
HAL Id: hal-02270638
https://hal.science/hal-02270638

Submitted on 22 Dec 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

1D strain rate-dependent constitutive model of
UHMWPE: From crystalline network to fibrillar

structure behavior
Tiana Deplancke, Fivel Marc, Olivier Lame

To cite this version:
Tiana Deplancke, Fivel Marc, Olivier Lame. 1D strain rate-dependent constitutive model of
UHMWPE: From crystalline network to fibrillar structure behavior. Mechanics of Materials, 2019,
137, pp.103129. �10.1016/j.mechmat.2019.103129�. �hal-02270638�

https://hal.science/hal-02270638
https://hal.archives-ouvertes.fr


Version acceptée pour publication dans Mechanics of Materials 137 (2019) 103129 

 

1 

 

1D strain rate-dependent constitutive model of 

UHMWPE: from crystalline network to fibrillar 

structure behavior  

 
Tiana Deplancke1, Marc Fivel1, Olivier Lame2 

1Univ. Grenoble Alpes, CNRS, SIMaP, F-38000 Grenoble, France 

2Université de Lyon, CNRS, INSA-Lyon, MATEIS, UMR5510, F-69621, Villeurbanne, France  

ABSTRACT 

A combined experimental and analytical investigation has been performed to understand and 

predict the mechanical behavior of UHMWPE with different molecular weights: 0.6; 3.9 and 10.5 

Million g/mol. These materials were tested to a wide range of strain rates using uniaxial 

compression tests on a servo-hydraulic testing machine for the lowest strain rates (10-4 to 10 s-1) 

and magnesium split Hopkinson pressure bars for the highest strain rates (103 s-1).  

A hyperelastic-viscoplastic approach based on a relevant physical basis was adopted to predict the 

mechanical behavior of UHMWPE. The key point of the proposed model is to capture the huge 

microstructural evolution which occurs during fibrillation (crystalline network collapse) through 

a mechanical coupling parameter between the confined amorphous phase and the crystal stacks. 

The description of the amorphous phase is split in two parts, confined and global macromolecular 

networks in order to account for experimental results such as the huge strain recovery observed 

even after large plastic deformation of UHMWPE. 
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It is found that this model successfully describes the compressive hyperelastic-viscoplastic 

behavior of sintered UHMWPE for different molecular weights over a wide range of strain rates 

and can be qualitatively extended to tensile and cyclic loadings.  

 

Keywords: constitutive behavior, semicrystalline polymeric material, mechanical testing, 

microstructures, UHMWPE 

 

1. INTRODUCTION 

The mechanical behavior of semicrystalline polymers is highly non-linear and sensitive to 

several external parameters (such as temperature, strain rate) and structural factors (crystallinity, 

molecular weight, physical entanglements and cross-linking). Semicrystalline polymers may be 

considered as nano-composite materials. Their structure comprises both amorphous and crystalline 

phases interconnected in a complex manner.  

Over the past two decades several constitutive models were proposed to capture the hyperelastic-

viscoplastic deformation behavior of solid polymers. Because of the complexity of the problem 

and due to the lack of a detailed understanding of the local deformation mechanisms, several 

authors developed phenomenological models  (Bardenhagen et al., 1997; Epee et al., 2011; Khan 

and Zhang, 2001; Krairi and Doghri, 2014; Pouriayevali et al., 2013; Yakimets et al., 2007). 

In the case of amorphous polymers, both glassy and rubbery states have been taken into account 

in physically based models that gave rather satisfactory and predictive results. They are often 

inspired by the early work of Haward and Thackray (Boyce and Arruda, 2000; Buckley and Jones, 

1995; Haward and Thackray, 1968; Xue et al., 1998). More recently, mechanical modeling 

connecting both yielding and strain hardening (due to the evolution of the macromolecular network 
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structure) have been also proposed (Haward, 1993; Senden et al., 2010). When considering the 

semicrystalline polymer both phenomenological (Ayoub et al., 2010; Drozdov, 2009; Dusunceli 

and Colak, 2008; Khan et al., 2006; Maurel-Pantel et al., 2015; Regrain et al., 2009) and micro-

macro approaches have been proposed (Dommelen et al., 2003; Gueguen et al., 2010; Nikolov et 

al., 2002; Sedighiamiri et al., 2014; Shojaei and Li, 2013; Uchida et al., 2010).  

All these approaches can be accurate in a certain domain, but their main drawback is that they 

cannot really capture the huge microstructural evolution that occurs during fibrillation of a 

semicrystalline polymer. As a consequence, their reliability beyond their fitted domain remains 

limited.  

On the other hand, physical approaches (generally 1D models) that have been developed since the 

70s have allowed establishing the main deformation mechanisms that occur during the elastic 

regime, the fibrillation stage and the fracture process. Viscoelasticity, plasticity, damage, 

hardening and fibrillation fractures with crack propagation are qualitatively well described in the 

literature (Bouvard et al., 2009; Michler and Baltá-Calleja, 2016; Ward and Sweeney, 2001). 

