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Abstract: Multi-shape memory effect (multi<SME) in.amorphous shape memory
polymers (SMPs) linked with collective and cooperative rearrangements and
accommodations of monomeric segments,, thus,leading to generation of complex
thermodynamic modes. In this study; an extended domain size model is initially
formulated to describe various, temperature-dependent relaxation behaviors and
domain transitions in amerphous SMPs. According to the Adam-Gibbs theory, a
cooperative model is employed to identify the principle role of domain size in the
collective dynamics,of multi-SME in amorphous SMPs. The phase transition theory is
then combined with imulti-branch Kelvin model to describe the collective and
cooperative felaxation behaviors of the SMPs with multiple transition domains. It is
shown that the proposed model is able to characterize the thermomechanical
transitions and multiple shape recovery processes. Finally, the model is applied to

predict shape recovery behavior of SMPs with triple- and quadruple-SME,
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respectively, and the theoretical results are well validated by the experimental ones.
Keywords: shape memory polymer, multi-shape memory effect, Adam-Gibbs theory,

cooperative domain model

1. Introduction

Shape memory polymers (SMPs) are one type of smart materials that can'recover to
their permanent shapes [1,2] from a pre-deformed temporary shape\ upon external
stimuli such as Joule heating, infrared-light radiation, laser heating and solvent [3-7].
Among these, thermal actuation of SMPs is the most popular approach to trigger the
shape recovery and has been widely used in smart textiles [8], intelligent medical
devices [9], sensor and actuators [10],/self-deployable and self-folding structures in
spacecraft [11,12], as well as aerospace applications [13]. Therefore, the
thermodynamics of SMPs have been identified as one of the critical issues to explore
the working mechanism of shape memory effect (SME) and extend the potential
applications of SMPs. Aceording to literature [14,15], a conventional SMP can only
memorize one temporary/shape in each shape memory cycle, whereas new types of
SMPs have beenusynthesized recently to show multi-SME, which enables the
polymers to.memorizeé more than two temporary shapes [16-21]. Multiple and
reversible transitions of various phases with well-separated glass transition zones have
been \identified as the driving force for the multi-SME in SMPs [18,22]. Digital

manufacturing technologies have also been used to control the shape changing

sequence of SMPs and exploit their multi-SME [23,24].
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To theoretically explore the physics and mechanics of SMPs with multi-SMEs, a
model of their segmental relaxation behavior was initially proposed by Yu et al based
on the generalized Maxwell model [25]. The multiple phase transitions’ were
formulated based on the thermodynamics of structural configurations [26] and the
proposed models well predicted the multiple shape recovery behaviors of the SMPs
[27-29]. However, as is well known, thermomechanical properties of the"SMPs are
resulted from the cooperative rearrangement of all segments in\side, and the
cooperative and collective dynamics have never been considered during the studies of
the multi-SMEs of the SMPs.

In this study, we firstly formulate a cooperatively reirranging domain model to
characterize the multi-SME, according, to the Adam and Gibbs theory [30-33].
Different from the existing modeling approaches that are mainly replied on the
thermo-viscoelastic theory [22,25], this model provides an effective approach to
investigate the multi-SMEs _based on the physical parameters such as activation
energy and cooperative demain size. The phase transition theory is then combined
with a multi-branch relaxation model to describe the collective and cooperative
rearrangement of menomeric segments. Results show that the proposed model is able
to characterize and predict the thermomechanical responses and describe the shape
recovery processes. The proposed model is then applied to predict the shape memory
behavior of SMPs with triple- and quadruple-SMEs, respectively, and theoretical
analysi§ results have been validated using the experimental ones. It should be noted

that this article mainly is focused on the multiple phase transition and multi-SME of
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amorphous SMPs, which undergo glass transitions to achieve their shape deformation

and recovery.

2. Cooperative dynamics of the SME in SMP

As discussed in the previous studies [34,35], the SME in amorphous polymers is
resulted from the glass transition where the frozen segments are changed into active

~

ones and the stored mechanical strain is released. Here we use a cooperative domain
model to characterize the temperature dependences of configurable entropy and
relaxation behavior in the shape recovery process [30,31]. In this model, the
conformer (e.g., the smallest segmental unit<of rotatio.n) is surrounded by other
conformers. If the conformer is able to,undergo relaxation, its neighbors must also
move in a cooperation way [30]. The domain size (Z ) is defined as the number of
conformers which are meshed with eaech other and relaxed simultaneously during the
relaxation process [31-33]. With an increase in temperature, the domain size decreases
and the mobility of polymer segment is significantly increased.

