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Abstract 
 

Uniaxial compression tests were conducted on poly (methyl methacrylate) (PMMA) over a wide range of strain rates and 
temperatures in and above the glass transition (from 102°C to 130°C). PMMA exhibits different behavior close to the glass transition 
(below 115°C) as compared to temperatures farther above the glass transition. In the temperature range just above the glass 
transition, a clear yield point and strain hardening at higher strains is observed. At temperatures farther above the glass transition, 
PMMA shows more fluid-like behavior, with no clear yield point or strain hardening at high strains. This change in behavior with 
temperature poses difficulties in using some of the existing constitutive models, as illustrated by the use of two different models, 
namely, the Dupaix-Boyce model and the Doi-Edwards model. The data obtained is used to calibrate the two models in order to 
predict the behavior of PMMA across this industrially significant range of processing temperatures for hot embossing applications. 
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1. Introduction 
 

Poly (methyl methacrylate) (PMMA) is a thermoplastic used in applications ranging from microelectromechanical 
systems (MEMS), to micro-optics and medical devices. In these applications, it is often necessary to create micro-scale 
features on the polymer surface using techniques such as hot embossing.  Hot embossing can produce micron-scale 
features and below in thermoplastics such as PMMA (Sotomayor Torres et al., 2003).  The hot-emboss process involves 
localized surface deformation using a die at temperatures above the material’s glass transition. Before the die is 
withdrawn from the material, the polymeric material is cooled below the glass transition temperature in order to 
“freeze” the material into its final embossed shape. However, the material does experience some spring-back from its 
embossed position after die removal, even with substantial cooling. Therefore, it is important to understand the 
relationships between spring-back, rate of loading, and processing temperatures in order to predict and optimize 
embossing processes while retaining quality features. 

In order to better understand the behavior of PMMA, uniaxial compression tests were conducted over a range of 
strain rates and temperatures. The stress-strain behavior obtained from the tests was then fit to the Dupaix-Boyce and 
Doi-Edwards models. A significant change in the behavior of PMMA was observed as it was heated to progressively 
higher temperatures. Beginning at temperatures around 115-120°C, PMMA begins to exhibit more fluid-like behavior. 
There is significant softening of the material at higher temperatures with no clear yield point and a loss of strain 
hardening. While the Dupaix-Boyce model successfully captures the behavior of PMMA between 102 and 115°C, the 
fluids-based Doi-Edwards model better captures its behavior between 120 and 130°C. 

 
2. Background 
 

Previous experimental work on PMMA near the glass transition has been conducted by Palm et al. (2006), G’Sell 
and Souahi (1997), and Dooling et al. (2002).  Recent work by Palm et al. (2006) used the Dupaix-Boyce model 
(Dupaix and Boyce, 2007) to capture the behavior of PMMA at temperatures above the glass transition (θg), though the 
temperature range explored in that work was limited to temperatures up to θg+13°C (115°C).  Another model by 
Dooling et al. (2002) also attempts to capture this temperature range with good results over the temperature range 114 
to 190°C (all above θg), and includes rate dependence .  A very recent model by Richeton et al. (2007) is able to capture 
the behavior of PMMA over a wide range of temperatures and rates, though it requires a large number of fitting 
constants and may have numerical problems in simulating cooling effects, as will be discussed later.  

Fluids-based approaches to modeling polymer mechanical behavior have also been used at temperatures 
approaching the glass transition from above (Hirai et al., 2003; Juang et al., 2002a, 2002b; Rowland, 2005a, 2005b; 
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Resistance N: molecular network interactions 
 
Resistance N consists of a highly non-linear spring and a dashpot. While the spring captures the strain-stiffening 

effects in the polymer, the dashpot represents the molecular relaxation at higher temperatures or lower strain rates. The 
elastic spring in (N) makes use of the Arruda-Boyce 8-chain model: 

( )211
3

eN
N N N

N N

vk N L
J N

λθ λ
λ

− ⎛ ⎞ ⎡ ⎤= −⎜ ⎟ ⎢ ⎥⎣ ⎦⎝ ⎠
T B I           (6) 

where N is the number of rigid links between entanglements, and v  is the chain density. These are the only two 
material constants in this equation. 1L− is the inverse Langevin function defined as ( )( ) coth( ) 1/L β β β= − . The effective 

chain stretch Nλ  is given by the root mean square of the distortional applied stretch: 
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         (7) 

This model has previously been given temperature dependence, through the constants ν and N (Arruda et al. 
1995).  However, this can cause numerical problems in simulations involving cooling.  The argument inside the inverse 
Langevin function (ఒഥಿ

√ே
) must always be less than one.  If N is prescribed to increase with temperature, as is done in the 

