load the high strain generated by the singularity at the crack tip promotes 

the fragmentation of HD and, when possible, strain induced crystallites. Both events
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- After the removal of the load the modified structure around the crack tip is partially

retained (while this is not the case in NR where crystallites melt during unload) forming

a harder core at the crack tip which is less deformable than the bulk.

- Under the action of the following cycles, the less deformable core protects the crack tip

partially shielding the large strain and retarding crack propagation explaining the

remarkable fatigue resistance of TPUs.

10.1 Final remarks and future perspectives 

The fatigue fracture mechanism proposed for TPU in Chapter 9 is clearly aligned with the 

hypothesis  presented for SBR in Chapter 6 that the maximum strain experienced by the highest 

stretched polymers chains at the crack tip, λmax,  is one of the main factors contributing to 

propagation of the crack. In case of SBR, we proposed that the maximum chain extensibility λb , 

which depends on the composition, was  a complementary condition to fracture. The closest the 

two values the higher the probability of crack propagation.    In our view, also in case of TPU, a 

major role is played by the highest local strain locally experienced by the polymer within the 

process zone (λmax) . TPUs remarkable fatigue fracture resistance was indeed associated to the 

strain shielding effect of the hard core at the crack tip which reduces λmax but we couldn’t discuss 

the effect of maximum chain extensibility as done for SBR. In this work in fact, we used 

commercial materials whose composition was partially unknown therefore, we couldn’t 

approach deeply the molecular aspects. Nevertheless, we think that in TPU, also creep and 

excessive fragmentation of HD  have a key role in determining crack propagation in cyclic 

fatigue condition and they should be carefully investigated in the future.  A final remark must be 

done concerning the proposed cyclic fracture mechanism in TPU and the effect of harder core at 

the crack tip. We could not fully verify the validity of this hypothesis because the stiffening 

effect was observed above λ=4   while  in both TPU_XTAL and TPU_SOFT the maximum 

stretch detectable at the crack tip, within the spatial resolution of the DIC analysis, was < λ~4 

in our experimental condition. 

To conclude, with this work we opened the route towards a better understanding of cyclic 

fatigue mechanisms operating in TPU: we proposed a possible explanation to understand the 

high fatigue resistance of TPU and we validated the importance of tracking the evolution of the 

microstructure in the process zone of TPU under cyclic experiments using in situ X-Ray 

analysis.  

A more exhaustive characterization should include mapping the entire region at the crack tip 

for pristine and fatigued samples at different λmax. This would allow a systematic evaluation of 

the 
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evolution in HD orientation and fragmentation, and in case of SIC the evolution of the crystalline 

morphology with the number of cycles.  
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ANNEXES 

1. FTIR analysis 

 

Fourier transform infrared analysis (FTIR) was used to identify the principal functional groups in all 

TPUs. Figure 1 shows the FTIR spectrum obtained from pristine samples. The absorption peak around 

1157 cm-1 is the footprint of the polyester C-O-C vibration present in all TPUs. Additionally, all 

samples present: two absorption bands at 1540 cm-1 and 3300 cm-1 corresponding to the NH in plane 

bending vibrations and stretching respectively, and the double peak at 2860 and 2930 cm-1 associated 

with -CH2 stretching. Finally, the absorption peak of carbonyl is shifted at different wavelength when 

the group is either free or bonded1 (inset of Figure 1). The peak at 1726 cm-1 represents the stretch of 

the non-hydrogen bonded carbonyl  and is predominantly associated with carbonyl groups in the 

polyester soft blocks. The peak at 1700 cm-1 indicates the carbonyl stretch resonance for hydrogen-

bonded urethane groups. This corresponds to the intra-hard segments hydrogen bonding  cooperating 

in the gathering of hard segment to form hard domain structures2–4. 
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Figure 1 Complete FTIR spectra for all TPUs and expansion of Carbonyl Stretch/N‐H Bend Region (inset) 

 

Overall, the FTIR spectra for all three TPUs are qualitatively very similar as expected. The main 

relevant difference concerns the presence of two absorption peaks in TPU_SOFT at 727 and 1640 cm-

1 that are absent in the other materials. 

The first peak at 727 cm‐1 is indicative of an aromatic component and is compatible to the aromatic 

ring of PBT. According to literature2,5 the second peak (~1640 cm‐1) is compatible with the presence 

of  strong  hydrogen  bonds  between  urea  and  carbonyl  groups  in  a  bidentate  configuration.    The 

presence  of  small  quantity  of  urea  offers  more  stable  bonding  than  the  single  H‐H  bonds  of 

polyurethane.  If  our  hypothesis  is  correct,  this  would  suggest  high  stability  of  hard  domains  in 

TPU_SOFT  in agreement with the higher plateau modulus of TPU_SOFT  in Figure 8‐2  (Chapter 8). 