Since macroscopic approaches do not take into account the huge microstructural evolution 

occurring during fibrillation (crystalline network collapse), plasticity is generally viewed as a 

continuous process from yielding to hardening. This is one of the main weak points of semi 

crystalline modeling that should be addressed in a physical approach as the mechanisms of 

fibrillation are qualitatively well understood, and can accurately reproduce a memory effect 

between the initial and fibrillar structure (Xiong et al., 2016). Basically, plastic flow leads to strong 

softening due to fractures of crystalline lamellae into small blocks. However, entanglements and 

molecular intercrystalline connections progressively catch up this collapse leading finally to 

hardening. It is largely agreed that these connections are essentially contained in the confined 
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amorphous phase and behaves as Stress Transmitters (ST see (Seguela, 2005)). They are supposed 

to be essentially composed of chains connecting adjacent crystallites, namely, Tie Molecules 

(TMs) which are known to strongly affect the mechanical properties of semicrystalline polymers 

both in the elastic domain as well as during the plastic behavior. Their direct quantification remains 

however impossible. According to the work of Huang et al. (Huang and Brown, 1991), the 

probability of forming a tie molecule increases with the molecular mass of the polymer. As a 

consequence, it exists a critical molecular weight above which chains becomes intertwined into a 

macromolecular network (Huang and Brown, 1991; Porter and Johnson, 1966; Seguela, 2005). 

Some modeling approaches have been proposed to establish connections between the macroscopic 

mechanical behavior and this specific amorphous phase (G’sell and Dahoun, 1994; Lee et al., 

1993; Oshmyan et al., 2004; Roguet et al., 2007). 

In the case of Ultra High Molecular Weight Polyethylene (UHMWPE), the length of the chains 

implies that nearly all the chains are tie chains, and this asserts a very strong macromolecular 

network that is generally used to explain the unusual capabilities to accumulate deformation 

without necking (Bonten and Schmachtenberg, 2001; Humbert et al., 2009). Very few attempts 

exist for modeling the mechanical behavior of such a polymer (Bergström et al., 2002), and 

microstructural specific features are not explicitly taken into account. The strong macromolecular 

network should clearly be included in a realistic mechanical constitutive law. 

UHMWPE is also known to exhibit exceptional wear and impact resistance. As an example, a 

recent study has highlighted the outstanding shock resistance of UHMWPE in the case of 

hydrodynamic cavitation erosion (Deplancke et al., 2015a). However, it remains very difficult to 

predict the plastic deformation and the life time of the coatings under such severe conditions and 
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thus numerical modeling is required.  This implies to set up an accurate model of elasto-visco-

plastic behavior of UHMWPE capable to take care of large strain rates. 

This paper presents a mixt approach of the mechanical behavior of UHMWPE combining 

experimental investigations of sintered UHMWPE with various molecular weights under high 

strain rate (comparable to impact induced by cavitation erosion) and numerical modeling of the 

same materials for a large range of strain rates. 

To predict the behavior of UHMWPE we propose first a general physical approach aiming at 

describing the mechanical behavior of the semicrystalline polymers both in the elastic and plastic 

regime by including the main physical mechanisms existing in the literature. Then, the model will 

be adapted to UHMWPE by adjusting some of its parameters, in particular to take into account the 

huge strain recovery observed on these materials even after a large plastic deformation. Such a 

model could ultimately be used to explain the resistance to cavitation erosion as supposed to 

happen at high strain rate (Roy et al., 2015). 

 

2. EXPERIMENTAL PART 

2.1. Materials 

The UHMWPE under investigation is elaborated from three different commercial nascent reactor 

powders produced by Celanese (ex-Ticona, Oberhaussen, Gernamy). Their average molecular 

weights deduced from viscosity measurements are ranged between Mv = 0.6, 3.9 and 10.5 million 

g/mol (GHR 8110, GUR 4113 and 4170 respectively). This nascent powder was processed by 

sintering performed in an Instron compressive testing machine equipped with an oven “Servantin”. 

The sintering protocol was optimized in order to obtain the best mechanical properties (see 

(Deplancke et al., 2015b, 2014) for details of the protocol). 
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Cylindrical compression tests specimens with 8 mm in diameter and 8-9 mm in height were then 

machined out from the sintered samples.   

 

The crystallinity ratio was measured by DSC using a Perkin Elmer Pyris apparatus at a heating 

rate of 10 °C/min, and calculated considering that the melting enthalpy of a perfect PE crystal is 

𝐻𝑚
0 = 290 J/g (Wunderlich, 2003). 

2.2. Mechanical characterization 

Compression tests have been performed on the three materials with different molecular weights, 

at strain rates ranging between 10-4 and 10 s-1 using a conventional servo-hydraulic MTS 

compression testing apparatus at room temperature with a load cell of 100 kN and compression 

platens with ball-joint system. 

To reduce the friction at the platen/specimen interface, the platens were polished and thin Teflon 

(PTFE) films were used as lubricating layers between the specimen and the platens. 

These compression tests have been complemented by Split Hopkinson Pressure Bar (SHPB) tests 

for accessing higher strain rates of 103 s-1. This experimental device is based on wave propagation 

and the specimen mechanical impedance must be adapted to the bars impedances (Gama et al., 

2004). In the case of UHMWPE, 2 m long and 38.2 mm diameter magnesium alloy Mg ZK60 T5 

bars have been used. The gas gun is filled with compressed air at a pressure of around 4 bars, 

which represents a mean strain rate of 103 s-1. The three-wave technic (Gama et al., 2004) is used 

to obtain stress strain curves (see (Pfeiffer, 2015) for details of the protocol and device). 

 

Assuming homogeneous deformation of all samples irrespective of drawing conditions, the true 

strain was computed as ε = ln (L/L0), where L0 is the initial sample gauge length and L its length 
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under straining. The true stress was defined as σ = Fλ /S0, where F is the tensile force, λ = L/L0 is 

the draw ratio, and S0 is the initial sample cross section. This computation assumes isovolumic 

strain, neglecting Poisson’s effect and cavitation. 

3. RESULTS AND ANALYSIS 

The figure 1 displays selected results of compression tests for different strain rates between 10-4 

and 103 s-1 on the sintered UHMWPE with 3 different molecular weights 0.6, 3.9 and 10.5 Mg/mol. 

