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ABSTRACT 
 

Ultra-high molecular weight polyethylene (UHMWPE) used in biomedical applications, e.g. as a bearing surface in 

total joint arthroplasty, has to possess superior tribological properties, high mechanical strength, and toughness. 

Recently, equal channel angular extrusion (ECAE) was proposed as a processing method to introduce large shear 

strains to achieve higher molecular entanglement and superior mechanical properties of this material. Finite 

element analysis (FEA) can be utilized to evaluate the influence of important manufacturing parameters such as the 

extrusion rate, temperature, geometry of the die, back pressure, and friction effects. In this paper we present 

efficient FEA models of ECAE for UHMWPE.  

Our studies demonstrate that the choice of the constitutive model is extremely important for the accuracy of 

numerical modeling predictions. Three considered material models (J2-plasticity, Bergstrom-Boyce, and the Three 

Network Model) predict different extrusion loads, deformed shapes and accumulated shear strain distributions. The 

work has also shown that the friction coefficient significantly influences the punch force and that the 2D plane 

strain assumption can become inaccurate in the presence of friction between the billet and the extrusion channel. 

Additionally, a sharp corner in the die can lead to the formation of the so-called “dead zone” due to a portion of the 

material lodging into the corner and separating from the billet. Our study shows that the presence of this material 

in the corner substantially affects the extrusion force and the resulting distribution of accumulated shear strain 

within the billet.

 1 
1. INTRODUCTION 2 

 3 

Equal channel angular extrusion (ECAE) was initially proposed as a method to deliver large 4 

amounts of uniform shear deformation to a metal  specimen in order to influence the material 5 

microstructure and improve its mechanical and physical properties, see for example [1]. This 6 

technique is widely used for metal alloys processing and is being actively developed and 7 

improved, see [2] , [3] and review [4]. 8 
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Originally developed for metals, ECAE is also being considered for processing of polymer 9 

materials to form oriented structures and improve properties, see [5]. One of the earliest 10 

numerical modeling studies on extrusion of polymer material (polycarbonate) was published in 11 

[6]. The authors assumed 2D plane strain and used a J2-Plasticity material model. More 12 

advanced 2D plane strain numerical simulations of the angular extrusion were performed in [7] 13 

and [8] for high density polyethylene (HDPE) material. These publications implemented a 14 

hypoelastic visco-plastic constitutive model to account for the strain rate sensitivity of the 15 

polymer. The authors investigated how the die geometry and number of passes affect stress 16 

and strain fields within the polymer billet. The experimental study on how angular extrusion 17 

affects mechanical properties of polypropylene (PP), supported by numerical modeling of the 18 

extrusion process, was reported in [9]. Similarly, numerical and experimental studies on the 19 

applicability of ECAE process and its influence on the properties and behavior of polypropylene 20 

and HDPE were presented in [10]. The authors performed a set of parametric numerical studies 21 

on the extrusion rate, billet-die friction coefficient, and back pressure sensitivity for PP and 22 

HDPE showing that those parameters are crucial. 23 

Recently, ECAE was proposed as a means of achieving higher molecular entanglement 24 

and/or superior mechanical properties of ultra high molecular weight polyethylene (UHMWPE) 25 

[11] and UHMWPE-based composites [12]. The numerical modeling of the process could be 26 

used to better understand its mechanics and how it influences physical and mechanical 27 

properties of the resulting material. In particular, it can be used to evaluate the importance of 28 

the processing parameters such as friction between the billet and the die, extrusion rate, 29 

extrusion angle, back-pressure, and processing temperature. However, to the best of the 30 
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authors’ knowledge, there are no published results on the numerical simulations of the ECAE 31 

for UHMWPE material. This paper is based on the research presented at the IMECE 2020 32 

conference [13]. It extends beyond the results published in the conference proceeding by 33 

including temperature-dependent simulations and providing comparison with available 34 

experimental data. 35 

The paper is organized as follows, Section 2 describes the experimental set-up for the ECAE 36 

of UHMWPE and its implementation in finite element analysis (FEA). Three constitutive material 37 

models utilized in the extrusion simulations are presented in Section 3. Section 4 provides 38 

comparison of our modeling approach to the published results for the extrusion of high density 39 

polyethylene (HDPE). Section 5 presents several numerical studies including a comparison 40 

between 2D plane strain and 3D models, a friction sensitivity study, and a comparative analysis 41 

of the constitutive material models used for large deformations of polymers during extrusion. 42 

The issues related to the extrusion channel shape and the process temperature are also 43 

addressed in the section. Conclusions are provided in section 6. 44 

 45 
2. FINITE ELEMENT MODEL OF EQUAL CHANNEL ANGULAR EXTRUSION EXPERIMENT 46 

 47 

Finite element model has been developed for the ECAE process illustrated in Fig. 1. In this 48 

particular setup, a steel angular channel with a square cross-section of 50mm × 50mm and a 49 

sharp right-angle connection (Φ=90o, Ψ=0) is used. A set of heating cartridges is embedded into 50 

the channel walls to maintain constant temperature during the extrusion. An aluminum 51 

pressure punch which extrudes the material billet is velocity controlled and a back-pressure 52 

plate which delivers resistance to the billet motion in the horizontal part of the channel is force 53 
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controlled in order to be able to prescribe desired extrusion rate and back-pressure. The virgin 54 

polymer powder is placed to the vertical portion of the channel and then compressed at 55 

elevated temperature of 162.5oC for 2.5 hours for the purpose of polymer consolidation. A 56 

colored pigment can be added to layers of the powder to make the polymer billet striped and 57 

allow tracking its deformations. After that the specimen is extruded at elevated temperature 58 

162.5oC and with the pressure punch velocity of 15 mm/min. Once the extrusion is complete, 59 

the billet is extracted from the horizontal part of the channel using a displacement-controlled 60 

extraction punch. More detailed description of the experimental set-up is given in [11] and [12]. 61 