For one mole of conformers in polymer, there are N, domains consisting of Z
numbers of conformers. Therefore, the domain size could be written as follows [32]:

z=N,/N, (1)

where N, is the Avogadro constant.

The conformational entropy S, for one mole of conformers with N, domains is
[32]:

S, =Nk, InQ )
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where k;, is the Boltzmann constant, and Q is the number of states that a conformer
can have.

According to the Adam-Gibbs theory [30], parameter S  is defined as the

maximum value of conformational entropy (S,) when all the conformers are relaxed

independently at the high-temperature limit of T ™. According to this definition, when

S, =S" at the temperature of T , the domain size (z) equals to 1..Based onequation

~
(2), parameter S~ can be written as [33]:

S" =Nk, InQ 3)
Assuming that free energy, enthalpy, and entropy are all'scaled proportionately [32],

then we can obtain:

s sl 1T,
T=T, T

“4)

where there is no cooperativity @among,the conformers at the high-temperature limit

T". On the other hand, all €enformers are'meshed with each other and cooperatively

relaxed at the low-temperature limit T, simultaneously.
y N
By substituting equations{2),(3) and (4) into equation (1), the domain size z can be

expressed as:

z:NAkBIncllNZkBIncl:S*/Sc:T_TO- = )

As is discussed above [34,35], the SME in SMP is originated from the transition of
the monomeric segments from a frozen phase into an active one [15,35]. On the other
hand, the conformer in the same cooperative domain are relaxed simultaneously

[31-33]. Therefore, the energy barrier for a domain to relax is determined by the
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energy barriers of all the conformers inside the SMP [32]. Here the activation energy

(AH) for a domain to relax can be written as:

T T-T
AH =zAp = ——2A 6
Hor g M (6)

where Au is the activation energy of a single conformer to relax independently.
The relaxation time (1), one of the most critical parameters o determine the

viscoelastic behavior of SMPs, can be derived from the domain'size and témperature

as follows [32]:

A=A exp (A—: (Ti - %n (7

where R=8.314J/(mol-K) is the gas constant, 4 ‘and z, are the relaxation time
o

and domain size at the referenced temperature of (T , respectively.

According to the equations (6) and (7), the relaxation behavior can be studied by

means of domain size model for the amorphous SMPs.

3. Constitutive relationships and collective dynamics
3.1 Constitutive relationships of multi-SME in SMP

The multi-SME»was  firstly discovered in the Nafion based SMP, which is
originated from the broadened glass transition temperature region from 55°C to 140°C
[19]. According to the domain size model, multi-SME is resulted from the various
relaxation processes during the glass transition process. Here the relaxation process is
governéd by the relaxation equation, e.g., equation (7). However, each relaxation

process is controlled by its domain size (z ), and the conformers in the same domain
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are assumed to have the same relaxation time and relax, simultaneously. Therefore,
the multi-SME is originated from the collective dynamics of various relaxation
processes in the SMP. Figure 1 presents a schematic illustration of the relaxation
behaviors in the Nafion SMP by a discrete domain size.
Meanwhile, an extended Kelvin model [25] is introduced to characterize the
relaxation and viscoelastic behavior of each domain which is composed of ‘one frozen
~
phase and one active phase. Here, the frozen phase presents an clastic behavior,
whereas the active one presents a viscoelastic behavior. Thus, we have,
Z:l:¢f (Zi)+Z:l:¢a(Zi)=1 ®)
where ¢, (z;) and ¢,(z;) are the volume fractions of the frozen and active phases,

4

respectively, in the domain with the domain size Z,.
[Figure 1]

According to the phase transitionytheory [34], temperature dependent volume
fraction of the frozen phase (¢,(T)) equals to the ratio of stored strain (&) and
pre-stretched strain (¢, ), the@fore,

£.(T)=¢,(T) &, )

As discussed.above, the SMP contains #» number of domains, of which one domain

has one frozen phase. Therefore, the average volume fraction of the frozen phase can

be written as,
¢f(T):i(¢f (Zi)‘zi/iziJ (10)

n
where superscript i represents the ith relaxation domain, and the term z / Zzi is
i=1
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used to represent the volume fraction of the ith domain in the SMP.
According to the transition state theory [35-37], ¢,(z) is a function of both
temperature 7 and time :
#; (z,) =[1—exp(—AH (z,) / RT)];T (1D
where 7, is initial relaxation time which is a constant.