Each true stress-strain curve displayed on these plots is a representative curve averaged among 

four realizations of independent compressive tests. 

These curves show:  

- A dispersion of the elastic modulus certainly due to the measurement made without any 

extensometer. To avoid this problem, the data used for numerical identification will be the 

average elastic moduli of the four compressive tests, measured between 1 and 3% 

deformation for each strain rate. 

- An increase in yield stress with the strain rate followed by strain hardening. The slope of 

the strain hardening increase also with the strain rate. 

-  An immediate recovery, of the order of 20%, is observable during the unload stage which 

was performed at the same strain rate as the loading part. This immediate recovery is 

strongly dependent of the molecular weight.  

Recovery tests over long periods of time, of the order of the month, display a recovery close to 

100% both for the molecular weight of 10.5 Mg/mol and 3.9Mg/mol and 85% for the molecular 

weight of 0.6 Mg/mol in the case of the strain rates between 10-4 s-1 and 1 s-1. Indeed, measurements 

of specimen dimensions after these compression tests reveal almost no change in shape and a 
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length equal to the initial length is recovered in the case of the molecular weight of 10.5 Mg/mol 

after one month of relaxation. 

 

Figure 1: Experimental strain-stress curves from compressive tests on the three molecular weights 

and various strain rates in the range from 10-4 s-1 to 1000s-1.  

 

Figure 2 shows typical compression tests realized on the sintered UHMWPE for 2 different 

maximum deformations (40% and 80%) for the molecular weights of 0.6 and 10.5 Mg/mol and at 

a strain rate of 0.1 s-1. 

The first striking observation is that the shape of the 'unload part' of the curves are very similar 

regardless of the maximal deformation. 
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Figure 2: Strain-stress curves of the experimental compressive tests for molecular weights 0.6 and 

10.5 Mg/mol at strain rate 0.1s-1.  

Observation of the deformed samples show a barelling effect for plastic deformation above 0.5 so 

that it could explain the change of slope visible on the curves at this cumulated true strain. This 

artefact comes from the estimation of the true strain based on a non-local measuremnt of the 

elongation. We will not consider this change of slope in our modeling. 

Consequently, the model presented in this article will take into account the following experimental 

observations of the mechanical behavior of sintered UHMWPE: 

-  First a recovery in very short times occurs whatever the speed of deformation and the form of 

this recovery is very similar for several deformations. 

- In addition, one of the specificities of the UHMWPE is that a recovery in longer times (of the 

order of the month) allows a quasi-complete recovery for deformation as large as 40%. 

Therefore, the model proposed in this article should allow to reproduce these two experimental 

observations and should also remain in agreement with all the observations of the literature 

concerning the mechanical behavior of the semicrystalline polymers. 
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4. CONSTITUTIVE MODEL OF UHMWPE 

The main purpose of this part is to propose a uniaxial constitutive model able to reproduce (at least 

semi-quantitatively) the hyperelasto-viscoplastic response of the three UHMWPE materials for 

various molecular weights between 0.6 and 10.5 Mg/mol over a wide range of strain-rates:  from 

10-4 to 103 s-1. As a uniaxial model, it is relatively easy to include all the physical mechanisms on 

which there is a consensus in order to i) obtain a model which is satisfactory and understandable 

from a physical point of view and ii) to promote a better reliability when varying parameters such 

as the strain rate, crystallinity, etc.  

As soon as the crystallinity exceeds a few percent, it is generally admitted that a semicrystalline 

polymer  can be considered as a macromolecular network (a rubber when T>Tg) bridled by a 

crystalline network formed by lamellar stacking (Detrez, F; Séguéla, R.; Cantournet, 2009; Detrez 

et al., 2011) generally arranged in an isotropic spherulitic structure see figure 3a. It is then 

reasonable to consider the decomposition of the global stress into two terms  corresponding to the 

two superimposed networks (see figure 3). In the case of medium molecular mass PE, the 

macromolecular network consists essentially of the confined amorphous phase which can flow 

relatively easily at high stress. This assumption is close to the one proposed by Ward and Ayoud 

(Ayoub et al., 2011, 2010; Ward, 1984) and used in several modeling approaches. 

In the case of UHMWPE, short range macromolecular network still exists and is even reinforced, 

but it should also exist a long range macromolecular network that strongly prevents the material 

from flowing at high stress. Indeed, one should keep in mind  that for UHMWPE even after a very 

high deformation, a nearly full recovery can be observed after several weeks.  

As a consequence, we propose first to decompose the stress in two parts: the macromolecular 

network and the crystalline stack network. The first is strongly involved in the hardening even at 
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low strain and, of course, the long-term strain recovery. It is particularly important for UHMWPE. 

The second represents what is common to all semicrystalline polymers i.e. the crystalline stack 

mechanical behavior. It has to be noticed that this part contains the confined amorphous phase, so 

that this modeling is itself splitted  in two different parts.  

 

𝜎 = 𝜎𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑠𝑡𝑎𝑐𝑘 𝑛𝑒𝑡𝑤𝑜𝑟𝑘(𝐶𝑟𝑁)   + 𝜎𝑚𝑎𝑐𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑛𝑒𝑡𝑤𝑜𝑟𝑘(𝑀𝑁)                                          (1) 

 

Figure 3.  Schematic view of (a) the entanglement of crystals and macromolecular network and (b) 

Rheological model. 