The schematics provided in Fig. 1 illustrates the case when angle Ψ=0 (sharp corner). For 62 

extrusion of UHMWPE, this design of the die can lead to formation of the so-called “dead 63 

zone” – a portion of the material billet which gets stuck in the lower corner of the channel and 64 

eventually separates during the extrusion, see Fig. 2. To deal with this problem, the channel 65 

geometry can be improved by either increasing angle Φ (Φ>90o), or introducing a smooth fillet 66 

in the lower corner by increasing angle Ψ (Ψ>0), or adding a mitre-fillet-like insert to the lower 67 

left corner of the die which can potentially prevent material from jamming and separating 68 

during the extrusion. 69 

In the numerical models, the extrusion channel, pressure punch, back-pressure plate and 70 

the extraction punch are modeled as rigid surface contact bodies. The extrusion channel is 71 

fixed, the pressure punch has its vertical displacement and velocity prescribed, the back-72 

pressure plate is force controlled and the extraction punch is displacement controlled. The 73 

extrusion billet is modeled using ~15 thousand 2D plane strain Herrmann quadrilateral finite 74 

elements in the case of 2D plane strain assumption and ~120 thousand 3D tetrahedral linear 75 
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finite elements in the case of 3D simulations (Fig. 3). The mesh size for each model was chosen 76 

based on the tradeoff between successful convergence of the simulations and their 77 

computational efficiency. 78 

The contact interaction between deformable finite elements and rigid contact bodies is 79 

modeled as bilinear shear friction sliding (see [14]). Extrusion and extraction processes are 80 

simulated by two consecutive load cases. The extrusion takes 600s which corresponds to the 81 

experimental extrusion time. All simulations are performed using MSC Marc Mentat software 82 

(https://www.mscsoftware.com/product/marc). 83 

 84 
3. MATERIAL MODELS FOR EXTRUSION OF ULTRA HIGH MOLECULAR WEIGHT 85 
POLYETHYLENE 86 

 87 

One of the important steps in numerical modeling of such a complex process as ECAE of a 88 

polymeric material is to pick an adequate constitutive material model. We begin with the 89 

assumptions that the billet material will be non-porous before the beginning of the extrusion 90 

process due to compaction at elevated temperature, and its behavior can be described by 91 

continuum solid mechanics equations. The material extrusion is performed at elevated 92 

temperatures, so the thermal sensitivity of a chosen material model is especially important. 93 

There are two approaches to include temperature dependence of the material behavior. The 94 

first approach is to perform characterization tests for the material at each level of temperature 95 

which the material is processed at. Such an approach is needed when the material model does 96 

not directly account for thermal sensitivity, for example, J2-Plasticity or Bergstrom-Boyce (BB) 97 

[15]. The second approach is to perform characterization experiments at certain levels of 98 
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temperature, and use them to calibrate the material’s temperature-dependent response. This 99 

approach is used when the constitutive model explicitly accounts for thermal sensitivity of the 100 

material properties. Additionally, the material model has to be applicable to large compressive 101 

and shear deformations of the polymer. It has to allow for accounting of the strain rate 102 

sensitivity of the material. It also needs to be easily calibrated based on limited experimental 103 

data (usually simple tension and compression tests). 104 

The J2-Plasticity (J2) model is often the simplest choice as in [6] and [16] where it is used for 105 

modeling of ECAE of polycarbonate and HDPE. According to the model, the yielding in the 106 

material occurs when the second invariant of deviatoric stress (J2) reaches a critical value. 107 

Expressing J2 in terms of principal stresses 𝜎1, 𝜎2 and 𝜎3, the yield criterion can be written as 108 

follows: 𝜎 = 𝜎𝑦, where 𝜎𝑦 is the tensile yield strength and 109 

𝜎 =  
1

√2
√(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2 is the effective von Mises stress. In the 110 

numerical implementations of the model, the evolution of the yield stress is usually specified as 111 

a piecewise linear function of the equivalent plastic strain 𝜀𝑝̅ 112 

(https://www.mscsoftware.com/product/marc). However, the J2 material model was developed 113 

for metallic materials and hence is usually not suitable for highly rate and temperature 114 

dependent polymers [17]. In addition, plastic behavior of polymeric materials is dependent on 115 

the first invariant of stress tensor (see for example [18], [19] and [20]) which is not reflected by 116 

J2 - model. 117 

A more advanced option is the Bergstrom-Boyce (BB) model [15]. This model was developed 118 

for elastomers, however, it can be applied to UHMWPE as its high molecular weight causes the 119 
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polymer chains to entangle and hence act like crosslinks producing a pseudo-elastomeric 120 

response of the amorphous region. The model includes strain rate sensitivity of the polymer 121 

and can be calibrated with only two loading-unloading tests performed at different strain rates. 122 

Obviously, having more experimental data will improve its accuracy. This model is usually 123 

included in commercial FE software packages which makes it easy to implement. In addition, 124 

the Bergstrom-Boyce model was validated for UHMWPE [17] in several simple mechanical tests 125 

(tension and compression). According to BB, the mechanical response of a material is governed 126 

by two networks A and B acting in parallel (see Fig. 4). The first network A controls the 127 

equilibrium behavior of the material and the second network B governs the time-dependent 128 

deviation from equilibrium. The total Cauchy stress is a sum of stresses acting on networks A 129 

and B. Appendix A provides explicit expressions for the stresses acting on networks A and B 130 

along with the governing equations for the viscous response of network B. The major 131 

disadvantage of the model is its inability to directly take the temperature sensitivity into 132 

account requiring additional sets of experiments at each temperature of interest. 133 

The Three Network Model (TNM) presented in [21] explicitly includes dependence on both 134 

strain rate and temperature sensitivity. It has been developed specifically for UHMWPE and has 135 

shown good agreement with the experimental data. The initial viscoplastic response of the 136 

material is governed by two energy activation mechanisms which correspond to amorphous and 137 

semicrystalline domains and the large strain behavior is governed by entropic resistance. 138 

Rheologically, the model consists of three networks A, B and C which act in parallel (Fig. 5). The 139 

network A is a temperature dependent version of an eight-chain model similar to [22] and [23]. 140 

The B network is similar to network A except that the effective bulk modulus of the network 141 
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evolves with plastic strain which allows the transition from initial yielding to large strains flow to 142 

be captured. The network C is governed by an eight-chain model including dependence on 143 

stretch tensor invariants similarly to the Mooney-Rivlin model with non-Gaussian chain statistics 144 

[24], [25]. The total stress acting on the model is a sum of the stresses acting on each network 145 