Hydrogen bonding  plays an important role in defining the morphology and mechanical properties of 

TPU6,7. A schematical representation of different hydrogen bonds in polyurethane and polyurea TPU 

is presented in Figure 2 from 5.  
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Figure 2 Hydrogen bonding in polyurethane (a) and polyurea (b) from 5 

 

2. Toughness: effect of temperature and strain rate 

In Chapter 7 we reported the value of fracture toughness Γ for TPU_HARD at 23°C. Here we provide 

a more extended investigation on the fracture resistance of all TPUs at different temperatures and 

stretch rates.   

Experimental conditions 

We prepared two sets of samples with same PS geometry. One set is pristine the other is notched 

with a pre‐crack of 10 mm. The uncut sample was clamped between the grips and a monotonic load 

was applied.   

	

Figure 3 Example of  stress‐stretch curve for the a) notched and b) un‐notched sample. The fracture energy 

is evaluated as the integral under the curve between 1 and λcr. 
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First, the test was performed on pre‐notch samples to evaluate 𝜆  , that is the critical length required 

to propagate the crack at the imposed strain rate. The critical stretch was evaluated at the maximum 

of  the  notched  stress‐stretch  curve  (Figure  3)  following  the  procedure  already  adopted  by  other 

authors 8–10. As reported in Chapter 5, in  PS samples the toughness is evaluated as:  

𝜞 𝒉𝟎𝑾 𝝀𝒄  Equation	1	

where ℎ  is the initial height of the sample and 𝑊 𝜆  is the energy per volume of the uncut sample. 

𝑊 𝜆   is  evaluated  from  the un‐notched  sample  (black area  in  Figure 3 b)  integrating  the  stress‐

stretch curve up to the 𝜆  measured on the notched sample. 

Figure 4 shows the effect of temperature on Γ for all TPUs at stretch rate 𝜆 of 4 sec‐1. At 23°C the 

samples present different values of Γvarying between 60 and 140 kJ/m2 with TPU_HARD being the 

toughest. Increasing temperature has two main effects: reducing the differences among all samples 

and reducing the average value of.  

	

Figure 4 Monotonic toughness for all three TPUs as a function of temperature at 4 s‐1. 

 

3. Crack extension and blunting at high stretch rate 
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In  cyclic  fatigue experiments we used a  constant  frequency of 10 Hz  that,  for  the used values of 

maximum applied  stretch 𝜆,  corresponds  to  a  strain  rate 𝜆    between  20  and  40  s‐1  .  In  order  to 

evaluate  whether  Γ strongly depends on the strain ratewe  decided  to  carry  out  monotonic 

fracture experiments at   𝜆 =20 s‐1, which  is one order of magnitude higher  than  that used  in  the 

previous chapter and comparable to the value experienced by the material in cyclic fatigue. We did 

the experiments on TPU_SOFT and TPU_HARD at 23° and 60°C, monitoring with a fast camera the 

extension of the pre‐cut. The calculated values of toughness at 20 sec‐1 and 4 sec‐1 are summarized 

in Table 1. There are no significant differences between those obtained at the same temperature and 

different 𝜆 indicating that, despite their inelastic behavior, fracture toughness in TPU has only a weak 

dependence on stretch rate in the used testing conditions.  

Table 1 Fracture toughness for TPU_HARD and TPU_SOFT at 20 s‐1 (23 and 60°C) and 2 s‐1(23, 60 and 100 °C) 

Stretch rate 20 s‐1  Stretch rate 4 s‐1 

Temp. 
°C 

TPU_HARD 
kJ/m2 

TPU_SOFT 
kJ/m2 

TPU_HARD 
kJ/m2 

TPU_SOFT 
kJ/m2 

23  156±37  45±31  138±13  66±12 

60  27±2.6  18±1  20.7±0.2  16.5±1.8 

100  14.3±0.1  8.6±0.4 

Interestingly, we evidenced  that  in  some  cases  the  crack does not  always propagates  straight  to 

rupture. Figure 5 reports the value of crack length and crack radius (obtained by a parabolic fitting of 

the crack opening profile) vs. the appliedduring a typical fracture experiment for TPU_SOFT (a) and 