Substituting equation (6) into (11), we can obtain:

¢ (z) =|:l_exp(_%]}’0i (12)

In combination of equations (9), (10) and (12), we can obtain an expression of the

stored strain in the SMP as functions of both température 7" and time ¢,

t 4
£=y {1—exp(—%ﬂrm .7, /Z_llzi e (13)

i=1

Under the continuous heating, polymercan obtain an average domain size of (z)

[27], therefore, equation (13).can be rewritten as,

t

o 1-exp —% £ (14)

pre

Here, modeling results obtained using equations (13) and (14) are plotted to
compare with the experimental data reported in reference [19] for the Nafion SMP.
Results show a dual=SME and multi-SME induced by heating. In this section, the
Universal Global Algorithm (UGO) method is adopted here in order to determine the

values of all the parameters used in equations (13) and (14), which are listed in Table

The modeling results of Equation (14) are further used to compare with the
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experimental data of the Nafion SMP with a dual-SME. As shown in Figure 2(a),
Nafion SMP shows an SME and presents a continuous changes of strains when the
temperature is increased from 293 K to 413 K at a heating rate of q=4.5K/min".
With an increase of temperature, the pre-stored strain is gradually released and
decreased from 43.64% to 0.99%. Clearly the modeling results shown in Figure 2(a)
are well fit with the experimental results.
[Table 1]

On the other hand, this Nafion SMP also presents a multi-SME,phenomenon using
a segmental heating process as shown in Figure 2(b). Both.time and temperature will
significantly influence this multi-SME. At this condition; ilomains with different sizes
have different hysteresis patterns uponithe release of the stored strain. The complex
form of equation (13) is used to compare with the experimental data of the Nafion
SMP. Five transition processes have been presented during the strain recovery process,
when the SMP undergoes five isothermal heating processes, i.e., (1) from 10min to
47.5 min at a temperature of\%40 K; (2) from 52.5 min to 92 min at a temperature of
263 K; (3) from 97 mmito 135 min at a temperature of 300 K; (4) from 140 min to
178.5 min at astemperature of 330 K and (5) from 183.5 min to 224.5 min at a
temperature.of 360 K The modeling results shown in Figure 2(b) reveal that the
domain sizeds critically determined by the temperature, as presented in equation (5).
Meanwhile, the relaxation behavior of the SMP is also critically determined by the

domain' size. Therefore, five relaxation behaviors have been observed due to the

various holding temperatures of T (K)=240 K, 263 K, 300 K, 330 K and 390 K.
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[Figure 2]

Effect of segmental heating procedures on the thermomechanical properties
(especially the multi-SME) of the SMP is further investigated. As shown in Figure 1,
different relaxation domains are in series connections. Therefore, the modulus of the
SMP can be obtained,

E(T) =¢, (DE, +4,(T)E, (15)
where E,and E, are the moduli of the frozen and active phases, res?ectively.

The modulus of the frozen phase can be obtained wusing the following
phenomenological equation [38],

log E, (T) =log E(T #)=a(M=T") (16)
4
where E(T™) is the Young’s modulusy T™ is the referenced temperature and a is a
constant parameter linking with the temperature sensitivity of the material.

The modeling results obtained using the equation (15) as shown in Figure 3 are
further plotted to compare with, the experimental data measured using dynamic
mechanical analysis (DMA) for the Nafion SMP, reported in reference [19]. Values of
the parameters used in equation (16) are listed in Table 1. It is revealed that the
storage moduli of the SMP are gradually decreased from 900 MPa to 2.2 MPa with
the temperature increased from 293 K to 420K, and the changes of the storage moduli
prove that the Nafion SMPs show a dual-SME at a constant heating rate. The
modeling results of the storage moduli are in well agreements with the experimental
results.  Therefore, the proposed model can be used to characterize and predict the

changes of storage moduli and thermomechanical properties of the Nafion SMP.
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[Figure 3]
When an external force o, is applied, the overall strain ( £(i) ) of SMP is divided
into three parts, which can be expressed as:
&(1) = & rozen (Zi) + Egastpot (Zi) + Expring (Z)) (17)

where &, ... (Z): Egastpor (Zi)r Eqoring (z,)  are the strains of frozen phas€; dashpot and

spring

spring in active phase in the ith domain, respectively, as shown in Figure 1.

According to the Voigt model [39,40], the function of &, . (%) “With respect to
time ¢ is given by:
Eqapot (7)) = £(=2)A—€7") (&(R)=6Gp/ E) (18)
where &£(°°) is the equilibrium strain when theé'time teaches to infinite, E, is the
v
modulus of the spring and 7 is the decayed time.
When the temperature is decreased from, T, “to, T,, the active phases are gradually

transformed into their frozen states, and the strain &, ., (z;) 1s therefore decreased.