A, B and C. Appendix B provides explicit expressions for the stresses acting on networks A, B and 146 

C along with the governing equations for the viscous response of networks A and B. The 147 

challenge for this model is that it requires a significant number of characterization tests to 148 

calibrate and implement due to a large number of material parameters. 149 

Three constitutive models (J2, BB, and TNM) were implemented in the MSC Marc 150 

simulations utilizing add-on software PolyUMod (https://polymerfem.com/polyumod/). To 151 

calibrate material models, we used MCalibration software 152 

(https://polymerfem.com/mcalibration/) based on a set of characterization uniaxial experiments 153 

published for HDPE in [7] and for UHMWPE GUR 1050 in [26]. 154 

 155 
4. VALIDATION FOR EXTRUSION OF HIGH DENSITY POLYETHYLENE 156 

 157 

As part of the validation effort, we compared predictions by our models with the published 158 

data for ECAE of HDPE, see [7]. We constructed a 2D plane strain finite element model based on 159 

the description provided in [7]. A billet of 10mm × 10mm × 100mm is extruded through a rigid 160 

right-angle channel with Φ=90o and Ψ=0 and zero friction at the contact surface between the 161 

billet and the die. The extrusion is performed at constant rate of 6 mm/min and at two values of 162 

temperature (25oC and 60oC). In our comparative simulations, we utilized the J2-Plasticity model 163 

and calibrated it using the material characterization data published in the same paper ([7]). The 164 
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obtained model parameters are summarized in Table I where E is the Young’s modulus, v is the 165 

Poisson’s ratio, 𝜀𝑝 is the equivalent plastic strain, and 𝜎𝑌 is the equivalent material yield stress. 166 

Fig. 6 shows a comparison of the predictions for the time history of the extrusion punch 167 

force in the experiment conducted at 25oC and 60oC.  168 

The relative percentage difference as compared to the peak load of the “published model” 169 

and the steady extrusion force were calculated to evaluate the level of agreement. The 170 

difference between the “present model” and the “published model” peak loads is 26% and 3.2% 171 

whereas the difference at the steady portion of the curves (at 400s) is 6% and 4.7% for 25oC and 172 

60oC, respectively. Thus, it can be seen that predictions practically coincide for 60oC. For the 173 

25oC extrusion, a noticeable difference is observed in the peak load. Note that in [7], the 174 

authors used a different material model (hypoelastic viscoplastic) which directly accounts for 175 

rate sensitivity requiring sets of characterization experiments at all considered temperatures. 176 

Apparently, utilizing J2 instead of their model leads to a later transition from compression to the 177 

shearing phase in the simulated extrusion process at 25oC. 178 

 179 
5. RESULTS AND DISCUSSION 180 

 181 

We performed a set of parametric studies for numerical models simulating ECAE process of 182 

the UHMWPE GUR 1050 material. This material has a crystallinity level of 50.4%±3.3%, density 183 

0.933 g/cm3 and 5.5-6× 106g/mole molar mass as described in [26]. Section 5.1 presents 184 

results on the sensitivity of the predictions to the billet-die friction parameters, namely, the 185 

friction coefficient between the billet and the die. In section 5.2 we investigate the accuracy of 186 

the 2D plane strain assumption by comparing two-dimensional and three-dimensional modeling 187 
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results. Section 5.3 provides an insight on the importance of the proper choice of the material 188 

constitutive model. Section 5.4 considers how the introduction of a triangular prismatic insert 189 

to the lower corner of the channel changes the force applied to the pressure punch by partially 190 

replicating the formation and separation of the dead zone and its subsequent impact on 191 

channel geometry.  192 

The simulations were performed for the extrusion punch velocity of 15 mm/min which 193 

corresponds to the shear strain rate on the order of 0.05 s-1, and a back pressure of 36 MPa. Five 194 

different values of the friction coefficient and four different values of the extrusion temperature 195 

were considered. 196 

 197 
5.1 Friction Study 198 
 199 

Friction between the die and the billet plays a significant role in the extrusion process, see 200 

[27]. A parametric study was conducted in order to investigate how the friction coefficient μ 201 

influences the predictions for the extrusion forces during ECAE. A set of 3D FE simulations using 202 

the 3D J2-Plasticity model was performed with various values of friction coefficient: μ = 0.01, 203 

0.05, 0.1, 0.15 and 0.2. Note that in the simulations, μ = 0.01 corresponds to the frictionless 204 

sliding of the billet within the channel. The small number is chosen instead of μ = 0 to improve 205 

numerical convergence. The use of frictionless contact is justified by the experimental data 206 

published in [28] where the authors show that friction can be neglected if mean contact 207 

pressure is larger than 30 MPa. The value μ = 0.2 was chosen as a maximum value based on the 208 

data reported in [29]. 209 
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Fig. 7 confirms that the friction coefficient is an important parameter and must be 210 

accurately evaluated for realistic simulation of the extrusion process. As can be seen by 211 

comparing with no friction results (μ=0.01), the amount of force needed to overcome friction 212 

during the extrusion phase of the process reaches 30% of the total force for μ=0.1 and 80% for 213 

μ=0.2. 214 

 215 
5.2 2D vs. 3D 216 
 217 

3D FE models contain a significant number of finite elements which can result in long 218 

simulation times and accumulation of a round-off error when modeling such highly nonlinear 219 

process as ECAE for UHMWPE. A 2D plane strain approximation can be a good option to reduce 220 

computational effort when the distribution of stresses and strains does not significantly vary in 221 

the direction normal to the lateral sides of the extrusion channel. Thus, a numerical study was 222 

performed to evaluate applicability of 2D plane strain assumption for ECAE of UHMWPE. In the 223 

presented simulations, the J2-Plasticity model was used because it is the simplest to implement. 224 

Since the plane strain assumption is geometrical and does not involve any constraints on 225 

physical behavior of the material, the obtained results will also be applicable to more complex 226 

material models. 227 

As seen in Fig. 8, the predicted deformed shapes of the extracted billets are similar for 2D 228 

and 3D simulations.  However, as shown in Fig. 9, the punch force vs. displacement curves for 229 

