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A constitutive model is proposed for modeling rate and temperature dependent stress-strain behavior of amorphous polymers. The model developed here is a modification of cooperativeviscoplasticity theory based on overstress (VBO) model. The modifications are performed to capture the temperature dependent behaviors below and through the glass transition temperature (Tg) of amorphous polymers as well as rate dependency from quasi static to high strain rate loading. In the proposed constitutive model, adiabatic heating due to high strain rate deformations is included to capture the high strain rate behaviors. The temperature dependent behavior below, around and through Tg will be captured with the modifications performed on the viscoplastic strain rate. The model has been shown to be predictive of compression behavior of DER 353 epoxy at quasi and high strain rates and a temperature range from room to Tg. The genetic algorithm (GA) parameter optimization procedure has been proposed to determine material parameters of the models. The model parameters are determined using GA optimization method. The newly modified model is able to capture the mechanical behavior below and through Tg and also all of the features of the large strain behavior, including the initial modulus, yield stress, strain softening and strain hardening.

Introduction

Epoxy resin is selected to be investigated over a large range of strain rates and temperatures, since it has been used in many fields from military to civilian industries. Cured epoxy resin is a thermoset which has a crosslinked structure with high strength, low shrinkage, good chemical stability, corrosion resistance, adhesion and high-grade electrical insulation. Therefore, its application areas are changing from polymer composites and nanocomposites, coatings, adhesives to electronics components and electrical insulators.

Epoxy resin is one of the most commonly used thermoset in polymer composites as matrix material. Glass fiber/epoxy composites have been used for ballistic protection due to high specific strength, stiffness and energy absorption capacity. The response of polymer composites to impact loading is the main interest especially in the aerospace, automotive and defense-related industries. [START_REF] Tamrakar | Experimental investigation of strain rate and temperature dependent response of an epoxy resin undergoing large deformation[END_REF][START_REF] Grujicic | Material modeling and ballistic-resistance analysis of armor-grade composites reinforced with highperformance fibers[END_REF][START_REF] Pan | Transient heat generation and thermo-mechanical response of epoxy resin under adiabatic impact compressions[END_REF].

For manufacturing as well as ascertaining service loading condition of the polymeric products, the analysis of the mechanical behavior of amorphous polymers at high strain rates and different temperatures is needed. The material models which can define the mechanical behaviors are required to be developed. Since the behaviors of polymers are strain rate and temperature dependent, the material models should be able to cover the behaviors in large temperature range (below, through and above Tg) and a large range of strain rates from quasi static to high.

Analytical models have been proposed for rate and temperature dependent behaviors and phenomena of post yield softening followed by strain hardening which is observed in some polymers such as polycarbonate (PC), poly(methyl methacrylate (PMMA) and epoxy resin. In the work by [START_REF] Mulliken | Mechanics of the rate-dependent elastic-plastic deformation of glassy polymers from low to high strain rates[END_REF], a combined experimental and analytical investigation has been performed to investigate the mechanical behavior of PC and PMMA.

The original form of the material model is in [START_REF] Boyce | Large Inelastic deformation of glassy polymers. Part I: rate dependent constitutive model[END_REF]. Strain rates used in the simulations were 1.E-3, 1 and to 4000 /s. For the case of PC, some differences between experiments and simulations are observed. Post yield behavior is predicted qualitatively. At moderate and high strain rates, there is a discrepancy between model and experiment over the post-yield portion of the stress-strain curves of PMMA since thermal softening is not accounted into the model. [START_REF] Richeton | Modeling and validation of the large deformation inelastic response of amorphous polymers over a wide range of temperatures and strain rates[END_REF] developed the cooperative model for amorphous polymers and incorporated it into Boyce approach. The mechanical response of PC and PMMA over a wide range of temperatures and strain rates is simulated including the rubbery region and impact loading rates. In the work by [START_REF] Colak | Cooperative viscoplasticity theory based on overstess approach for modeling large deformation behavior of amorphous polymers[END_REF], a micromechanically based formulation of the cooperative model is incorporated into VBO model. The validity of the proposed cooperative VBO model is demonstrated by modeling the uniaxial compression behavior of PMMA at temperatures from -40 • C to 40 • C which are below Tg and quasi static strain rates (1.E-2 and 1.E-3 /s).

The majority of the work about epoxy resin in the literature is related to composites.