For large strain, the crystalline network has collapsed and reorganized into small crystalline blocks 

that are positioned relatively regularly along a fibril. This collapse induces a large decrease of the 

material stiffness whereas a progressive mechanical hardening is simultaneously observed. The 

latter is due to the strong alignment of the chains. Indeed, for a large strain, the macromolecular 

network is strongly stretched which compensates for the loss of mechanical properties of the 

crystalline network (see figure 4). 
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Figure 4.  Schematic view of the evolution of rheological model for large strain (fibrillation and stretched 

macromolecular network). 

 

4.1. Description of the macromolecular network branch 

In order to model the stretching of the macromolecular network within the strain-hardening stage, 

the eight-chain network model, developed by Arruda and Boyce (Arruda and Boyce, 1993) is 

selected for its physical consistency. 

𝜎𝑀𝑁 = 𝐶0 (𝜆𝑀𝑁
2 − 1

𝜆𝑀𝑁
⁄ )  =  

𝜇𝑀𝑁

3

√𝑁𝑀𝑁

𝜆𝑐ℎ𝑎𝑖𝑛𝑀𝑁
ℒ−1 (

𝜆𝑐ℎ𝑎𝑖𝑛𝑀𝑁

√𝑁𝑀𝑁
) (𝜆𝑀𝑁

2 − 1
𝜆𝑀𝑁

⁄ )             (2) 

In equation (2), 𝜆𝑀𝑁 =  𝜀𝑀𝑁 + 1 is the draw ratio of the macromolecular network, 

  𝜆𝑐ℎ𝑎𝑖𝑛𝑀𝑁 =  
√𝜆𝑀𝑁

2−2
𝜆𝑀𝑁

⁄

√3
 is the stretch of a chain in the eight-chain network in the case of one-

dimensional mechanical testing, ℒ−1 is the inverse Langevin function, √𝑁𝑀𝑁 the limiting chain 

extensibility of the macromolecular network and 𝜇𝑀 the rubbery modulus. 

This model however does not capture the increase of the strain-hardening modulus, with the strain 

rate.Following the work of Govaert and Haward (Goveart et al., 2008; Haward, 1993; Senden et 

al., 2010), a viscous contribution is added to the entropic elasticity. This flow stress is related to 

the intermolecular frictions at a monomeric or segmental scale. The viscous flow stress is a 

s,e s,e
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function of the strain rate 𝜀̇, which is described by an Eyring relation expressed as a function of 

the total deformation:  

𝐶𝑎𝑝𝑝(𝜀̇) =  
𝑘𝐵𝑇

𝛼𝑀𝑁
𝑠𝑖𝑛ℎ−1

(
�̇� ℎ

𝑘𝐵𝑇
exp ( 

∆𝐻𝑀𝑁

𝑘𝐵𝑇
 ))                                                    (3) 

With  𝜀̇ the strain rate, ∆𝐻𝑀 the activation energy and 𝛼𝑀 the activation volume. 

Therefore, the elastic stress in uniaxial loading is represented by the following relation:  

𝜎𝑀𝑁 = (𝐶0 + 𝐶𝑎𝑝𝑝(𝜀̇)) (𝜆𝑀𝑁
2 − 1

𝜆𝑀𝑁
⁄ )                                                                 (4) 

where 𝐶0 isthe Boyce modulus, 𝐶𝑎𝑝𝑝 is the viscous contribution of the strain hardening and 𝜆𝑀𝑁 =

 𝜀 + 1 is the draw ratio of the macromolecular network. 

A similar elastic model has been successfully applied to semicrystalline polymers (Haward, 1993) 

and it was able to capture the essential of the physics of the hardening behavior. The model can be 

schematically represented by two springs, one is strain rate dependent whereas the second is not 

(see fig 5).  

 A viscous dashpot is added in series to the macromolecular network description in order to allow 

for possible creep of the macromolecular network since the chains are not cross-linked, and 

ultimately to describe the damage by viscous flow. The mechanism associated with the flow could 

be chains fractures or reptation activated by the stress.  

 

Figure 5.  Rheological representation of the part "Macromolecular Network" of the constitutive 

model. 

 However, even in the region of very large strain, this phenomenon should be weak for most of the 

UHMWPE when the temperature remains below the melting point. Thus, the flow behavior of the 
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macromolecular network is described by a viscosity proportional to the cubic power of the 

molecular weight as already proposed by  Doi and Edwards, 1988 andWang and Porter, 1995) :  

𝜂𝑓𝑙𝑜𝑤 = 𝐺𝑓𝑙𝑜𝑤 𝑀3                                                                      (5) 

where M is the molecular weight and 𝜂𝑓𝑙𝑜𝑤 the viscosity of the macromolecular network. 

Consequently, the plastic deformation of the macromolecular network is given by:  

𝜀�̇�𝑙𝑜𝑤 =  
𝜎𝑀𝑁

𝜂𝑓𝑙𝑜𝑤
                                                                           (6) 

For most of the UHMWPE, M being huge, this viscosity can be considered (in a first approach) as 

infinite. 

 

4.2. Description of the Crystalline network branch 

Two springs, relative to crystalline and confined amorphous parts are used to represent the initial 

modulus of the material. A simple analytical model with an adjustable mechanical coupling is used 

to take into account the fact that these two phases are neither in parallel nor in series but rather a 

mixture of both as expressed in equation (7):  

𝜎𝐶𝑟𝑁   =  𝜑𝜎𝑐𝑟 + (1 − 𝜑)𝜎𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑑 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑝ℎ𝑎𝑠𝑒(𝐶𝐴) 

                                                                      = (1 − 𝜑 + 𝑘𝜑)𝜎𝐶𝐴.                                                               (7) 

where 𝜑 is the crystallinity obtained by DSC experiments and 𝑘 =  𝜎𝐶𝑟/𝜎𝐶𝐴 the adjustable 

mechanical coupling parameter where 𝜎𝑐𝑟 and 𝜎𝐶𝐴 are respectively the stress in the crystal and in 

the confined amorphous phase. 
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Figure 6.  Schematic view of the rheological representation of the part "Crystalline stacks 

network".  