3D and 2D are not similar when the friction coefficient μ is not negligible. The 3D model 230 

predicts a larger punch force which can be explained by the contribution of friction between the 231 

billet and the side walls of the extrusion channel. If the friction is small (μ=0.01), the difference 232 
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between 2D and 3D predictions decreases significantly. This means that in the case of significant 233 

friction, the 2D assumption might become inaccurate and 3D modeling has to be considered. 234 

 235 
 236 

5.3 Sensitivity to the Choice of the Material Model 237 
 238 

A set of 2D plane strain finite element simulations was conducted to evaluate performance 239 

of three different constitutive models, J2, BB, and TNM. All three material models were 240 

calibrated using experimental data from [26] assuming that the process is performed at room 241 

temperature (20oC). Note that this temperature regime is not typical for processing of polymer 242 

materials and was used only to investigate general trends in the models’ predicting abilities as 243 

applied to UHMWE. The simulations were performed with friction coefficient μ=0.01 244 

representing frictionless sliding of the billet within the channel. 245 

Fig. 10 compares the deformed shapes predicted by all considered material models with the 246 

actual shape of the UHMWPE billet extracted from the angular channel after the extrusion. 247 

Based on the mutual orientation of the blue stripes within the billet and the outline of the 248 

deformed shape, the predictions by BB and TNM models appear to be closer to the experiment 249 

than the J2-Plasticity model. However, there is still a noticeable discrepancy between the actual 250 

billet and the predictions by BB and TNM exhibited by lower curvature and higher inclination 251 

angle of blue stripes in the numerical results. We attribute this discrepancy to formation of the 252 

“dead zone” during the actual extrusion process that was not included in the numerical models. 253 

Another potential reason is that the constitutive models were not calibrated for the process 254 

temperature of 162.5oC.  255 
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The punch force vs. displacement plot shown in Fig. 11 supports the observations made 256 

based on the deformed shapes comparison. Namely, the J2-Plasticity model performs differently 257 

from BB and TNM. It predicts that a significantly larger load is needed to perform the extrusion 258 

which can be explained by linear hardening of the material in the model but is not the case for 259 

the considered polymer. At the same time, BB and TNM models have similar predictions for 260 

both the deformed shape and the punch force.  261 

Fig. 12 shows the distribution of the maximum absolute value of shear strain experienced by 262 

the material during the ECAE process as predicted by the J2, BB, and TNM material models. This 263 

parameter is important because it could be correlated with changes in molecular entanglement 264 

densities and/or material properties of UHMWPE. It can be seen that, similarly to the force-265 

displacement curves, the BB and TNM models predict comparable levels of shear strain, while 266 

the strains predicted by J2 are lower and more uniform. 267 

 268 

5.4 Dead Zone Study. Process Temperature Influence 269 
 270 
The results presented in 5.1-5.3 assume that the material stays continuous even at high 271 

levels of stresses with no separation or damage. Because of this, the punch force-displacement 272 

curves (Fig. 6 and Fig. 11) exhibit a well pronounced hill when the material is pulled from the 273 

sharp lower corner of the die. However, our experiments show that formation of the “dead 274 

zone” in the corner results in separation of the portion of the billet. It is presently challenging to 275 

model separation of material (propagation of crack or damage) directly as the proper fracture 276 

(or damage) initiation parameters for UHMWPE subjected to high compressive and shear 277 

stresses at elevated temperature are not available. 278 
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To evaluate the extrusion in the absence of material fracture, we considered modification of 279 

the extrusion channel model by a mitre-fillet-like insert preventing formation of a dead zone by 280 

mimicking its shape. The modified extrusion channel and the insert are shown in Fig. 13. The 281 

dimensions of the insert are based on the size of the separated material portion. Note that 282 

introduction of the insert in our models was not aimed to provide justification for change of the 283 

actual die shape but rather to observe the effect of the dead zone formation on the punch force 284 

and the accumulated maximum shear strain in the material. A comprehensive numerical study 285 

on how the geometric shape of the extrusion channel influences the billet damage level during 286 

ECAE is shown for example in [30]. 287 

A set of numerical simulations was performed with the models incorporating the triangular 288 

insert to investigate its influence on the deformed shape of the billet, extrusion force, and 289 

maximum shear strains. Fig. 14 (A) shows comparison of the deformed shape of the billet after 290 

the extrusion with and without the insert. It can be seen that the introduction of the insert 291 

results in the outline of the billet becoming more similar to what is observed in the experiment, 292 

see the lower surface of the billet. Also, the orientation of the stripes corresponds better to the 293 

experimental image. However, there is still a noticeable difference between the experimental 294 

and predicted billets, especially at the upper surface of the deformed shape. The curvature of 295 

the blue stripes at the top surface of actual billet is likely due to severe local plastic 296 

deformations caused by the sharp upper corner of the die not captured by the FE models. The 297 

prediction of the extrusion load gets affected as well, see Fig. 14 (B). The bump in the force 298 

around 40 mm of the punch displacement, corresponding to the material getting stuck at the 299 
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lower corner of the billet, disappears and the load drops at the stable portion of the curve by 300 

30kN. 301 

Fig. 15 shows the prediction of the maximum accumulated shear strain in the UHMWPE 302 

billet with and without triangular insert. According to the prediction, the introduction of the 303 

triangular insert significantly lowers the maximum shear stain throughout the billet (roughly 304 

two times) and results in a more uniform strain distribution. Accurately predicting, maximizing, 305 

and ensuring homogeneity of this effect is crucial as shear deformation under these conditions 306 

is hypothesized to fundamentally alter the microstructure and therefore the mechanical 307 

properties. 308 

Another important parameter for ECAE of UHMWPE is the processing temperature. As 309 

stated above, all of the material models were calibrated for UHMWPE GUR 1050 using the 310 

experimental data from [26]. The J2 and BB models do not include the temperature dependence 311 

of material properties (even though it can be incorporated by conducting characterization 312 

experiments for temperatures of interest). Unlike the J2 and BB models, TNM allows explicit 313 

incorporation of temperature dependence. However, the experiments reported in [26] were 314 

performed at two values of temperature only (20oC and 37oC). In contrast, the actual extrusion 315 

process was conducted at a temperature of 162.5oC for which the material characterization data 316 

is not presently available. Since the material model was calibrated for much lower 317 

temperatures, the numerical process loses its stability for temperatures above 140oC. Thus, to 318 

investigate the thermal sensitivity of the extrusion process, we limited the range of considered 319 

temperatures to 20oC – 140oC. We are aiming not to exactly match experimental data but rather 320 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Manufacturing Science and Engineering. Received February 11, 2021;
Accepted manuscript posted May 10, 2021. doi:10.1115/1.4051189
Copyright © 2021 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

anufacturingscience/article-pdf/doi/10.1115/1.4051189/6697592/m
anu-21-1064.pdf by U

niversity of N
ew

 H
am

pshire user on 14 June 2021



Journal of Manufacturing Science and Engineering 

 