The number of experimental or analytical works devoted exclusively to epoxy resin is quite limited. The compressive behavior of epoxy resin and liquid nitrile rubber (LNBR)-epoxy composites are examined by performing quasi-static and dynamic experiments in the work by [START_REF] Xu | Mechanical behavior of liquid nitrile rubbermodified epoxy resin: experiments, constitutive model and application[END_REF]. The viscoelastic behavior of epoxy resin and LNBR/epoxy composites under a wide range of strain rates is simulated by using the standard Zhu-Wang-Tang (ZWT) nonlinear viscoelastic model. [START_REF] Behzadi | Yielding behavior of model epoxy matrices for fiber reinforced composites: effect of strain rate and temperature[END_REF] investigated the compression and yield behavior of epoxy resin as function of strain rate and temperature. The objectives of the work by [START_REF] Pan | Transient heat generation and thermo-mechanical response of epoxy resin under adiabatic impact compressions[END_REF] are to compare the differences in the mechanical behavior of the epoxy resin between quasi-static and dynamic compression. This comparison relies on the adiabatic heating and temperature distribution in the material under dynamic compression loading. The rate and temperature dependent behavior of epoxy DER 353 have been investigated by [START_REF] Tamrakar | Experimental investigation of strain rate and temperature dependent response of an epoxy resin undergoing large deformation[END_REF] in details. Temperature change during 1 /s strain rate loading is also measured, strain rate and temperature dependent yield stress is modeled using Ree-Eyring model.

The literature review reveals that most of the works are about the modeling the behavior of polymeric materials at specific strain rates, generally quasi static rates or temperatures below Tg [START_REF] Varghese | Constitutive equations for thermomechanical deformations of glassy polymers[END_REF][START_REF] Richeton | Modeling and validation of the large deformation inelastic response of amorphous polymers over a wide range of temperatures and strain rates[END_REF][START_REF] Colak | Cooperative viscoplasticity theory based on overstess approach for modeling large deformation behavior of amorphous polymers[END_REF].

To the best of our knowledge, there is no work on modeling quantitatively the behavior of epoxy resin from quasi static to high strain rates and for temperatures ranging from below to around Tg.

Even though a large number of works has addressed on experimental and simulation of rate dependency of polymeric materials, their behavior at high strain rate is not well understood and simulated with viscoelastic-viscoplastic constitutive laws. The goal of this work is to develop a viscoplastic constitutive law which can capture the behavior at all deformation rates. In addition, not only the rate dependency, but also temperature dependency should be simulated for large range of temperatures from below, through Tg. The cooperative VBO model is modified by including the effect of adiabatic heating which is observed at high strain rate applications. In addition, the shear strain rate formulation is modified for capturing the behavior at temperatures through Tg.

The material parameters estimation is one of the important parts of modeling since most of the models contain a large number of material parameters. Generally, in the analytical investigations, the material model parameters estimation is done with trial and error analysis.

Instead of using trial and error analysis, the material model parameter estimation is done using genetic algorithm (GA) which is a method for solving both constrained and unconstrained optimization problems based on a natural selection process. The proposed model is tested for modeling the rate and temperature dependent behavior of epoxy DER 353. Experimental data are taken from [START_REF] Tamrakar | Experimental investigation of strain rate and temperature dependent response of an epoxy resin undergoing large deformation[END_REF]. The mechanical behavior of epoxy DER 353 at below and through Tg is captured. Also from quasi static to high strain rates, all features of the large strain behavior, including the initial modulus, yield stress, strain softening and strain hardening (only in quasi static loadings) are predicted well.

Cooperative-VBO Model

Viscoplasticity theory based on overstress (VBO) is a unified state variable theory without yield surface, [START_REF] Krempl | Viscoplasticity based on overstress with a differential growth law for the equilibrium stress[END_REF]. It is initially developed for metals, then extended to polymers and recently to nanocomposites, [START_REF] Colak | Modeling of uniaxial and biaxial ratcheting behavior of 1026 Carbon steel using the simplified Viscoplasticity Theory Based on Overstress (VBO)[END_REF]Colak, 2004 and[START_REF] Colak | Modeling deformation behavior of polymers with Viscoplasticity Theory Based on Overstress[END_REF][START_REF] Acar | Cooperative-VBO model for polymer/graphene nanocomposites[END_REF]. The capabilities of VBO model for predicting the stress-strain, creep and relaxation behaviors of HDPE [START_REF] Dusunceli | High density polyethylene (HDPE): Experiments and Modeling[END_REF], the biaxial ratcheting behaviors of UHMWPE [START_REF] Asmaz | Biaxial ratcheting of ultrahigh molecular weight polyethylene. Eperiments and Constitutive modeling[END_REF] resistance. While intramolecular deformation in polymers can be in the form of bond stretching and bond rotation, intermolecular deformation are chain slippage and chain separation, [START_REF] Boyce | Large Inelastic deformation of glassy polymers. Part I: rate dependent constitutive model[END_REF].