TPU_HARD (b) at 23°C. In the case of TPU_HARD we observe a sharp increase in both crack extension 

and crack radius at c~5.8 (Figure 5(b)), which almost corresponds to the maximum in the stress‐

stretch  curve  for  the  cut  sample  in  Figure  5(d).  For  TPU_SOFT  the  crack  length  increases  quasi‐

monotonically with the applied λ up to the complete rupture of the sample. Some tiny jumps in the 

crack length for TPU_SOFT, indicated by black arrows in Figure 5(b), correspond to relative maxima 

in the stress‐stretch curve in Figure 5(c). In this case we decided to conventionally adopt the value of 

the first maximum (or the first jump) to evaluate Γas already found in other works8. Overall, if we 

compare the increase in crack extension and the crack radius with the applied  during the whole 

experiment  for  both  TPUs,  we  can  distinguish  a  different  trend.  In  case  of  TPU_HARD  the 

achievement of a plateau  in  the radius anticipates  the  final  rupture of  the sample.  In  the case of 

TPU_SOFT the radius keeps increasing with applied , similarly to the crack extension. This indicates 

that the ability of the material to blunt plays an important role in defining the critical extensibility 
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before breaking the sample. In TPU_SOFT as far as the crack can keep blunting the crack propagation 

is controlled. Nevertheless,  the value of   is higher  in TPU_HARD than TPU_SOFT because of  the 

large‐strain softening in the stress strain curve of TPU_SOFT. 

 

Figure 5 Evolution of  crack length with applied stretch for TPU_HARD (a) and TPU_SOFT (b) at 23°C. Example 

of stress‐stretch curve for notched and un‐notched TPU_SOFT (c) and TPU_HARD (d) used to evaluate Γ 

   



ANNEXES 

197 

 

 
 

4. Creep and stress relaxation 

Creep is when a material, held at constant  load, shows an elongation increasing with time. Stress 

relaxation occurs when a material, held under constant displacement, shows stress decreasing with 

time.  In  Figure  6  are  represented  the  characteristic  curves  for  stress  relaxation  and  creep 

experiments. Both behaviors were investigated by Gent in vulcanized rubbers11,12. Gent shown that 

both creep and relaxation behavior exhibit a linear dependence on the logarithm of time. But while 

stress relaxation rate is independent on the applied strain (for moderate value of deformation)13 the 

creep rate  is not. We decided to adopt the approach proposed by Gent for thermoset rubbers to 

compare the amount of these viscoelastic phenomena between vulcanized rubbers and soft TPU. 

 

	 	

 
 

Figure 6 Characteristic curves of an experiment of stress relaxation (top) and creep (bottom). 

Definition of the method  
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The creep compliance of elastomers is often found to have an approximately linear dependence upon 

the logarithm of time described by the following equation13: 











0
0 log1)(

t

t
AJtJ

 
Equation	2	

where J0 is the creep compliance at a reference time t0 and A is a parameter indicative of the rate of 

increase  of  J(t).    A  similar  equation  can  be written  for  stress  relaxation where A  is  a  parameter 

indicative of the rate of decrease of σ(t). 

 

   )log(1 00 ttAt   Equation	3	

	

Figure 7 Semi logarithmic plot for the stress decay data 

Following the previous equation, we can evaluate A (indicative of the rate of decrease) as the slope 

of the stress vs. time curve in a semi‐log plot  as shown in Figure 7.  

Experimental section  

The stress relaxation was determined by measuring the residual force in the sample at time intervals  

of  5  sec  after  imposing  a  constant  deformation.  The  creep was measured  by  applying  the  same 
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procedure to a sample held under constant applied load. The values of stress relaxation and creep 

rates are reported in Figure 8(a and b) for two selected temperatures: 60° and 23°C.  

For both tested TPUs, TPU_HARD and TPU_SOFT, the stress relaxation per decade was very similar 

and almost independent from the applied strain similarly to what reported for unfilled vulcanized 

rubbers11,13. The average values of stress relaxation per decade in both TPUs at 23°C is ~5.2%, only 

slightly  higher  than  the  4.6%  value  reported  by  Yamaguchi  et  al.13  in  unfilled  vulcanized  NR. 

Furthermore, increasing the temperature only slightly increases this value, and in a similar way for 

both TPUs.   

On the other hand, creep follows a very different trend. The value of creep rate was found to be 

different among the two materials and increasing with the applied stress. The dependence of creep 

on stress was also found in unfilled vulcanized rubbers, but it is hard to compare the value of creep 

per  decade  obtained  for  TPU  with  those  reported  by  other  authors12,13  for  vulcanized  rubbers, 

because of the very different range of applied stress.   The value of creep rate found by Gent was 

between 5 and 20% per decade for maximum imposed stress <0.2 MPa. TPU_SOFT at 23°C shows a 

creep rate per decade between 2 and 30% up to 2.5 MPa, while higher values were obtained for 

TPU_HARD at 23°C. A similar trend is confirmed also at 60°C with TPU_HARD having a higher creep 

rate per decade. The overall lower tendency to creep in TPU_SOFT confirms our previous hypothesis 

of bidentate urea in this TPU as suggested by FTIR analysis.   