17 

MANU-21-1064, Tsukrov 

observe the trends in the predicted response. For this purpose, we report force-displacement 321 

curves for the extrusion process as simulated using TNM at 20oC, 90oC, and 140oC. 322 

Fig. 16 compares the predictions for punch force as a function of the punch displacement to 323 

the actual experimental data. As seen in this image, the extrusion force drops by almost a third 324 

of what is predicted by the model at 20oC when the temperature is increased to 140oC. Since 325 

the constitutive model was calibrated using data for much lower temperatures, the predicted 326 

force at 140oC is lower than measured even though the experimental measurements were taken 327 

at 162.5oC. This proves that the proper reflection of the thermal sensitivity of the material 328 

properties is crucial for accurate modeling of ECAE process at elevated temperatures. 329 

 330 
6. CONCLUSIONS 331 

 332 

An efficient numerical procedure was developed to simulate ECAE of UHMWPE material in 333 

order to better understand the mechanics of the process and improve the processing 334 

parameters with the goal of achieving superior mechanical properties of UHMWPE. Three 335 

constitutive material models (J2, BB and TNM), calibrated using published characterization 336 

experiments for GUR 1050 UHMWPE [26], were utilized in the simulations. A set of parametric 337 

studies was performed to investigate how numerical predictions are affected by friction 338 

parameters, geometrical assumptions (2D vs. 3D), constitutive model choice, “dead zone” 339 

formation, and process temperature. 340 

We demonstrated that the value of the friction coefficient significantly affects the predicted 341 

extrusion punch force. For example, if the friction coefficient is increased from μ=0.01 to μ=0.2, 342 

the force applied to the extrusion punch increases by 80%. 343 
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The geometrical assumption study has shown that the 2D plane strain assumption can be a 344 

good option for the ECAE process simulation if the friction between the billet and the die is 345 

small or can be completely neglected. However, if the friction is not small then the 2D 346 

assumption becomes inaccurate. 347 

The applicability of three constitutive models (J2, BB and TNM) to the prediction of the 348 

UHMWPE behavior during ECAE process was investigated. It has been shown that the prediction 349 

based on J2-Plasticity is not in good agreement with the experimental results, both by deformed 350 

shape and punch force comparison. In addition, the J2 model does not account for the material 351 

strain rate and temperature sensitivity and hence cannot accurately predict the polymer 352 

behavior. In contrast, two other material models, the BB and TNM, showed similar performance 353 

and their utilization resulted in a more accurate prediction of the billet shapes after extrusion 354 

and of the punch forces. Even though both models account for the strain rate sensitivity of the 355 

UHMWPE, only TNM explicitly includes temperature in its constitutive equations. So, it comes 356 

to a trade-off between running a set of characterization tests at each value of temperature to 357 

calibrate the BB model and calibrating the more advanced TNM which requires more extensive 358 

characterization testing and includes more material parameters. Another factor to consider is 359 

that BB model is included in most commercial FE software packages. 360 

Note that our simulations are performed at the macroscale; they do not explicitly include 361 

microstructure of the material (crystallinity, molecular entanglement, possible porosity, etc.) 362 

and its evolution. Incorporation of microstructure evolution (which is usually implemented by 363 

assigning the material properties at each integration point of the FE mesh based on changes in 364 

the associated representative volume element during each time increment) would improve 365 
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both accuracy and spatial resolution of the models. At the same time, such multiscale 366 

simulations would require more information on macromolecular dynamics and significant 367 

computational resources. 368 

During extrusion, it is possible that a portion of material gets stuck in the sharp corner 369 

(“dead zone”) of the die leading to an increased punch force and possible material separation. 370 

Modeling of the material separation is challenging as it is unclear which damage initiation 371 

and/or fracture propagation criteria would be appropriate. We proposed to avoid modeling the 372 

separation of the “dead zone” by introducing a mitre-fillet-like insert in the lower corner of the 373 

extrusion channel. This resulted in the improved prediction of the deformed shape of the billet. 374 

The prediction of the punch force as compared to the experimental data improved both 375 

qualitatively and quantitatively (by 24%). However, this measure is artificial and can be used 376 

only if the simulation of the actual “dead zone” formation and material separation is not 377 

feasible. 378 

The influence of the processing temperature on the numerical predictions for the ECAE of 379 

UHMWPE was investigated. As the TNM constitutive model was calibrated using 380 

characterization experimental data obtained at much lower temperatures than the actual level 381 

during the extrusion, the prediction was not aimed to obtain an exact match with the 382 

experimental data but observe the trend. It has been shown that with the increase in 383 

temperature the extrusion force drops significantly. 384 

One of the important simulation results is the distribution of maximum accumulated shear 385 

strains in extruded UHMWPE billet. It can be used to better understand how the polymer chain 386 

entanglement level may vary within the billet and how the processing parameters (such as 387 
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temperature, extrusion rate, back pressure, friction, etc.) affect the local microstructure. It has 388 

been shown that the most influential factor is the presence of the “dead zone” as it significantly 389 

affects the magnitude and distribution of the maximum shear strain. Namely, when the 390 

triangular insert is introduced, the predicted magnitude of the shear strain is roughly two times 391 

lower as compared to the model without the insert, but its distribution is much more uniform. 392 

The information on distribution of accumulated shear strain could be a powerful means for 393 

predicting localized alterations to polymer chain conformation as well as mechanical properties 394 

within experimentally produced billets. 395 

 396 

 397 
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Appendix A. Bergstrom-Boyce Material Model 406 