The tilted segment in Figure 6 represents this coupling. This model, developed by S.Humbert et 

al. (Humbert et al., 2011), allowed to capture this dependency for a wide range of polyethylene 

with different crystallinity and microstructure. A single parameter has to be adjusted. This 

parameter is the stress ratio parameter 𝑘 =  𝜎𝐶𝑟/𝜎𝐶𝐴 where 𝜎𝑐𝑟 and 𝜎𝐶𝐴 are respectively the stress 

in the crystal and in the confined amorphous phase. It represents then the mechanical coupling 

between the two phases i.e. k=1 corresponds to a series coupling whereas 𝑘 =  𝐸𝐶𝑟/𝐸𝐶𝐴 (where 

ECr and ECA are respectively the modulus in the crystal and confined amorphous phase) leads to a 

parallel coupling. This model is close to a Halpin Tsai model (Halpin and Kardos, 1976), and is 

used mainly for the sake of simplicity and because it gives reliable results for medium to high 

density polyethylene including UHMWPE. It is also suitable to take into account the crystal 

network collapse occurring during plasticity (see the general description of the constitutive model). 

The initial value of the parameter k is fitted on the evolution of the Young’s modulus as a function 

of the crystallinity and it evolves during the plastic deformation of the material. The stress on the 

crystal network is given by  𝜎𝑐 =  𝐸𝑐𝜀𝐶 with Ec = 28GPa (Boyd, 1979).  

To extrapolate the confined amorphous phase behavior for larger deformation, i.e.during plastic 

strain, a hyperplastic model has been proposed by (Arruda and Boyce, 1993). 

𝜎𝐶𝐴 =  
𝜇𝐶𝐴

3

√𝑁𝐶𝐴

𝜆𝑐ℎ𝑎𝑖𝑛𝐶𝐴
ℒ−1 (

𝜆𝑐ℎ𝑎𝑖𝑛𝐶𝐴

√𝑁𝐶𝐴
) (𝜆𝐶𝐴

2 − 1
𝜆𝐶𝐴

⁄ )                                            (8) 
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In equation (8), 𝜆𝐶𝐴 =  𝜀𝐶𝐴 + 1 is the draw ratio,  𝜆𝑐ℎ𝑎𝑖𝑛𝐶𝐴 =  
√𝜆𝐶𝐴

2−2
𝜆𝐶𝐴

⁄

√3
 is the stretch of a chain 

in the eight-chain network in the case of one-dimensional mechanical testing, ℒ−1 is the inverse 

Langevin function, √𝑁𝐶𝐴 the limiting chain extensibility of the tie molecules which is strongly 

weaker than that of the rubbery network, and 𝜇𝐶𝐴 the rubbery modulus. 

The amorphous phase confined in the crystallites stacking is not directly comparable to a bulk 

rubber because of the presence of an interphase, and because they are locked between two 

crystallites. We have shown that for particular orientations of the stacking, the bulk modulus of 

the amorphous phase can be more important than the tensile modulus (Xiong et al., 2015). As a 

consequence, in some cases the apparent tensile modulus of the amorphous phase could be close 

to 300 MPa. Consequently, the apparent average modulus of the amorphous phase in a 

semicrystalline polymer has nothing to do with the one of a pure rubber and is much higher. Using 

our experimental data, an initial value of 70 MPa seems to be appropriate. 

Moreover, Tie Molecules (TM) which link adjacent crystallites are also partially responsible for 

such a high modulus of the amorphous phase (Xiong et al., 2015). Indeed, it has been shown that 

they are initially taut, explaining why they can affect elastic domain and yielding behavior, as well 

as fibrillar formation (Men et al., 2003; Seguela, 2005; Xiong et al., 2016) and strain hardening. 

Similarly to a rubber, these chains can be considered as active chains (Men et al., 2003; Patel et 

al., 1996; Peterlin, 1967; Seguela, 2005). Due to its entropic elasticity, this network plays a major 

role in the spring back effect of the material as they still connect the crystalline blocks after 

fibrillation. Hyper-elastic model is then suitable to describe its behavior considering a very weak 

limit of extensibility.  
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4.3. Plastic behavior 

The plasticity in semicrystalline polymers is known to be due to the motion of dislocations in the 

crystalline phase which is a thermally activated phenomenon. It is also known that the energy 

barrier for dislocation motion is increasing with the crystal thickness, and then with the 

crystallinity. 

Based on thermally activated mechanisms and stress driven considerations of defect mobility, the 

Eyring models (Eyring, 1936; Gueguen et al., 2008; Richeton et al., 2005; Ward, 1984) are 

classically used to describe the plastic behavior of polymers. For semicrystalline polymers one of 

the simplest Eyring model can be derived as follows: 

 𝜀�̇�𝑙𝑎𝑠𝑡𝑖𝑐 =
𝑘𝐵𝑇

ℎ
𝑒

−∆𝐻𝑃𝑙
𝑘𝐵𝑇 ⁄

sinh (
𝛼𝑃𝑙𝜎

𝑘𝐵𝑇
)                                                           (9) 

with 𝑘𝐵 the Boltzmann’s constant, T the temperature (here equal to the room temperature 293 K), 

h the Planck constant. Parameters ∆𝐻𝑃𝑙 and 𝛼𝑃𝑙, correspond respectively to the activation energy 

and the activation volume and could be dependent on the crystallinity. This model explicitly 

predicts an increase in the yield stress with the increase of the strain rate. 