The time-dependent &, . () hcan be expressed as:

\d gdashpot(zi) — g(oo) e—s/r
ds T

(19)

where s is the time. With deerease in the temperature, the &, can be written as:
n t| ¢ / n
o ~—S/T
gdashpot = Z J-O 78 ¢a(zi)‘T:T1—qs Z; /ZZi ds (20)
i-1

i=1

where q is‘the heating/cooling rate.

The moduli of the frozen and active phases in different domains are the same due to

the same molecular structure, thus, the &, . (z) and &

woring (Z) €an be expressed

using the following equations:
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Eirozen = Z‘gfrozen (Zi) = %¢f (T) ; gspring = ngpring (Zi) = % ¢a (T) (21)
i=1 f i=1

By substituting equations (20) and (21) into equation (17), the overall strain

& ) caused by the external mechanical force can be written using:
mechanic y g

LD j{%e-s'wa(zi)\m_qs z(i)/gz(i)}ds%‘:ﬁm @2)

On the other hand, the instant strain ( &, ) Will disappear at atemperature of T,,

~
which can be described using,
o, o, o,
Einstant :E_¢f ‘T:Tz F Espring (Zi)¢a T=T, :E_¢f ‘T:TZ +E¢a T=T, ¢a T=T, (23)
f f r

While the decayed strain ( gy,.,,.q ) can be obtained using the following equation:

gdecayed = gdashpot¢a T=T, eXp(_t / Z-‘T:TD (24)

Therefore, the stored strain (¢

store

) can be. obtained by combining equations (22),

(23) and (24):

& (25)

store — &)

mechanic ~Si

instant ~€ decayed
Figure 4 shows the numetical results of the strain and stress as a function of time at

. \ . . .
the differently controlled cooling and heating rates. The experimental data of the

Nafion SMP reported in reference [19] are used here to compare with our modeling

results. Table( 1 lists the fit data, and E, =1.02MPa and E,=1.21MPa. These

parameters are used to determine the relaxation time and the volume fraction of
frozef phase (¢ ) at the specific loading temperature, and then they are substituted
into equations (22), (23) and (24).”

As revealed from the modeling results, the stored strain ( &,

) of SMP is gradually

increased from 0% to 50% when the temperature is decreased from 413 K to 326 K at
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a constant cooling rate. It is then relaxed to 40% from 50% at the temperature of 326
K within the relaxation time from 28 min to 36.3 min, when the external force is not
applied to the SMP. Afterwards, a larger external stress is then applied on the SMP, of'

which the stored strain (&, ) is increased from 40% to 105%. After this stage, the

store
free relaxation behavior of SMP is only determined by temperature and heating rate,
and results showed that there is no external stress applied on it during the'relaxation
. . . . . \

time from 63.8 min to 128 min. During the free relaxation (re¢overy) stage, the stored

strain (&g, ) In SMP is gradually released. A two-step recovery. process has been

store
obtained as shown in Figure 4 which is resulted from a two-step heating processes,
e.g., one is from 293 K to 326 K, whereas the other.is frgm 326 K to 413 K. Clearly
the modeling results obtained using thetequation|(25)/fit well with experimental data

[19] of the Nafion SMP with the multi-SMEs.

[Figure 4]

3.2 Collective dynamics of multi-SME in SMP

The other approach for' SMPs to achieve multi-SMEs is to generate two or more
temporarily phasesiin the. SMP, i.e., each phase shows inherent relaxation and shape
recovery behavior [16,18]. To formulate a constitutive relationship of the SMP with
multiple transition domains, the relaxation behavior of the SMPs is assumed to be
resulted from the cooperative and collective dynamics of all the domains, as
illustrated in Figure 5. Each domain represents a temporarily phase, which is

incorporated of a hard phase and an active one, and their relaxation behavior is ruled



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-122068.R1

by the extended Maxwell model.
[Figure 5]
According to the Takayanagi principle [41] and equation (15), the storage modulus

(E(T)) of the SMP can be calculated through parallel connections of different

relaxation domains as follows:

n

UE(T)Z;% (Zi)Eﬁ+l¢a(Zi)Eai (¢: (z) +¢.(z) =1 ;(&)il (26)

where 4, is the fraction of each domain in the SMP, and ¢, (i) and E, (i) are
determined by the equations (12) and (16), respectively.