This model has been originally proposed in [15] and widely used for modeling of polymeric 407 

materials’ behavior, see for example [17], [31]. It can directly account for strain rate sensitivity of 408 

the material. However, for temperature dependent response, this model requires 409 

characterization experiments at each value of temperature of interest. 410 

In this model, total Cauchy stress 𝝈 is a sum of the Cauchy stresses acting on networks A 411 

and B: 412 

𝝈 = 𝝈𝐴 + 𝝈𝐵.                                                          (1) 413 

The Cauchy stress acting on network A is as 414 

𝝈𝐴 =
𝜇𝐴

𝐽𝜆∗̅̅ ̅

𝐿−1(𝜆∗̅̅ ̅ 𝜆𝐴
𝑙𝑜𝑐𝑘⁄ )

𝐿−1(1 𝜆𝐴
𝑙𝑜𝑐𝑘⁄ )

dev(𝐁𝑨
∗ ) + 𝜅(ln 𝐽)𝐈                                      (2) 415 

where 𝜇𝐴 is the initial shear modulus, 𝜆𝐴
𝑙𝑜𝑐𝑘 is the limiting chain stretch, 𝜅 is the bulk modulus, 416 

𝐁𝑨
∗ = (𝐽)−2 3⁄ 𝐅𝑨𝐅𝐴

𝑇 is the distortional portion of the left Cauchy-Green tensor, 𝐅𝑨 is deformation 417 

gradient, 𝜆∗̅ = √𝑡𝑟(𝐁𝑨
∗ )/3 is the effective chain stretch, 𝐽 = det⁡(𝐅𝑨) is the volume change, 𝐿−1 418 

is the inverse Langevin function. 419 

The Cauchy stress on network B is expressed as 420 

𝝈𝐵 =
𝜇𝐵

𝐽𝐵
𝑒𝜆𝐵

𝑒∗̅̅ ̅̅̅
𝐿−1(𝜆𝐵

𝑒∗̅̅ ̅̅̅ 𝜆𝐵
𝑙𝑜𝑐𝑘⁄ )

𝐿−1(1 𝜆𝐵
𝑙𝑜𝑐𝑘⁄ )

dev(𝐁𝑩
𝒆∗) + 𝜅(ln 𝐽𝐵

𝑒)𝐈                                  (3) 421 

where 𝐽𝐵
𝑒 = det(𝑭𝐵

𝑒 ) is the elastic volume change of the network B, ⁡𝜆𝐵
𝑒∗̅̅ ̅̅ =  √𝑡𝑟(𝐁𝑩

𝒆∗)/3 is chain 422 

stretch in the elastic part of network B, 𝜆𝐵
𝑙𝑜𝑐𝑘 = 𝜆𝐴

𝑙𝑜𝑐𝑘is the limiting chain stretch 423 

𝐁𝐵
𝑒∗ =  (𝐽𝐵

𝑒)−2 3⁄ 𝐅𝐵
𝑒𝐅𝐵

𝑒𝑇 is the finger (left Cauchy-Green) tensor of the elastic part of network B, 424 

𝐅𝐵
𝑒 is the elastic part of the deformation gradient tensor. 425 

The viscous part of the network “B” is governed by the effective strain rate: 426 
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𝛾𝐵̇ = (𝜆𝐵
𝑝̅̅ ̅ − 1)

𝐶
(

𝜏

𝜏𝑏𝑎𝑠𝑒
)
𝑚

                                               (4) 427 

where 𝜆𝐵
𝑝̅̅ ̅ = √tr(𝐁𝐵

𝑝)/3 is the viscoplastic chain stretch, 𝜏 = (tr(𝛔′𝐵𝛔′𝐵))
1
2⁄  is the effective 428 

stress driving the viscous flow, and the deviatoric part of the Cauchy stress acting on the 429 

network B 𝛔′𝐵 is expressed as 𝝈′𝐵 = 𝜇𝐵dev(𝐁𝐵
𝑒 ). In Eq. (4), 𝜇𝐵 is the shear modulus of the 430 

network B and 𝐶, 𝑚, 𝜏𝑏𝑎𝑠𝑒 are the material parameters. 431 

 432 

Appendix B. Three-Network Material Model 433 

This model has been originally proposed in [21] and widely used for modeling of polymeric 434 

materials’ behavior including temperature sensitivity of the material response, see, for example, 435 

[32] and [33]. It directly takes into account both strain rate and temperature dependence. 436 

In this model the total Cauchy stress 𝝈 is a sum of the Cauchy stresses acting on networks A, 437 

B and C: 438 

𝝈 = 𝝈𝐴 + 𝝈𝐵 + 𝝈𝐶.                                                     (5) 439 

The Cauchy stress acting on the network A is given by 440 

𝝈𝐴 =
𝜇𝐴

𝐽𝐴
𝑒𝜆𝐴

𝑒∗̅̅ ̅̅̅ (1 +
𝜃−𝜃0

𝜃̂
)
𝐿−1(𝜆𝐴

𝑒∗̅̅ ̅̅̅ 𝜆𝐴
𝑙𝑜𝑐𝑘⁄ )

𝐿−1(1 𝜆𝐴
𝑙𝑜𝑐𝑘⁄ )

dev(𝐁𝐴
𝑒∗) + 𝜅(𝐽𝐴

𝑒 − 1)𝐈                         (6) 441 

where 𝐽𝐴
𝑒 = det(𝑭𝐴

𝑒) is the elastic volume change in the network A, 𝜇𝐴 is the initial shear 442 

modulus, 𝜆𝐴
𝑙𝑜𝑐𝑘 is the limiting chain stretch, 𝜃 is the current temperature, 𝜃0 is the reference 443 

temperature, 𝜃 is the is a material parameter specifying the temperature response of the 444 

stiffness, 𝐁𝐴
𝑒 = (𝐽𝐴

𝑒)−2 3⁄ 𝐅𝐴
𝑒𝐅𝐴

𝑒𝑇 is the finger (left Cauchy-Green) tensor of the elastic part of 445 

network A, 𝜆𝐴
𝑒∗̅̅ ̅̅ =  √𝑡𝑟(𝐁𝐴

𝑒∗)/3 is the is the effective chain stretch based on the eight-chain 446 
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topology assumption, 𝜅 is the bulk modulus, 𝐿−1 is the inverse Langevin function, 𝐈 is the unit 447 