Flow Rule

The additive decomposition of the rate of deformation tensor D is used for modeling the finite deformation. The rate of deformation D, which is the measure of the stretching, is decomposed into the elastic and viscoplastic parts. The flow law for finite deformation theory of cooperative-VBO model for polymers is giving in deviatoric form as, [START_REF] Colak | Cooperative viscoplasticity theory based on overstess approach for modeling large deformation behavior of amorphous polymers[END_REF]
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where s and d are the deviators of the Cauchy stress tensor, σ, and the rate of deformation tensor, D, respectively, and g is the deviatoric part of the equilibrium stress which is the stress that the material can sustain at rest. is the objective rate of Cauchy stress. E is the rate and temperature dependent elasticity modulus, and ν is the elastic Poisson's ratio. Γ is the overstress invariant with the dimension of stress, defined by
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for nonlinear unloading which is observed in the polymeric materials. In the equations, the bold letters are used to shown tensor valued quantities.

Viscoplastic Strain Rate below the Glass Transition

It is now well known that both the structure and the dynamics of polymeric materials are closely related to the local free volume which exists between molecules. The local free volume is created by the gaps left between entangled polymer chains. The concept of free volume is important, since it is considered that the molecular reorganization is enabled by free volume, and therefore, it is associated with phenomena such as diffusion, viscoelastic flow and the glass transition. This local free volume can be directly probed by Positron annihilation lifetime spectrometry (PALS) technique, [START_REF] Roussenova | Free volume, molecular mobility and polymer structure: towards the rational design of multi-functional materials[END_REF].

Since the mobility is related to the free volume or the volume surrounding a chain segment, if a segment has a low free volume, it is tightly confined by its neighbors. At temperatures below Tg of the amorphous polymers, it is assumed that the plastic flow which is followed by the molecular chain alignment does not start until the intermolecular resistance of the material to segment rotation has been overcome. This resistance is due to the restriction imposed on the molecular chain motion due to the neighboring chains. The flow starts once the free energy barriers to molecular mobility is overcome through the thermally activated rotation of these segments. [START_REF] Boyce | Large Inelastic deformation of glassy polymers. Part I: rate dependent constitutive model[END_REF] Many molecular theories proposed for the prediction of the yield stress of amorphous polymers consider the yield behavior as a thermally activated process. One of the first models is the Eyring model which describes deformation as a stress-biased thermally activated process. The Eyring model predicts the influences of strain rate and temperature on yield by assuming that flow occurs through an activated-rate process. The fundamental process of yielding consists of the jump of macromolecule segments from one equilibrium position to another [START_REF] Eyring | Viscosity, plasticity, and diffusion as examples of absolute reaction rates[END_REF].

Taking into account the significance of the activation volume, temperature and activation energy in the yield process, the viscoplastic shear strain rate for the cooperative model is defined as
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where is the pre-exponential shear rate factor, Δ5 6 is the activation energy of the secondary relaxation of polymer chains, R is the gas constant, k is the Boltzmann's constant, θ is the absolute temperature, n is a material parameter describing the cooperative nature of the polymer chain segments, V is the shear activation volume, and ti is the evolving internal shear stress, [START_REF] Richeton | Modeling and validation of the large deformation inelastic response of amorphous polymers over a wide range of temperatures and strain rates[END_REF][START_REF] Colak | Cooperative viscoplasticity theory based on overstess approach for modeling large deformation behavior of amorphous polymers[END_REF]. The thermomechanical behavior of amorphous polymers below Tg is investigated in the previous work by [START_REF] Colak | Cooperative viscoplasticity theory based on overstess approach for modeling large deformation behavior of amorphous polymers[END_REF].

Here, the thermomechanical behavior is extended to through Tg. Therefore, the viscoplastic strain rate is redefined.