Modeling results of equation (26) are plotted ii:Figure 6 and also compared with
the DMA experimental data of MA-V/MP-A SMP repo?ted in reference [16]. The
values of fitting parameter are listed in Table,2. Clearly the MA-V/MP-A SMP shows
a two-step transition behaviors, i.e., from. 253 K to 302 K for the transition of MA-V
component, and from 3020K to 362.3 K, for the transition of MP-A component.
Although the transition behaviors of these two-stages are different from each other,

N

the transition behavior/of the SMP is confirmed to be determined by the cooperative
and collective dynamics of these two components. Therefore, the cooperative and
collective model of \equation (26) has been found to well predict the
thermomechanical relaxation and transition behavior of the MA-V/MP-A SMP. The
modeling results are in good agreements with the experimental data.

[Table 2]

[Figure 6]

According to equation (13), the changes of recovery strains were calculated and
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then compared with the experimental data of MA-V/MP-A triple-SMP and
EOC/LDPE/HDPE quadruple-SMP, reported in reference [16,17]. The results ate
shown in Figures 7(a) and 7(b), respectively. The values of parameters used for the
simulations are listed in Table 3. As shown in Figure 7(a), there is a twosstep strain
recovery of the MA-V/MP-A triple-SMP. The first strain recovery“occurs in the
temperature range from 270 K to 301 K, which is originated from MA-V component
transition. Whereas the second one occurs in the temperature range froa 315 K to 344
K, which is originated from MA-V component transition,

On the other hand, the EOC/LDPE/HDPE quadruple=SMP presents a three-step
strain recovery behavior, as shown in Figure  7(b). Th.e SMP has its first strain
recovery originated from the transition of EQOC component. The second strain
recovery is originated from the transition of LDPE component, and the third strain
recovery is originated from transition of HDPE component. Furthermore, the
modeling results fit well with the.experimental data of the SMPs. It is verified that the
proposed model is suitable,te_eharacterize and predict the strain recovery behavior of
the SMP with multi-SMEs.

[Table 3]

[Figure 7]

4. Conclusion
In this study, an extended cooperative model is employed to identify the principle

role of domain size in the collective dynamics of SMPs with multi-SME:s. It is found



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-122068.R1

that the multi-SME and multiple domain transitions can be achieved not only in the

polymer with multiple domains, but also in the polymer with one domain which

presents multiple domain transitions by means of programmed changes in tempgrature.

The phase transition theory is then combined with multi-branch Maxwell, model to
describe the collective and cooperative relaxation behaviors of the amotrphous SMPs.
The modeling results using the proposed model have been plotted to compare with the
experimental results of the storage modulus and strain recovery\ of SMP for
verification. Results showed that the proposed model can well predict these
experimental results. Finally, the domain size model is employed to characterize the
multiple shape recovery behaviors of SMPs™ with trii)le- and quadruple-SMEs,
respectively, and results showed the theéeretical results fit well with the experimental
ones. This study is expected to provide an effective approach to explore the working

mechanism in multi-SME for the SMPs.
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Tables caption

Table 1. Values of parameters used in equation (13). &
Table 2. Values of parameters used in equation (26). ¢

Table 3. Values of parameters used in equation (13) to fit the str%er of
EOC/LDPE/HDPE quadruple-SMP composite [17]. g ’
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Figures caption

Figure 1. Schematic illustration of the viscoelastic behaviors of monomeric segments
in Nafion SMP by means of the discrete domain size z;.

Figure 2. Comparisons between the modeling results and experimental data [19] of
the stored strain stress with respect to time. (a) A dual-SME by means of continuous
heating method. (b) A multi-SME by means of segmental heating meth;d.

Figure 3. Comparisons between the modeling results using ‘equation (15) and
experimental data [19] of the stored strains with respect to time.

Figure 4. Comparison between the modeling results o£ proposed model with the
experimental data [19] of Nafion SMP with multi-SME.

Figure 5. A schematic illustration of relaxation behavior of SMP with multiple
transition domains and their temperature-dependent phase transition behaviors.

Figure 6. Comparison of storage moduli of MA-V/MP-A SMP between the modeling
results of equation (13) with J;Qe DMA experimental data [16].

Figure 7. (a). Comparison/of strain recovery between the modeling results of equation
(13) with the DMAvexperimental data [16] of MA-V/MP-A SMP. (b). Comparison of
strain recovery between the modeling results of equation (13) with the DMA

experimental data [17] of EOC/LDPE/HDPE quadruple-SMP.
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Table 2.
T,(K) | 7,(min) T (K) a
The 1 transition
253 0.39 277 0.2
component
The 2™ transition
303 0.11 314 1.5x10°¢ 7.1
component
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A (KJ/mol)

EOC component
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1087.75
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Figure 1.
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Figure 2.
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