tensor. 448 

The viscous part of the network A is governed by the effective strain rate: 449 

𝛾̇𝐴 = 𝛾̇0 (
𝜏𝐴

𝜏̂𝐴+𝛼𝑅(𝑝𝐴)
)
𝑚𝐴

∙ (
𝜃

𝜃0
)
𝑛

                                              (7) 450 

where 𝛾̇0 = 1/𝑠 is the dimensional consistency constant, 𝜏𝐴 = (tr(𝛔′𝐴𝛔′𝐴))
1
2⁄  is the effective 451 

stress, 𝑝𝐴 = −
(𝝈𝐴)11+(𝝈𝐴)22+(𝝈𝐴)33

3
 is the hydrostatic pressure, 𝑅(𝑥) = (𝑥 + |𝑥|)/2 is the ramp 452 

function, 𝜏̂𝐴, 𝛼, 𝑚𝐴, n are the material parameters. 453 

The Cauchy stress acting on network B is governed by the following equation: 454 

𝝈𝐵 =
𝜇𝐵

𝐽𝐵
𝑒𝜆𝐵

𝑒∗̅̅ ̅̅̅ (1 +
𝜃−𝜃0

𝜃̂
)
𝐿−1(𝜆𝐵

𝑒∗̅̅ ̅̅̅ 𝜆𝐵
𝑙𝑜𝑐𝑘⁄ )

𝐿−1(1 𝜆𝐵
𝑙𝑜𝑐𝑘⁄ )

dev(𝐁𝐵
𝑒∗) + 𝜅(𝐽𝐵

𝑒 − 1)𝐈                        (8) 455 

where 𝐽𝐵
𝑒 = det(𝑭𝐵

𝑒 ) is the elastic volume change in the network B, 𝐁𝐵
𝑒 = (𝐽𝐵

𝑒)−2 3⁄ 𝐅𝐵
𝑒𝐅𝐵

𝑒𝑇 is the 456 

finger (left Cauchy-Green) tensor of the elastic part of network B, 𝜆𝐵
𝑒∗̅̅ ̅̅ = √𝑡𝑟(𝐁𝐵

𝑒∗)/3 is the 457 

effective chain stretch based on the eight-chain topology assumption.  458 

Effective shear modulus 𝜇𝐵 evolves from 𝜇𝐵𝑖 to 𝜇𝐵𝑓 with plastic strain according to the 459 

following rule: 460 

𝜇𝐵̇ = −𝛽(𝜇𝐵 − 𝜇𝐵𝑓)𝛾𝐴̇                                                  (9) 461 

where 𝛾𝐴̇ is the viscoplastic flow rate. 462 

Similarly to the network A, the viscous flow rate for network B is given by 463 

𝛾̇𝐵 = 𝛾̇0 (
𝜏𝐵

𝜏̂𝐵+𝛼𝑅(𝑝𝐵)
)
𝑚𝐵

∙ (
𝜃

𝜃0
)
𝑛

                                       (10) 464 

where 𝜏𝐵 = (tr(𝛔′𝐵𝛔′𝐵))
1
2⁄  is the effective stress, 𝑝𝐴 = −

(𝝈𝐵)11+(𝝈𝐵)22+(𝝈𝐵)33

3
, 𝜏̂𝐵, 𝑚𝐵, are the 465 

material parameters. 466 
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The Cauchy stress in the third network C is  467 

𝝈𝐶 =
1

1+𝑞
[
𝜇𝐶

𝐽𝜆∗̅̅ ̅
(1 +

𝜃−𝜃0

𝜃̂
)
𝐿−1(𝜆∗̅̅ ̅ 𝜆𝐶

𝑙𝑜𝑐𝑘⁄ )

𝐿−1(1 𝜆𝐶
𝑙𝑜𝑐𝑘⁄ )

dev(𝐁∗) + 𝜅(𝐽 − 1)𝐈 + 𝑞
𝜇𝐶

𝐽
(𝐼1

∗𝐁∗ −
2𝐼2

∗

3
𝐈 − (𝑩∗)𝟐)],     (11) 468 

where 𝜇𝐶  is the initial shear modulus, 𝐁∗ = 𝐽−2 3⁄ 𝐅𝐅T is the Cauchy-Green deformation tensor, 469 

𝜆∗̅ =  √𝑡𝑟(𝐁∗)/3 is the effective chain stretch, q is the material parameter, 𝐼1
∗ and 𝐼2

∗ are the 470 

stretch tensor first and second invariants. 471 

 472 

 473 
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Figure Captions List 568 

 569 

Fig. 1 ECAE schematics. The layers illustrate the nature of the billet deformation 

during extrusion 

Fig. 2 Deformed shape of the polymer billet after the extrusion. Circled is a 

portion of the billet separated during the extrusion (“dead zone”) 

Fig. 3 3D FE mesh of the billet (A) undeformed and (B) during the extrusion 

Fig. 4 One dimension rheological representation of Bergstrom-Boyce model. 

𝜇𝐴,  𝜆𝐴
𝑙𝑜𝑐𝑘⁡and 𝜅, 𝜇𝐵,  𝜆𝐵

𝑙𝑜𝑐𝑘,  𝜏𝑏𝑎𝑠𝑒 ,  𝐶,  𝑚, (𝜆𝐴
𝑙𝑜𝑐𝑘 = 𝜆𝐵

𝑙𝑜𝑐𝑘) are the material 

parameters associated with networks A and B, correspondingly. Explicit 

expressions for stresses acting on the networks are provided in Appendix A 

Fig. 5 One dimensional rheological representation of Three Network Model. 

𝜇𝐴,  𝜆𝐴
𝑙𝑜𝑐𝑘,  𝜅,  𝜃, 𝜏̂𝐴, 𝛼, 𝑚𝐴, n, 𝜇𝐵, 𝜇𝐵𝑓 ,  𝜆𝐵

𝑙𝑜𝑐𝑘, 𝜏̂𝐵, 𝑚𝐵, 𝜇𝐶 ,  𝜆𝐶
𝑙𝑜𝑐𝑘,  𝑞, (𝜆𝐴

𝑙𝑜𝑐𝑘 =

𝜆𝐵
𝑙𝑜𝑐𝑘 = 𝜆𝐶

𝑙𝑜𝑐𝑘) are the material parameters associated with networks A, B 

and C. Explicit expressions for stresses acting on the networks are provided 

in Appendix B 

Fig. 6 Punch force vs. extrusion time for ECAE of HDPE at 25oC and 60oC. 