During plastic deformation, following the Peterlin scheme (Bartczak and Galeski, 2010; Peterlin, 

1975, 1967), the microstructure evolves from spherulitic organization where the crystal network 

is percolating toward a fibrillar microstructure where crystalline blocks are nearly isolated and 

embedded in the amorphous phase. During this process, the stress concentration in the crystal 

phase decreases. As a consequence, the mechanical coupling k in eq.7 evolves from the initial 

situation where it is intermediate between series and parallel toward a situation where the coupling 

can be assumed to be close to a series coupling i.e. k = 1. The fibrillar structure is supposed to be 
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achieved for a deformation associated to the natural draw ratio (Gent and Madan, 1989; Peterlin, 

1987; Seguela, 2007; Ward, 1984). 

As a consequence, we propose a strong connection between eplastic and k in the crystalline network 

branch. The following empirical equation is proposed to describe a progressive collapse of the 

crystalline network as the plastic deformation increases: 

𝑘 = 𝑘𝑖𝑛𝑖𝑡𝑒
− 𝜀𝑃𝑙

𝜀𝑁𝑎𝑡_𝐶𝑟
 Ln 𝑘𝑖𝑛𝑖𝑡

                                                                (10) 

Where 𝑘𝑖𝑛𝑖𝑡 is determined by fitting a wide range of polyethylene with varying their crystallinity 

(Humbert et al., 2011), 𝜀𝑃𝑙 is determined from Eyring’s expression (eq 3), and 𝜀𝑁𝑎𝑡_𝐶𝑟 is the 

deformation for which the fibrillar state is reached (corresponding to the series coupling and 

consequently k =1). 

In other words, when the fibrillary state is attained, the rheological model of the crystal branch 

transforms into the series model as shown in the following scheme (fig 7). 

 

Figure 7.  Rheological representation of the part "Crystalline stacks network" of the constitutive 

model and the evolution during stretching. 

 

The form of this equation remains phenomenological, but could be justified for low and medium 

density polyethylene where the first breakages in the crystalline network are not critical, leading 

finally to a progressively accelerated decrease of parameter k. 
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At larger deformation, it has been experimentally observed that secondary plasticity could occur 

in the necked region and could even lead to a second necking formation. This plasticity is 

associated with the slipping of the fibrils or break of the tie molecule and/or partial 

disentanglement. It could also be unfolding mechanisms or chains pull out (Castagnet et al., 2000) 

in the crystal blocks.  

To capture this plasticity a second non-linear dashpot is added in a series coupling with the spring 

representative of the confined amorphous phase using the following Eyring model:  

                         𝜀�̇�𝑙𝑎𝑠𝑡𝑖𝑐_𝐹𝑖𝑏𝑟𝑖𝑙 =
𝑘𝐵𝑇

ℎ
𝑒

−∆𝐻𝐹𝑖𝑏𝑟𝑖𝑙
𝑘𝐵𝑇

⁄
sinh (

𝛼𝐹𝑖𝑏𝑟𝑖𝑙𝜎

𝑘𝐵𝑇
)                                    (11)                                              

The activation barrier of this secondary plasticity should be higher than that of the initial plasticity 

since it always occurs at higher stress level. 

Finally, the behavior of the crystalline network branch is elastic then plastic with a strong softening 

due to the progressive collapse of the crystalline network. However, the overall behavior of the 

material does not exhibit softening but hardening.  

As a consequence, it means that the second branch (consisting of the macromolecular network) 

and partially the hardening of the confined amorphous phase, takes over on the crystalline network 

providing a strong hardening that balances the loss of stress due to the crystalline branch. Note 

that a similar idea was qualitatively proposed by Peterlin (Peterlin, 1975). 

4.4. Numerical identification of the model parameters 

 

Following the physical considerations described above, we finally need to solve a two-body system 

explicitly defined by the following equations: 

𝜎 = 𝜎𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑠𝑡𝑎𝑐𝑘  𝑛𝑒𝑡𝑤𝑜𝑟𝑘 + 𝜎𝑚𝑎𝑐𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑛𝑒𝑡𝑤𝑜𝑟𝑘                                   (12)      
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with 𝜎𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑠𝑡𝑎𝑐𝑘  𝑛𝑒𝑡𝑤𝑜𝑟𝑘 defined by equations 7-11 and 𝜎𝑚𝑎𝑐𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑛𝑒𝑡𝑤𝑜𝑟𝑘 defined by 

equations 2-6. 

                      

Numerically, the time integration of variables ePl (eq.9), ePl_Fibril (eq.11) and eflow (eq.6) is 

performed using an order two Runge-Kutta scheme.  

The overall deformation of the semicrystalline polymer could be separated in several steps 

associated with different physical parameters such as crystallinity and entanglement network. The 

numerical identification of the parameters has been thus separated in three steps. 

To take into account the dispersion of experimental results, the parameter identification was made 

with target values corresponding to the stress at selected deformations: eight values per strain rate.  

Each of these values is an average obtained from the four compressive strain-stress curves for each 

strain rate. 

 

In the first step, the Young’s modulus (describing the crystal network contribution) has been 

determined by a large set of polyethylene with various crystallinity. Here we use the combination 

of experimental values from Humbert et al. (Humbert et al., 2011) and our own values (averaged 

over four experiments) which give access to parameters 𝑘𝑖𝑛𝑖𝑡(eq.10), 𝜇𝐶𝐴  and 𝑁𝐶𝐴 (eq. 8).  