Viscoplastic Strain Rate through the Glass Transition

The mechanical behaviors of amorphous polymers change dramatically above and below Tg. For temperatures above Tg, it is found that the yield stress vanishes to zero [START_REF] Tamrakar | Experimental investigation of strain rate and temperature dependent response of an epoxy resin undergoing large deformation[END_REF][START_REF] Richeton | Modeling and validation of the large deformation inelastic response of amorphous polymers over a wide range of temperatures and strain rates[END_REF]). The material behaves like an elastomer. This phenomena is confirmed by DMA results which shows sudden drop in storage modulus above

Tg. In the work of [START_REF] Richeton | A formulation of the cooperative model for the yield stress of amorphous polymers for a wide range of strain rates and temperatures[END_REF], the cooperative model was also extended through the glass transition according to the Williams-Landel-Ferry (WLF) equation which describes the mechanical properties of amorphous polymers in the range Tg to Tg + 100 o C, [START_REF] Williams | The temperature dependence of relaxation mechanisms in amorphous polymers and other glass-forming liquids[END_REF].

The viscoplastic shear rate through the glass transition given by [START_REF] Richeton | A formulation of the cooperative model for the yield stress of amorphous polymers for a wide range of strain rates and temperatures[END_REF] is used by replacing the effective equivalent shear stress by overstress invariant, Γ. It is,
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where A B and A B are WLF parameters relative to Tg. One of the main difference from the shear strain rate equation for temperatures below Tg is that the internal stress is taken as zero since strain softening vanishes in rubbery state.

Strain Softening

Yield and post yield behavior of amorphous polymers exhibit the rate, temperature dependence and as well as the strain softening and pressure dependence. In this work, the pressure dependence is not considered. Softening which is the characteristic of many polymers is incorporated into the shear strain rate by introducing the internal stress (ti).

Experiments performed on PC which has been given different heat treatments (which means having different initial structures) reveal yielding at different stress levels, however, softening to approximately the same stress level. [START_REF] Haward | The effect of chain structure on the annealing and deformation behavior of polymers[END_REF]. This stress level is associated with a 'preferred' structure. In some of the polymers such as epoxy, PMMA and PC, following the yielding, softening behavior is observed due to the decrease of the internal stress which may result in a rearrangement of molecular defects until a more stable configuration is reached. To account for this post yield strain softening, the internal shear stress evolves significantly as given in Eq. 4. [START_REF] Boyce | Large Inelastic deformation of glassy polymers. Part I: rate dependent constitutive model[END_REF])
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where h is the softening slope, τps is the stress level reached at steady state, referring to the preferred structural state of the material. It may depend on temperature and strain rate. It is shown in [START_REF] Richeton | Influence of temperature and strain rate on the mechanical behavior of three amorphous polymers: Characterization and modeling of the compressive yield stress[END_REF] that the internal stress evolves linearly with temperature, the initial value of the internal shear stress is defined as N G = N G 0 -PQ where N G 0 is the internal stress at 0 K and m is a material constant. τps evolves with strain rate as [START_REF] Colak | Cooperative viscoplasticity theory based on overstess approach for modeling large deformation behavior of amorphous polymers[END_REF],
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where N R is the initial stress referring to the preferred structural state of the material, x is the material parameter.

Temperature and Strain Rate Dependent Elasticity Modulus

For modeling temperature and rate dependent behavior of polymers, the elasticity modulus is defined by considering β, α (glass transition) transitions and flow, [START_REF] Richeton | Influence of temperature and strain rate on the mechanical behavior of three amorphous polymers: Characterization and modeling of the compressive yield stress[END_REF]. These three main transitions that material undergoes are characterized by Tβ, Tα and Tf temperatures as given in Eq. 6.
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where ^G _ is the stiffness of the material at the beginning of each transition i, mi are the symbolizes logarithm to the base 10.

Adiabatic Heating:

Adiabatic heating which is observed at high strain rates have a significant effect on the behavior of the materials. Under adiabatic conditions, the most part of the plastic work is dissipated into heat. This temperature rise causes softening effect on the material. For high strain rate applications such as crash, impact and high speed machining, the plastic where k is the thermal conductivity, θ is the absolute temperature, λ and µ are Lame constants, ω is the inelastic heat fraction, ρ is the density of the material, c is the specific heat per unit mass, α is the coefficient of thermal expansion. 'tr' is trace of any tensor, ':' denotes dot product of a tensor. In high strain rate loadings, thermal conduction term (l∇ Q becomes negligible. Compared to thermoplastic term, thermoelastic term is also neglected, [START_REF] Boyce | Large Inelastic deformation of glassy polymers. Part I: rate dependent constitutive model[END_REF][START_REF] Pan | Transient heat generation and thermo-mechanical response of epoxy resin under adiabatic impact compressions[END_REF]). Thus, Eq.8 becomes sv: _ 8 = uAQ .
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The portion of plastic work dissipated as heat is quantified by the inelastic heat fraction, ω which is also known as Taylor and Quinney coefficient, can be estimated from

