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1. Multi-branch Rheological Model and the Material Parameters Identification

The thermomechanical properties of a thermo-rheologically simple polymer is
described by a multi-branch rheological model, as shown in Figure S1. A detailed
description of the multi-branch model for SMP application can be found in Yu et al [1],
and its extension for 3D nonlinear model can be found in Westbrook et al [2]. As shown
in the figure, the model consists of one equilibrium branch and several thermoviscoelastic
nonequilibrium branches (number of 7) to represent the multiple relaxation processes (for

example, Rouse modes) of the polymer.
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Figure. S1. 1D rheological representation of the used 1D multi-branch model

By applying the Boltzmann’s superposition principle [3], the total stress o(¢) of the

model is:
o(t)=E,e,(0)+ ) Eée (Sla)
i=1
. . [tde,(s) ¢ dt’
with € —IOTGXP(_I T, (T,t')jds’ 1)

to describe the elastic strain evolution in each nonequilibrium branches. In Eq. Sla and

S1ib, e,(?) is the total strain. £, and E, is the elastic modulus in the equilibrium and



nonequilibrium branches, respectively. 7,(I') denotes the temperature dependent

relaxation time in the dashpots. Here, it is assumed that the time-temperature shift for
each branch follows the same rule. According to the well-established “thermorheological
simplicity” principle [3] under a non-isothermal condition, the relaxation times (or
viscosity) of each nonequilibrium branch vary as the temperature changes:

. =a, (T, (S2)

where @, (T) is a time-temperature superposition (TTSP) shifting factor, and 7’ is the

reference relaxation time at the temperature when o (T)=1.

Following O’Connell and McKenna [4], the method for calculating the temperature
influence on the viscoelastic behavior depends on whether the material temperature is

above or below a shifting temperature 7;. For temperatures above and near T, the

(Williams-Landel-Ferry) WLF equation is used to calculate o, (T) [5]:

G (T_Tr)

—C2 ~(T-T) , (S3a)
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where 7, is the WLF reference temperature, and C; and C, are material constants that
depend on the choice of T,. In comparison, for temperature below 7T, &, (T) follows the
Arrhenius-Type behavior [6]:

AF. (1 1

ZI’ZC(T (T) = —k—[?—T—] , (S3b)

where 4 is a material constant, F. is the configurational energy and k;, is Boltzmann’s

constant. 7T is the crossing point of two curves representing Eqs. S3a and S3b on a

a.(T) vs Tplot.



The model parameters were determined by using the tan d and storage modulus of the
SMP obtained in the DMA tests. A detailed model parameters identification method of
the multi-branch model can be found in our previous study [1, 7]. As shown in Figure 3,
the acrylate SMPs possesses a storage modulus of 3.05 MPa when the temperature is
95°C. This modulus could be considered as the equilibrium modulus of the material as
the relaxation time in each nonequilibrium branch at this temperature is minimal. Under

the temperature of 5°C, the SMP composite has a storage modulus of 2349.1MPa. So we

have E, +) E, =2349.1MPa.
i=1

By using the nonlinear regression (NLREG) method [8, 9], the parameters for TTSP,
the number of nonequilibrium branches, as well as the modulus and relaxation time in
each individual branch, can be determined by fitting the model prediction with the
experimental DMA results shown in Figure 3 [7]. For the 1D multi-branch linear model,

the temperature dependent storage modulus E (T'), loss modulus E,(T") and tan 5(T) are

respectively expressed as:

E(T)=E,, ZHW - (S4a)
E(T)= 21+W2 -, (S4b)
tan 5(T) = % , (S4c)

where w is the testing frequency. For the convenience of operation, we assume that the
relaxation times in the rubbery branch increase in a tenfold sequential. During the

NLREG analysis, nonequilibrium branches are gradually added into the model to



improve the prediction, and the branch number is finally determined when the NLREG

estimations (shown as dash lines in Figure 3) could capture the experimental storage and

tand curves within the entire testing temperature range (5° C-95° C). By using the

determined TTSP parameters, the shift factors were calculated by using Eq. S3 and

plotted in Figure 3b as a function of temperature. The final set of model parameters are

then listed in Table 1.

References

1.

Yu, K., G. Qi, and H.J. Qi, Reduced time as a unified parameter determining
fixity and free recovery of shape memory polymers. Nature communications, 2014.
5: p. 3066.

Westbrook, K.K., et al., 4 3D Finite Deformation Constitutive Model for
Amorphous Shape Memory Polymers: A Multi-Branch Modeling Approach for
Nonequilibrium Relaxation Processes,. Mechanics of Materials, 2011. 43(12): p.
853-869.

Rubinstein, M. and R.H. Colby, Polymer physics. 2003, New York: Oxford
University Press, Oxford.

O'Connell, P.A. and G.B. McKenna, Arrhenius-type temperature dependence of
the segmental relaxation below T-g. Journal of Chemical Physics, 1999. 110(22):
p. 11054-11060.

Williams, M.L., R.F. Landel, and J.D. Ferry, Temperature Dependence of
Relaxation Mechanisms in Amorphous Polymers and Other Glass-Forming
Liquids. Physical Review, 1955. 98(5): p. 1549-1549.

Di Marzio, E.A. and A.J.M. Yang, Configurational entropy approach to the
kinetics of glasses. Journal of Research of the National Institute of Standards and
Technology, 1997. 102(2): p. 135-157.

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.

Diania, J., et al., Predicting thermal shape memory of crosslinked polymer
networks from linear viscoelasticity. International Journal of Solids and Structure,
2012. 49(4): p. 793-799.

Sherrod, P.H., Nonlinear Regression Analysis Program. NLREG Version 5.0.
2000;, Available from: http://www.nlreg.com/.



http://www.nlreg.com/