Parameters 𝜇𝐶𝐴  and 𝑁𝐶𝐴 have been verified on the unload part of the compressive curves 

(immediate recovery).  

In the second step, the parameters of the plastic deformation (∆𝐻𝑃𝑙 𝑎𝑛𝑑 𝛼𝑃𝑙, in equation 9) have 

been identified on the evolution of the yield point as a function of the strain rate for the weight 

10.5 Mg/mol.  Here also, the average values based on four experimental tests are used. 
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In the third step, the strain-hardening of the semicrystalline polymer is determined by a 

combination of three phenomena:  

- The decrease of the intra-cohesive lamellar forces of the crystal network due to the shear 

of the crystal lamellae and the destruction of the spherulitic structure in favor of a fibrillar 

structure. In the model proposed here the parameter 𝜀𝑁𝑎𝑡_𝐶𝑟𝑦𝑠𝑡𝑎𝑙 (eq.10), corresponding to 

the deformation for which the fibrillary state is reached, allows to reproduce this decrease.  

- The strain hardening due to the entanglement network modeled here by the entropic 

elasticity decomposed in two parts: the elastic modulus 𝐶0 (parameters 𝑁𝑀𝑁 and 𝜇𝑀𝑁 of 

the Langevin spring in equation 2) and the dependence with strain rates (parameters 

∆𝐻𝑀𝑁 𝑎𝑛𝑑 𝛼𝑀𝑁 that appears in the expression of 𝐶𝑎𝑝𝑝(𝜀̇)in equation 3) combine with the 

effect of the confined amorphous phase. 

- And finally, the disentanglement of the macromolecular chains described by the reptation 

theory (𝜂𝑓𝑙𝑜𝑤 = 𝐺𝑓𝑙𝑜𝑤 𝑀3) and the parameters ∆𝐻𝐹𝑖𝑏𝑟𝑖𝑙𝑠 and 𝛼𝐹𝑖𝑏𝑟𝑖𝑙𝑠 (eq. 11) describing 

the slipping of the fibrils. 

Consequently, the 7 parameters ( 𝜀𝑁𝑎𝑡_𝐶𝑟 ,  𝑁𝑀𝑁 , 𝜇𝑀𝑁 , ∆𝐻𝑀𝑁 𝑎𝑛𝑑 𝛼𝑀𝑁 , ∆𝐻𝐹𝑖𝑏𝑟𝑖𝑙𝑠 

and 𝛼𝐹𝑖𝑏𝑖𝑟𝑙𝑠 𝑎𝑛𝑑 𝐺𝑓𝑙𝑜𝑤) have been identified on the evolution of the strain hardening with 

strain rates and for the molecular weight 10.5 Million g/mol. To obtain the fitting curves of the 

compressive tests on the material with molecular weights 0.6 and 3.9 Million g/mol only 

parameters 𝜀𝑁𝑎𝑡_𝐶𝑟 , ∆𝐻𝑀𝑁  and 𝑁𝑀𝑁 have been numerically identified. All the other parameters 

are the same as in the case of the molecular mass 10.5 Million g/mol.  The complete set of 

parameters obtained after optimization is given in Table 1. 
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Several numerical checks were made to verify the consistency of the model: distribution of the 

strain and stress in the various constituent parts and energy conservation in the system which was 

verified to be valid in the limit of numerical errors. 

4.5. Discussion of the influence of molecular weight and crystallinity on the model parameters 

 

Figure 8 shows the confrontation of the optimized numerical modeling and experimental data of 

compressive tests for the 3 molecular weights 0.6; 3.9; and 10.5 Million g/mol. This model permits 

to capture the increase of the ‘strain-hardening modulus’ with the strain-rate and the evolution of 

the recovery for the three molecular weights.  

 

Figure 8: Experimental and numerical strain-stress curvesfor compression test performed on the 

three molecular weights for various strain rates in the range from 10-4 s-1 to 1000s-1. The 
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experimental data are given as dot lines and the results of the numerical modeling are continuous 

lines. 

 

Table 1 presents the set of parameters obtained by the numerical optimization. The first two 

columns are the molecular weights obtained by viscosity measurement and given by Celanese and 

the crystallinity of the material measured by DSC. The parameters have been separated in two 

tables, the first one corresponds to the crystal network and the confined amorphous phase and the 

second one corresponds to the macromolecular network. It is important to emphasize that the set 

of parameters are the same for the 3 molecular weights except parameters ∆𝐻𝑃𝑙 and  𝜀𝑁𝑎𝑡_𝐶𝑟 

associated to the percolation of the crystal network and the role of the tie molecules 

which vary with the crystallinity, and 𝑁𝑀𝑁  representing the number of Kuhn segments between 

entanglement or cross-linking due to the crystal network (extensibility of the chains in the Boyce 

model). 
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Table 1: Optimized set of parameters of the constitutive model for the crystal network and for the 

confined amorphous phase (first table) and to the macromolecular network (second table). The 

first two columns in bold italics are the molecular weights given by the manufacturer, Celanese, 

and the crystallinity measured by DSC. The two columns in red are the only parameters that change 

with the molecular weight. 

 

Several verifications of the behavior of the model were made to confirm its consistency with the 

literature on the mechanical behavior of semicrystalline polymers. For instance, Figure 9 shows 

the evolution of the yield stress and the apparent natural deformation (corresponding to the 

deformation for which the fibrillar structure is reached) with the crystallinity. As expected, these 

two physical parameters increase with the crystallinity. This can be explained by the percolation 

of the crystal network which improves as the crystallinity increases. 
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Figure 9: Evolution of the yield stress and the apparent natural deformation as a function of the 

crystallinity obtained by the model. 