s = %)w; x yzL k { (9) 
The inelastic work (x v|_ L 9

is the area under stress strain curve. Inelastic heat fraction for epoxy resin is calculated at the work by [START_REF] Pan | Transient heat generation and thermo-mechanical response of epoxy resin under adiabatic impact compressions[END_REF] and found as ω = 0.45. Due to influences of hardeners, and curing process, this value can vary. Also, experimental investigations have shown the dependence of the inelastic heat fraction on strain, strain rate and the temperature as well, [START_REF] Kapoor | Determination of temperature rise during high strain rate deformation[END_REF]. Considering the change in temperature measured during 1 /s strain rate by [START_REF] Tamrakar | Experimental investigation of strain rate and temperature dependent response of an epoxy resin undergoing large deformation[END_REF], heat fraction is taken as 0.65 in this work.

The density of epoxy DER 353, ρ is 1.12E3 kg/m 3 , (from product information by DOW), the specific heat capacity, c is 1100 J/kgK. (Thermoset epoxy, 2019). Considering Eq. 9, the Cauchy stress is replaced by first invariant of overstress (Γ) which is the rate dependent contribution to the stress in VBO and the inelastic strain rate is replaced by viscoplastic shear strain rate ( . Then, the rate of change of temperature becomes,

Q = s } ~J w; (10) 
The density and specific heat capacity change particularly by the glass transition temperature.

Some empirical and semi-empirical formulas for density and heat capacity are given in Eq.11, [START_REF] Van Krevelen | Properties of Polymers[END_REF]. Temperature dependence of the density and specific heat capacity are,
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The temperature dependency of the thermal expansion coefficient is given as,

n Q = n 298 • , n < i B n Q = n 298 • + 9. > = , n ≥ i B (12) 
At quasi static strain rates, the change in temperature will be zero. To simulate the influences of adiabatic heating observed at high strain rate loadings, the thermal strain is included into the total rate of deformation formulation. Then, the rate of deformation tensor becomes,
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where I is identity tensor. Thermal expansion coefficient for epoxy (α) is 5.E-6 /K, (Thermoset epoxy, 2019).

The State Variables of Cooperative VBO

Equilibrium Stress

One of the tensorial state variable of VBO model is the equilibrium stress. It is the stress that material can sustain at rest. It consists of hardening and softening terms as given in Eq.14. The difference between equilibrium stress and Cauchy stress gives the overstress which is the rate dependent contribution to the stress.
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where k and A are the kinematic and isotropic stresses respectively.

is the objective rate of equilibrium stress ( ). The transition from elastic to viscoplastic region is modeled with the shape function, ' . In this work, the simplified version of shape function is used to reduce the number of parameters. It is defined as
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where c1, c2 and c3 are the material parameters. The dimensionless shape constant is bounded by ^< ' < ^0 .

Kinematic Stress

The second tensorial state variable is kinematic stress which is introduced to model Bauchinger effect and set the tangent modulus Et at viscoplastic region. The objective rate of kinematic stress is, = "0

(16)
Here "0 is defined as "0 = ^0/ 1 --. Tangent modulus evolves nonlinearly with viscoplastic strain. Therefore it is defined as
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where š and ξ material parameters, Eto is the initial tangent modulus, [START_REF] Colak | Cooperative viscoplasticity theory based on overstess approach for modeling large deformation behavior of amorphous polymers[END_REF]). In Eq. 17, the symbol | | indicates the magnitude, which corresponds to absolute value in uniaxial loading. (For a given second order tensor T, its magnitude is defined with the scalar (inner) product as; T = T: T ).

Isotropic Stress

The last scalar state variable of VBO model is isotropic stress. It is introduced into model to simulating cyclic hardening. In this work, due to monotonic loading, it is taken as constant.

In large deformation theories, objectivity needs to be satisfied. In this work, the Jaumann rate is chosen as objective rate. Since the skew symmetric spin tensor is zero for uniaxial loading, the objective rate of any tensor becomes equal to the material rate, (Colak, 2004).

Material Parameter Determination with Genetic Algorithm Optimization

Method

A genetic algorithm (GA) is a method for solving both constrained and unconstrained optimization problems based on a natural selection process. The algorithm repeatedly modifies a population of individual solutions. At each step, the genetic algorithm randomly selects individuals from the current population and uses them as parents to produce the children for the next generation. Over successive generations, the population "evolves" toward an optimal solution, [START_REF] Reeves | Genetic algorithms: Principles and Perspectives, A Guide to GA Theory[END_REF]. GA algorithm differs from the commonly used optimization methods named as gradient descent methods.