Richeton et al. (2007) model, and a simulation is performed at an elevated temperature, then a relatively large value of 
 ҧே may be achieved.  Now, as the material cools, N will decrease, possibly to the point that √ܰ becomes smaller thanߣ
the current value of ߣҧே and causing a numerical singularity.  To avoid this, we interpret the molecular network as being 
independent of temperature. Instead, temperature is viewed as facilitating reptation, through the molecular relaxation 
dashpot.  The rate of molecular relaxation for resistance N is given by: 

1 /
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where n is a power-law exponent, α  is a measure of the orientation of the polymer chains with initial value 0α . cα  is 
a cutoff value, beyond which molecular relaxation ceases. α  is calculated as: 

⎟
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where λi are the principal stretches. The parameter C is temperature dependent and is given by: 

exp QC D
Rθ

⎧ ⎫= −⎨ ⎬
⎩ ⎭

        
(10) 

where D and Q/R are material parameters. 
 

There are a total of 15 parameters used in this model, given in Table 1.  The two constants that are perhaps the most 
physically intuitive are the glassy and rubbery modulus.  These are intended to represent the initial elastic stiffness of 
the material below and above the glass transition.  The constants were obtained from data fit close to the glass transition 
temperature, so the “glassy modulus” used here is somewhat lower than would be expected for PMMA at room 
temperature, because it was obtained just a few degrees below the glass transition.  The rubbery modulus may seem a 
bit high for the very compliant stress-strain curves seen above the glass transition, however, this constant is determined 
from the very early part of the stress-strain curve before any yielding or flow occurs.  Since flow occurs at very low 
stress levels above the glass transition, the initial elastic behavior has a fairly small effect on the overall stress-strain 
curve above the glass transition. 
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where λ is the applied z-direction stretch and the nonzero components of ܳఈఉcan be expressed as: 

2 2 1 2
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This can be evaluated analytically using spherical coordinates for u and the stress is given by: 
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(16) 

For loading at a constant strain rate starting at t = 0, 
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Taking only the p=1 term and simplifying, equation (16) becomes: 
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The two constants to be determined are Z and τp. Temperature dependence is introduced by making Z and τp 

functions of temperature through the following curve-fit expressions: 
 

 
3 21.1 10 0.8859 178.4393Z θ θ−= × − +  (19) 

34.289914.15102 212 +−×= − θθτ p        (20) 

 
where temperature θ  is in Kelvin. 
 
Modeling Results 
 

Figures 13-16 show the experimental and simulated (using the Doi-Edwards model) true stress-strain curves from 
115 to 130°C at strain rates of -0.05/min, -1.0/min and -3.0/min. The Doi-Edwards model is able to capture the initial 
slope of the stress-strain curves successfully. However, the fit at higher strains is not as good, especially at temperatures 
between 115°C and 120°C. The reason for this is that at temperatures around 115°C, there is a small amount of strain 
hardening taking place, and strain hardening effects are not included in the Doi-Edwards model.  At higher 
temperatures, where strain hardening is absent from the data, the Doi-Edwards model does a much better job. At all 
temperatures, the Doi-Edwards model can partially capture rate dependence, but its predictive abilities are very poor for 
the lowest strain rate.  
 
6. Disucssion and Conclusions 
 

Uniaxial compression tests were conducted over a wide range of temperatures and strain rates on PMMA to verify 
and improve upon the models described in (Doi, 1980; Doi and Edwards, 1978, 1986; Palm et al., 2006). The 
experimental results were consistent with previous experimental data in this temperature range (Dooling et al., 2002; 
G’Sell and Souahi, 1997; Palm et al., 2006). Test results up to about 115°C show material characteristics of typical 
polymer materials which undergo elastic deformation followed by plastic deformation accompanied by strain 
hardening, especially at higher strain rates and lower temperatures. 
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depending on whether the material is below or above the glass transition, either branch 2 or branch 3 becomes active in 
the model.  The main drawback to using this model in simulations is the need to fit close to 50 material constants, so it 
seems there is still room for improvement in developing a practical model for hot embossing simulations.   

In spite of the limitations shown here for the Dupaix-Boyce model at temperatures more than 15 degrees above the 
glass transition, even a limited model may be fairly successful in predicting hot embossing outcomes (Cash and Dupaix, 
2008).  It largely depends on the precise temperature range of interest, the relevant time scales (strain rates), as well as 
the level of deformation expected in the embossing operation.  Regardless of the choice of model, since all of these 
models were developed from data collected on isothermal experiments, care must be taken when modeling processes 
involving potentially large temperature changes so as to avoid introducing artifacts into the simulations.  
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