Comparison of the present model with the predictions published in [7] 

Fig. 7 Punch force vs. punch displacement for different friction coefficients. The 

insets illustrate the corresponding stages of the extrusion process 

Fig. 8 Deformed shapes using J2-Plasticity, 2D vs. 3D (μ=0.15) 
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Fig. 9 Punch force vs. punch displacement, 2D vs. 3D 

Fig. 10 Deformed shape of the billet after the extrusion and extraction 

Fig. 11 Punch force vs. punch displacement for different constitutive models 

Fig. 12 Maximum shear strain distribution as predicted by the J2, BB and TNM 

models. Simulations are performed for extrusion at 20oC 

Fig. 13 Mitre-fillet-like insert schematics. Dimensions are in millimeters 

Fig. 14 Comparison of the predictions by a model with the triangular insert and 

without it. (A) Deformed shapes and (B) punch force – displacement 

curves. Red circle on the experimental deformed shape indicates the area 

of severe local plastic deformation 

Fig. 15 Maximum shear strain predicted by the model (A) without a triangular 

insert and (B) including a triangular insert 

Fig. 16 Punch force - displacement curves for different temperatures 
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Table Caption List 572 

 573 

Table 1 J2-Plasticity model parameters for HDPE 
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 575 
Fig. 1 ECAE schematics. The layers illustrate the nature of the billet deformation during 576 

extrusion 577 

  578 

Extrusion channel

Pressure punch

Back-pressure
plate

Extraction punch Φ

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Manufacturing Science and Engineering. Received February 11, 2021;
Accepted manuscript posted May 10, 2021. doi:10.1115/1.4051189
Copyright © 2021 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

anufacturingscience/article-pdf/doi/10.1115/1.4051189/6697592/m
anu-21-1064.pdf by U

niversity of N
ew

 H
am

pshire user on 14 June 2021



Journal of Manufacturing Science and Engineering 

 

31 

MANU-21-1064, Tsukrov 

 579 
Fig. 2 Deformed shape of the polymer billet after the extrusion. Circled is a portion of 580 

the billet separated during the extrusion (“dead zone”) 581 
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 583 
Fig. 3 3D FE mesh of the billet (A) undeformed and (B) during the extrusion 584 
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 586 
Fig. 4  One dimension rheological representation of Bergstrom-Boyce model. 587 

𝜇𝐴,  𝜆𝐴
𝑙𝑜𝑐𝑘⁡and 𝜅, 𝜇𝐵,  𝜆𝐵

𝑙𝑜𝑐𝑘,  𝜏𝑏𝑎𝑠𝑒 ,  𝐶,  𝑚, (𝜆𝐴
𝑙𝑜𝑐𝑘 = 𝜆𝐵

𝑙𝑜𝑐𝑘) are the material parameters associated 588 

with networks A and B, correspondingly. Explicit expressions for stresses acting on the networks 589 

are provided in Appendix A 590 
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 592 
Fig. 5 One dimensional rheological representation of Three Network Model. 593 

𝜇𝐴,  𝜆𝐴
𝑙𝑜𝑐𝑘,  𝜅,  𝜃, 𝜏̂𝐴, 𝛼, 𝑚𝐴, n, 𝜇𝐵, 𝜇𝐵𝑓 ,  𝜆𝐵

𝑙𝑜𝑐𝑘, 𝜏̂𝐵, 𝑚𝐵, 𝜇𝐶 ,  𝜆𝐶
𝑙𝑜𝑐𝑘,  𝑞, (𝜆𝐴

𝑙𝑜𝑐𝑘 = 𝜆𝐵
𝑙𝑜𝑐𝑘 = 𝜆𝐶

𝑙𝑜𝑐𝑘) are the 594 

material parameters associated with networks A, B and C. Explicit expressions for stresses acting 595 

on the networks are provided in Appendix B 596 
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 598 
Fig. 6 Punch force vs. extrusion time for ECAE of HDPE at 25oC and 60oC. Comparison of 599 

the present model with the predictions published in [7] 600 
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 602 
Fig. 7 Punch force vs. punch displacement for different friction coefficients. The insets 603 

illustrate the corresponding stages of the extrusion process 604 
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 606 
Fig. 8 Deformed shapes using J2-Plasticity, 2D vs. 3D (μ=0.15) 607 
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 609 
Fig. 9 Punch force vs. punch displacement, 2D vs. 3D 610 
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 612 
Fig. 10 Deformed shape of the billet after the extrusion and extraction 613 
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 615 
Fig. 11 Punch force vs. punch displacement for different constitutive models 616 
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 618 

 619 
Fig. 12 Maximum shear strain distribution as predicted by the J2, BB and TNM models. 620 

Simulations are performed for extrusion at 20oC 621 
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 623 
Fig. 13 Mitre-fillet-like insert schematics. Dimensions are in millimeters 624 
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 626 
Fig. 14  Comparison of the predictions by a model with the triangular insert and without 627 

it. (A) Deformed shapes and (B) punch force – displacement curves. Red circle on the 628 

experimental deformed shape indicates the area of severe local plastic deformation 629 
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 631 
Fig. 15 Maximum shear strain predicted by the model (A) without a triangular insert and 632 

(B) including a triangular insert 633 
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 635 
Fig. 16 Punch force - displacement curves for different temperatures 636 
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Table I: J2-Plasticity model parameters for HDPE 638 

T=25oC  T=60oC 
E, MPa 500  E, MPa 150 

ν 0.38  ν 0.38 
   

𝜀𝑝 𝜎𝑌, MPa  𝜀𝑝 𝜎𝑌, MPa 
0 10.0  0 3.6 

0.0027 16.4  0.0184 9.1 

0.0807 25.1  0.0771 15.9 

0.1614 31.5  0.1124 19.1 

0.2595 36.0  0.1537 22.1 

0.2133 39.4  0.1905 24.3 

0.3306 44.8  0.2299 26.6 
 639 
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