The gradient descent algorithms generate a sequence of points that approaches an optimal solution by using gradient of cost function F(x) which is the error value function. It is obtained from difference between the experimental result and the result obtained from simulation with the parameters obtained by minimization. The parameter values are changed according to negative gradient of cost function (Eq. 18). T = -›oe T T ∊ fVUžFŸVh f ¡A-
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If there are constraints in the minimization, the cost function is obtained by converting the constrained optimization problem to unconstrained one by using penalty or barrier method. Another way of handling constrained optimization problem is constructing a dynamics based on gradient projection concept. If the new obtained parameters are outside of the feasible region of solution, they are projected to a feasible one, (Cakir, 2004).

Optimization methods based on the gradient of the function have to obey the conditions of continuity and existence of derivative in any point of its universe and for any direction of the cost function [START_REF] Andrade-Campos | On the determination of material parameters for internal variable thermoelastic-viscoplastic constitutive models[END_REF]. Because of the existence of multiple minimum points in the cost function, the reached solution is the local minimum point of the cost function which is near to the initial value. By choosing different initial values in the solution space, the best minimum point which is the optimal solution for parameters are found. However, that needs excessive number of simulation by different initial values.

On the other hand, the genetic algorithm is applied to solve the problems that are not well suited for standard optimization algorithms, including problems in which the objective function is discontinuous, non differentiable, stochastic, or highly nonlinear. In this work, the Matlab program was used in Genetic Algorithm optimization. The flow chart of GA algorithm procedure is given in Fig. 2. Then process called as children production from the parents is executed to obtain remaining population, by making random changes to a single parent-mutation-or by combining the vector entries of a pair of parents-crossover. The number of crossover children was chosen as 200 and the remaining 97 are children obtained by mutation. The algorithm stops when one of the stopping criteria is met. It can be either the average relative change in the best fitness function value over generations is less than or equal to chosen limit value or the average relative change in the fitness function across 30 generations is less than predefined value.

The fitness function used in optimization was established as:

oe ¢ = ∑ ¤v G ¥ -v G RGa ¢ ¤ ¦ G § ( 19 
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where N is the number of measurement points, x={} is a vector of model parameters, v G ¥ is experimentally obtained stress and v G RGa ¢ is stress obtained by simulation. In this work, the experimental stress-strain curve at the strain rate of 1.E-2 /s which is obtained from Tamrakar et al. ( 2018) is used. Therefore, the fitness function includes the differences between experimentally determined and the simulated results of stress value for one strain rate.

GA optimization procedure was implemented by using MATLAB. The programs consist of GA optimization M-File for obtaining parameters and IMS Fortran scripts of stiff differential equations of modified cooperative VBO model. In order to determine material parameters of cooperative-VBO model, MATLAB scripts and a DGEAR of IMLS FORTRAN script are used repeatedly. Fitness values versus generation during optimization are depicted in Fig. 3. The material parameters determined using GA optimization method is given in Table 1. 

Simulation Results

Cooperative-VBO model consists of stiff nonlinear ordinary differential equations.

Stiffness implies that a small change in the input may result in large changes in the output.

The system of stiff differential equations is numerically integrated using commercial ordinary differential equation solver program, DGEAR of IMSL.

Material

Epoxy resin DER 353 obtained from Dow Chemical Company was mixed with bis (paminocyclohexyl) methane (PACM-20) curing agent (Air Products and Chemicals, Inc.) at stoichiometric ratio of 100:28 (weight ratio) is used in the experimental work by [START_REF] Tamrakar | Experimental investigation of strain rate and temperature dependent response of an epoxy resin undergoing large deformation[END_REF]. In this work, the compression behavior of epoxy DER 353 is simulated using the proposed model. The simulation results are compared to the experimental data from [START_REF] Tamrakar | Experimental investigation of strain rate and temperature dependent response of an epoxy resin undergoing large deformation[END_REF].

Results and Analyses

Prediction of Storage Modulus Obtained from Dynamic Mechanical Analysis (DMA)

To study the viscoelastic behavior of polymers, dynamic mechanical analysis (DMA) has been used extensively. By applying a sinusoidal stress, the strain in the material is measured. Storage and loss modulus of the material are determined with respect to temperature. This approach is used to locate the glass transition temperature of the material, as well as to identify the transitions. When the test is performed for a given range of temperature, the modulus values show changes at three temperature values which are called transition temperatures. Those transitions are attributed to secondary relaxation, glass transition, and flow (Tβ, Tg, Tf ). It is considered that temperature transitions requires breakage of secondary chemical bonds.

