
Supplementary Materials for:

Cyclic Behaviors of Amorphous Shape Memory Polymers

Kai Yu1, Hao Li1,2, Amber J.W. McClung3, Gyaneshwar P. Tandon4,5, Jeffery W Baur5*, 

H. Jerry Qi1*

1Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, 

GA 30332, USA

2School of Civil Engineering, Hefei University of Technology, Hefei 230009, China
3 Department of Mechanical Engineering, St. Mary's University, San Antonio, TX 78228, 

USA 

5Materials and Manufacturing Directorate, Air Force Research Laboratory, WPAFB, OH 

45433, USA

4University of Dayton Research Institute, Dayton, OH, USA

*Author to whom correspondence should be addressed: jeffery.baur@us.af.mil; 

qih@me.gatech.edu

This file includes:

1. Influence of Deformation on the Shift Factors 

2. Influence of loading rates and temperatures to the maximum stress before unloading.

Electronic Supplementary Material (ESI) for Soft Matter.
This journal is © The Royal Society of Chemistry 2016



S1. Influence of Deformation on the Shift Factors

Previous studies [1-5] revealed that the stress induced dilatation in polymer network 

will affect the mobility of molecular chains by changing the free volume, which 

consequently change the time scale of the polymer response. The combined influence of 

temperature and stress on the free volume can be formulated as [1]: 
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where f is the fractional free volume defined in terms of total volume of the solid v0 and 

the free volume vf, f0 is the fractional free volume at the reference condition,  is the T

temperature change (from T0 to T), is the thermal expansion coefficient, and  is the T v

volumetric strain, which is given by  with  being the first stress invariant. 1
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The free volume can be correlated with the shift factor by [1]:
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where B is a constant. 

Combining Eq. S1 and S2 we have:
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It can be noted that under the assumption of small deformation with negligible 

volumetric strain, Eq. S3 reduces to the Williams-Landel-Ferry (WLF) equation in linear 

viscoelasticity as applied in the paper:
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By equalizing Eq. S3 with S4 with , , , , 0v  0 85o
MT T C  1 10.44C  2 15.6oC C

and , we are able to determine the corresponding parameters: 42.893 10T r    

 and . 0.1085B  3
0 4.513 10f  

Eq. S3 indicates that the influence of stress induced dilatation can be quantified by 

using volumetric strain . SMPs are usually treated as incompressible materials with v

Poisson’s ratio approximating 0.5. This assumption is reasonable when the polymers are 

subjected to small deformation, and the associated constitutive models adequately capture 

the experimental observations [6]. However, when large deformation is encountered, 

volume strain might be big enough to render noticeable changes in shift factors, and 

consequently changes the thermodynamical behaviors of SMPs. 

In the following, we will examine how the shift factor will be changed when the 

epoxy SMP is stretched by 60% during the programming step. Since currently there is no 

critical examination of how the Poisson’s ratio of polymers can be affected by the strain 

amplitude, we perform the following estimation based on the stress state and bulk 

modulus of SMPs: For the epoxy polymer, the typical bulk modulus is ~6GPa [7], and it 

exhibits weak temperature dependency [6]. In our previous study [8], the stress-strain 

behavior of the epoxy SMPs was tested at different temperatures (from 100 oC to 130 oC), 

where the maximum tension stress was ~0.9 MPa when the material was stretched by 

60%. Thus, the maximum volume strain introduced during the programming step of SMP 

is ~1.5×10-4 (according to ).3v ii K 

Table S1 listed the temperature dependent shift factors calculated by using Eq. S3 and 

S4, as well as their difference. It is seen that when we consider the influence of 

programming deformation, the shift factors will be decreased. But the difference between 



the two shift factors is minimal, especially at higher temperatures. This means when the 

SMPs are programmed at high temperatures, the free volume increment contributed from 

stress dilatation is minimal compared with that from thermal energy. Therefore, we can 

safely assume the programming deformation (60% used in this study) will not noticeably 

affect the thermodynamical behaviors of SMPs. However, it is also seen the difference 

between the two shift factors is increasing as we decrease the temperature. In this case, 

caution should be taken if the SMP is programmed at low temperatures with large 

programming deformation, and the associated shift factors should be calculated by Eq. S3. 

Table S1. Temperature dependent shift factors calculated from Eq. S3and S4

T  from Eq. S3( )T T  from Eq. S4( )T T Difference
100 oC 7.62×10-6 7.21×10-6 5.37%
110 oC 3.72×10-7 3.61×10-7 3.09%
120 oC 6.00×10-8 5.88×10-8 2.00%
130 oC 1.76×10-8 1.74×10-8 1.41%
140 oC 7.35×10-9 7.28×10-9 1.04%



S2. Influence of loading rates and temperatures to the maximum stress before 
unloading.
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Figure S1. Effects of loading rates (a) and temperatures (b) to the maximum stress before 
unloading.

References: 

1. Knauss, W.G. and I.J. Emri, Non-Linear Viscoelasticity Based on Free-Volume 
Consideration. Computers & Structures, 1981. 13(1-3): p. 123-128.

2. Ferry, J.D. and R.A. Straton, The free volume interpretation of the dependence of 
viscosities and visco-elastic relaxation times on concentration, pressure and tensile 
strain. Kolloid-Z, 1960. 171(2): p. 107–111.

3. Turnbull, D. and M.H. Cohen, Free-volume model of the amorphous phase-glass 
transition. J. Chem. Phys., 1961. 34(1): p. 120.

4. Quach, A. and R. Simha, Pressure-volume-temperature properties and transitions of 
amorphous polymers; polystyrene and poly (orthomethylstyrene). J. Appl. Phys., 1971. 
82(12): p. 4592–4606.

5. Fillers, R.W. and N.W. Tschoegl, The effect of pressure on the mechanical properties of 
polymers. Trans. Soc. Rheology,, 1977. 21(1): p. 51-100.

6. Mott, P.H., J.R. Dorgan, and C.M. Roland, The bulk modulus and Poisson's ratio of 
"incompressible" materials. Journal of Sound and Vibration, 2008. 312(4-5): p. 572-575.

7. A. Smith, S.J.W., W. N. Reynolds, The elastic constants of some epoxy resins. Journal of 
Materials Science, 1974. 9(4): p. 547-550.

8. Yu, K., et al., A thermomechanical constitutive model for an epoxy based shape memory 
polymer and its parameter identifications. Mechanics of Time-Dependent Materials, 
2014. 18(2): p. 453-474.