 

As explained in the experimental part, the model is developed to reproduce two experimental 

observations. The first is the unloading part of the curves which remains similar for different 

deformations. Figure 10 shows the extrapolation of the model to larger deformation and the 

corresponding experimental behavior for similar strains. One could notice that the unloading part 

of the curves could be improved. One possible solution would consist in taking into account the 

chain length distribution. Despite this discrepancy, the overall experimental behavior is 

nevertheless well captured by the model at least semi-quantitatively. 

 

Figure 10: Comparaison of experimental and numerical stress-strain curves obtained for 

compression tests performed at 0.1 s-1 on UHMPE with a molecular weight of (a) 0.6Mg/mol and 
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(b) 10.5 Mg/mol. The experimental data are given as red-dot lines and the results of the numerical 

modeling are continuous black lines. 

 

Figure 11 shows the results of an extrapolation of the model to a deformation of 80% for the 

molecular weights 0.6, 3.9 and 10.5 Mg/mol and strain rates between 10-4 s-1 to 1000s-1. 

Here again, the results are in agreement with the experimental observations similarly to what was 

said regarding Figure 10 for the strain rate 0.1s-1. 

 

Figure 11: Stress-strain curves of the numerical extrapolation of the model to a deformation of 

80% for the three molecular weights and various strain rates in the range from 10-4 s-1 to 1000s-1. 

Experimental data obtained for lower strain are plotted as dot lines just for the information.  

 

The second experimental observation is a recovery close to 100%, for long time, for the sample 

with the highest molecular weight. The part representing the macromolecular network allows to 
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account for this observation since, in the case of this molecular weight, the flow by reptation is 

nonexistent. Additional experiments, like cyclic tests or relaxation tests, could be done to improve 

this description. 

Finally, Figure 12 shows the extrapolation of the model to a tensile loading condition and the 

comparison with the experimental data. Interestingly, the model accurately reproduces the 

mechanical response of these tensile tests and this, without any modification of the model 

parameters. The dissymmetry contained in the Boyce model appears to be sufficient to take into 

account the differences between tension and compression. 

 

    Figure 12: Tensile experiments (black dots) and extrapolation of the model (red curves) to 

tensile loading conditions for the molecular weights 0.6 and 10.5 Mg/mol and at the strain rate 

3.5.10-3s-1. 

 

Figure 13 shows an extrapolation of the model to larger deformation and to cyclic loading 

conditions. These tensile and compressive curves reveal a larger permanent deformation for the 

lower molecular weight. In other words, the lowest molecular weight accumulates plasticity with 

the cycles that could potentially lead to failure whereas the cyclic behavior of the highest molecular 

weight specimen is mostly reversible. This result is in agreement with the differences in cavitation 

erosion resistance observed for different molecular weights of the UHMWPE (Deplancke et al., 
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2015a). This promising typical feature allows to envisage this model for numerical modeling of 

cavitation erosion where repetitive impacts of multiple bubble collapses need to be taken into 

account. 

 

 Figure 13. Extrapolation of the model for cyclic loading (10 cycles) (a) in compression for different 

strain rates and (b) in tensile for a strain rate 0.001 s-1. 

5. CONCLUSION 

An 1D hyperelastic-viscoplastic constitutive model is proposed to describe the mechanical 

compressive behavior of semicrystalline polymer with ultra-high molecular weight under a wide 

range of strain rates. The mechanical behavior of sintered UHMWPE with different molecular 

weight (0.6; 3.9 and 10.5 Mg/mol) was investigated over a large range of strain rates up to a 

deformation of 0.4. Experimentally, this range of strain was achieved using uniaxial compression 

tests performed on a servo-hydraulic testing machine for the lowest strain rates (10-4 to 10 s-1) 
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complemented by magnesium split Hopkinson pressure bar tests for the highest strain rates (103 s-

1). 

 

The mechanical behavior is described by a physical approach of the semicrystalline polymers 

based on a macromolecular network bridled by the crystalline network formed by lamellar 

stacking. In the case of UHMWPE, the impact of the macromolecular network, both long entangled 

chains as well as tie molecules, leads to a plastic deformation of the specimen without necking. 

Indeed, the modulus collapse due to the splintering of the crystalline networks is immediately 

caught up by the active chains of the macromolecular network. 

The originality of the proposed model lies in i) allowing the description of the crystalline network 

collapse by the decrease along the plastic deformation of the mechanical coupling between rubbery 

and crystalline phase i.e. the stress transfer to the hard/crystalline phase decreases as the plastic 

deformation increases, and ii) describing the role of both the confined amorphous phase and the 

long-entangled chains allowing strain hardening, short and long-term deformation recovery. 

After a numerical identification of the twelve parameters of the model, a good agreement was 

observed between model response and experimental results in a large range of strain rates. 

Furthermore, the same set of parameters allows to describe 3 different molecular weights (0.6, 3.9 

and 10.5 Million g/mol), except two parameters which are logically different since the crystallinity 

of these materials is different: the percolation of the crystal network and the crystallinity. In 

addition, due to its physical consistency, the model gives satisfactory qualitative responses both 

for tensile and cyclic loading conditions largely above the strain range for which the parameters 

have been adjusted. This confirms that the essential of the physic required to describe the 

outstanding resistance to cavitation of the UHMWPE is captured by this simple 1D model.  
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Ongoing work consists of two main actions: (i) investigating other loading conditions such as 

cyclic loads and (ii) implementation of a 3D version of the model in the finite element code 

ABAQUS. 
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