The storage modulus curve at a frequency of 1 Hz is successfully modeled for both above and below the glass transition regions as depicted in Fig. 4. The material parameters of storage modulus determined using GA optimization algorithm is given in Table 2. The uniaxial compression behavior of epoxy DER 353 under quasi static (1.E-3, 1.E-2,

1.E-1 and 1 /s) and high strain rates (1000 and 2300 /s) is simulated using the modified cooperative VBO model. The material parameters are determined from the stress-strain curve at 1.E-2 /s. The comparison of compression simulation results under quasi static loading rates and experimental data is depicted in Fig. 5. By using the modified cooperative VBO model, all of the features of the large strain behavior of epoxy DER 353, including the initial modulus, yield stress, strain softening and strain hardening are captured well at all quasi static strain rates tested. There is only some discrepancy at the 1 /s strain with experimental data. In the work by [START_REF] Tamrakar | Experimental investigation of strain rate and temperature dependent response of an epoxy resin undergoing large deformation[END_REF], the change in temperature at the surface of the specimen during the compression test was monitored using Infrared (IR) camera. No significant change in the specimen temperature was found for the lowest strain rate (0.001/s).

However, the surface temperature is increased to about 50 °C at failure at 1/s strain rate compression test. Using the newly introduced Eq.10, the change in temperature during the compression test at 1 /s strain rate is calculated and compared with the experimental data from [START_REF] Tamrakar | Experimental investigation of strain rate and temperature dependent response of an epoxy resin undergoing large deformation[END_REF]. The temperature increases in high strain rates are also depicted and the results are given in Fig. 6. Since there is no experimental data for high strain rate In Fig. 6b, the thermal strain is included into the model. The rest is the same as previous simulations. Following the yield, more softening is observed, however, some improvement in the hardening region is obtained in the stress-strain behavior as seen in Fig. 6b. Yield stress is also over-predicted.

High Strain Rate Simulations

The behavior observed in high strain rates is quite different from quasi static loading case. At high strain rates, there is higher molecular resistance for the stress-activated jumps of the molecular segments. Therefore, the yield stress is higher than quasi static case. In epoxy DER 353, while the yield in 1.E-3 /s strain rate is around 85 MPa, it is around 180 MPa at the strain rate of 1000 /s. Yield stress increases dramatically with high strain rate. However, the epoxy does not exhibit any strain hardening due to the rise of temperature resulting from adiabatic heating.

By keeping the conditions as in the quasi static tests, the simulation is performed at 1000 /s strain rate and the result is depicted in Fig. 7. As seen in Fig. 7, the stress-strain behavior at high strain rate is over-predicted when isothermal conditions are considered. Unlike the quasi static simulations, the internal shear stress is taken as zero and the adiabatic heating is introduced into the model. With these modifications, the elastic behavior and yield behavior of epoxy at strain rate of 1000 and 2300 /s are captured well as seen in Fig. 8. There is some discrepancy in the post yield softening behavior. (2018). Symbols are experimental data, lines are model predictions.

Conclusions and Discussions

The micromechanically based cooperative VBO model is modified to account for the effect of adiabatic heating in high strain rate applications and the temperature effect over a large range. The previous form of the model was limited to temperatures below Tg and quasi static strain rates. The validity of the newly proposed cooperative VBO model is demonstrated by modeling the uniaxial compression behavior of epoxy DER 353 at temperatures from room to Tg (25-90 o C) and strain rates from quasi to high strain rates (1.E-3-2300 /s). Simulation results are compared to experimental data from [START_REF] Tamrakar | Experimental investigation of strain rate and temperature dependent response of an epoxy resin undergoing large deformation[END_REF]. Unlike many works in the literature, the material model parameters are determined using GA algorithm which is applied to solve the problems that are not well suited for standard optimization algorithms, including problems in which the objective function is discontinuous, non-differentiable, stochastic, or highly nonlinear.

At the quasi static strain rates, epoxy exhibits significantly more post-yield softening behavior. As the strain rate is increased, non-isothermal conditions are established. A fraction of the plastic work is converted to heat, and thus the polymer experiences thermal softening.