As a final remark, these values of creep were obtained for samples kept under static load for 1 hour. 

This  condition  is  probably more  severe  for  creep  than  that  experienced  by  the  sample  in  cyclic 

experiments and it can not be directly associated to the cyclic fatigue resistance.  Further experiments 

of cyclic creep would be required to understand its role in cyclic fatigue for TPU.  
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Figure 8 Plot of stress relaxation rate per decade (a) and creep rate (b). 
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ABSTRACT 

Soft thermoplastic polyurethane elastomers (TPU) are a class of block copolymers characterised by a low 

linear modulus  (<10MPa),  reversible elasticity  and excellent abrasion  resistance already used  in  several 

rubber‐like applications such as soles, wheels, flexible cables, etc. Yet, their fatigue behaviour under cyclic 

loading has not been fully investigated so far, leaving several open questions about how predicting long‐

term durability of TPUs for a safe design. In this work we proposed a reproducible experimental protocol to 

assess and compare the resistance to crack propagation in cyclic conditions of TPU, with that of classical 

filled  rubbers  by  using  a  fracture mechanics  approach.  Furthermore,  we  characterized  the mechanical 

response under cyclic loading at large and small strain of three commercial TPUs with similar linear moduli 

and  rheology  but  different  large  strain  behaviours:  extended  softening,  strain  hardening  and  strain 

hardening enhanced by SIC. Irrespectively of their composition, all TPUs presented an unconventional strain 

induced stiffening in step‐cyclic experiment. Using DIC and X‐Ray in situ experiments we showed that, the 

strain gradient at the crack tip generates a spatial re‐organization of the TPU microstructure consistent with 

a  volume  locally  stiffer  than  the  bulk.  This  heterogeneity  in  the  deformability  reduces  the  strain 

intensification  at  the  crack  tip  explaining  the  high  fatigue  resistance  in  TPU.  The  local  stiffening  was 

ultimately associated to the fragmentation of original hard domains in smaller but more numerous units 

increasing the degree of physical crosslinking.  

 

MOTS CLÉS 

Fissuration‐ Fatigue‐ Elastomères thermoplastiques  

RÉSUMÉ 

Les  élastomères  thermoplastiques  de  polyuréthane  (TPU)  sont  une  classe  de  copolymères  à  blocs 

caractérisés par une élasticité réversible et une excellente résistance à l'abrasion.  Ils sont déjà utilisés dans 

un  certain  nombre  d’applications  de  type  caoutchouc  telles  que  semelles,  roues,  câbles  flexibles,  etc. 

Pourtant,  le comportement en fatigue du TPU sous chargement cyclique n'a pas été étudié en détail, et 

plusieurs questions restent ouvertes sur la meilleure façon de prédire la durabilité à long terme des TPU. 

En l'absence de procédure établie pour évaluer la résistance à la fatigue dans les TPU, nous avons proposé 

une méthode basée sur la propagation de fissure qui permet des comparer la résistance a fatigue des TPU 

avec  les  élastomères  vulcanisés.  On  a  caractérisé  les  propriétés  mécaniques  en  petites  et  grandes 

déformations de trois TPU avec modules linéaires similaires mais des comportements différents en grandes 

déformations :  adoucissement,  rhéodurcissement  et  cristallisation  sous  contrainte.  Contrairement  aux 

élastomères  vulcanisés,  tous  ces TPU  se  rigidifient avec  la déformation.  La diffusion des  rayons X a été 

utilisée pour caractériser  les changements de structure à des échelles microscopique  induits au fond de 

fissure  pendant  le  chargement  cyclique.  La  remarquable  résistance  à  la  fatigue  cyclique  du  TPU  a  été 

expliquée  comme  une  conséquence  de  la  modification  de  la  structure  locale  des  TPU  qui  génère  un 

durcissement en fond de fissure empêchant le transfert des contraintes pendant le chargement cyclique. 

On á enfin proposé que ce rhéodurcissement vient de la fragmentation des domaines rigides en domaines 

plus petits mais plus nombreux qui agissent comme des points de réticulation physiques additionnels.  

KEYWORDS 

Fatigue‐Thermoplastic elastomers‐ Fracture 
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