By including the influence of adiabatic heating on material behavior and modifying the shear strain rate, the mechanical behavior of amorphous material at large strain rate and temperature ranges can be modeled. All features of the large strain behavior, including the initial modulus, yield stress, strain softening and strain hardening and the mechanical behavior of amorphous polymers below and through Tg are captured well.

This kind of theoretical approach for understanding and modeling the behavior of amorphous polymers is an important step towards designing polymeric components required to resist impact. It will be possible to use the proposed model in FEM analysis to design polymer-based components for high-rate impact applications.

  have been shown, just to give some examples. VBO is initially developed considering standard linear solid (SLS) model. It has three components: linear spring, nonlinear dashpot and nonlinear spring, as seen in the rheological representation of the VBO approach depicted in Fig. 1.

Fig. 1

 1 Fig.1 Rheological representation of VBO model

  Weibull moduli corresponding to the statistics of bond breakage and the transition temperatures Tβ, Tα and Tf. The transition temperatures are found by dynamic mechanical analysis (DMA). The β movements are activated by an Arrhenius process, the glass transition is described by the free-volume theory of[START_REF] Williams | The temperature dependence of relaxation mechanisms in amorphous polymers and other glass-forming liquids[END_REF] and a phenomenological dependence can be used to depict the rate dependence of the flow temperature Tf .where s is a material constant representing the sensitivity of the modulus to frequency (or strain rate), At a chosen reference strain rate, _ d e , and the temperatures at three main transition respectively. Due to the fact that mechanical properties of polymers are usually sensitive to the logarithm of the rate of loading, the logarithm function was used. "ln" symbolizes the natural logarithm, and "log"

  related temperature rise during dynamic loading is of major interest,(Longere and Dragon, 2009). In the work by[START_REF] Pan | Transient heat generation and thermo-mechanical response of epoxy resin under adiabatic impact compressions[END_REF], high-speed optical and infrared imaging systems are used to obtain visual and thermo-graphic images during dynamic tests. From the high-speed infrared images, localizations of adiabatic heating and temperature distribution were identified in high strain rate compression tests. The main cause of post-yield softening at high strain rate compression test is considered to be due to the localization of adiabatic heating.The change in temperature can be estimated by the general energy balance equation, which gives the relation between heat generation and mechanical loading, l∇ Q -n 3 + 2p QFq r + st: r 8 = uAQ (8)

Fig. 2 .

 2 Fig.2. Flow chart of GA optimization procedure

Fig. 3

 3 Fig. 3 Fitness values versus generation during optimizationTable 1. The material parameters determined using GA optimization method Descriptions Parameters Value Unit Shape function c1, c2, c3 34.8, 156.31, 1.54 MPa, MPa, MPa -1 Isotropic stress and C parameter A, λ, φ

Fig. 4 .

 4 Fig. 4. Modeling storage modulus of epoxy DER 353 and comparison with the experimental data from Tamrakar et al. (2018)

  Fig. 5. Simulation (b) and prediction (a, c, d) results of epoxy DER 353 resin under compression tests at different quasi static strain rates. Experimental data are taken from Tamrakar et al. (2018).

  Fig. 6. a. Prediction of temperature change during compression and split Hopkinson bar tests, b. the stress-strain behavior at 1/s strain rate. Experimental data is taken from Tamrakar et al. (2018).

Fig. 7 .

 7 Fig. 7. High strain rate prediction of epoxy DER 353 at 1000 /s. Experimental data is taken from Tamrakar et al. (2018).

Fig. 8 .

 8 Fig. 8. High strain rate predictions of epoxy DER 353. Experimental data is taken from Tamrakar et al. (2018).

4. 3

 3 Fig. 9. Simulation (at 25 o C ) and prediction results of temperature dependent behavior of epoxy DER 353. Strain rate is 1.E-3 /s. Experimental data is taken from Tamrakar et al.

Table 2 .

 2 Material parameters of the storage modulus for epoxy DER 353

	Description	Parameters		Value	Unit
	Frequency	f							1	Hz
	The instantaneous stiffnesses at	^	d e	, ^	d e	, ^	d e	520, 444, 8.5	MPa
	reference strain rate Transition temperatures at reference strain rate Williams-Landel-Ferry (WLF) parameters	i 6 d e A B , A , i B d e B	d e , i e	303, 363, 443 14.96, 41.05	K -, K
	The Weibull moduli and sensitivity	m1, m2, m3, s	5, 40, 20, 0.087	-
	parameters								
	4.2.2. Strain Rate Dependency (Quasi Static)