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ABSTRACT: Miscible polymer blends offer great designability shape memory
effect (SME) with adjustable mechanical properiesl stimuli-responsiveness, by
simply changing the constituent compositions. Haosvevthe thermodynamics
understanding behind those SMEs on miscible polywierds are yet to be explored.
This paper describes an approach to achieve hagdignable SMEs with adjustable
glass transition temperatur@, and width of glass transition zone by dynamically
coordinating components in miscible blends. An ed&zl domain size model was
formulated based on the Adam-Gibbs theory and Gauskstribution theory to study

the synergistic coordination of component heteregas on conformational entropy,



glass transition and relaxation behaviour of theamie blend. The effectiveness of
model was demonstrated by applying it to predialdand triple-SMEs in miscible

polymer blends, where the theoretical results shgnod agreements with the
experiment results. We expect this study provideffective guidance on designing
advanced miscible polymer blends based on the SME.

Keywords. Miscible polymer blends; shape memory effect; dyicarnordination

1. Introduction

Shape memory effect (SME) based structural morplpiragess is usually
considered as reversibly switching of conformatiorentropy between
thermodynamic meta-states in polymers, which cdadddirectly triggered by
heat, solvent, light or electric field [1-4ME is of great scientific interests
because its working principles are linked closelghwoth macromolecule
thermodynamics and macroscopic polymer properfigshus leading to smart
transition to regain their permanent shape fromnaporary one at the presence
of external stimuli. These so-called shape memarlyrmpers (SMPs) have
emerging applications in biomedical devices [6dgployable structures [8,9],
sensors and actuators [10].

Recent developments have renewed the capacity d® 8 memorizing
two, three, and even four different shapes by désggvarious macromolecular
compositions and architectures/networks [11,12]. tidke-shape memory

effect (multiple-SME) can be generated by introdgcseveral different glassy



and/or melting components in the soft matrix [13,1dr recovering an

additional shape upon experiencing an appropridtermomechanical

programming history for the polymer with broadengthss transition

temperature zones [15,16]. The intermediate shapegherefore be tuned by
varying the input mechanical energy at each defoomaemperature, and more
interestingly the recovery of each temporary shagpebe facilitated in vicinity

of the corresponding initial deformation temperatuknown as temperature
memory effect (TME) [17].

Multiple-SME and TME have been realized in miscilgelymer blends
[18-20], where both their glass transition tempemed and widths are important
properties to determine their shape recoveries. édew their working
principles are not fully understood yet and phylsioebdelling is a huge
challenge. Recently, the linear phase transiticgomy [21] was developed to
characterize the visco-elastic properties [22] g@nedict the rate-dependent
shape memory behaviours of SMPs [23]. Meanwhile, rttultibranch model
[24,25] was introduced to replace the linear phmaesition model [26] for
quantitative analysis of viscoelasticity in SMPsowéver, the modelling is
mostly phenomenological and mainly determined kpyeexnents.

In this paper, we describe a thermodynamics stuabed on Adam-Gibbs
(AG) theory [27,28] and Gaussian distribution thef9], to understand the
broadened glass transition temperature range dfilblespolymer blends with

dynamic coordination of different phases. The dépeces of conformational



entropy and relaxation behaviour on componentsérogieneities have been
identified as the driving force for dynamic cooralion in miscible polymer
blends [29]. By combing the AG theory with couplingpdel [30], a kinetic
model is established to study the viscoelastic Webas of local transition
domains. Then, a model of nonlinear phase tramspirobability is formulated
to characterize the SME and TME as functions ofperature, relaxation time
and deformation temperature. Finally, the newlyposed models are validated
using the experimental results of the thermomedahnand free recovery
behaviours of miscible polymer blends [18], andhtihecurately predicted their
viscoelastic relaxation behaviours [18]. It shoblkl noted that the theoretical
model works in the regime of viscoelasticity, thpistic deformation and the
dependence of the residual strain on programmimgéeature and deformation
rate are not considered in the calculation.
2. Modelling on the glasstransition in miscible polymer blends

Based on the AG theory [27,28], a coordinated dammalaxation model is
generally introduced to characterize the phasesitian of amorphous materials
within glass transition temperature zone. The conérs in one domain are
required to move cooperatively [28]. One disadvgattor AG theory is that it
does not work well for more than two miscible comeots. However, the AG
theory can be extended with Gaussian distributloeory [29] and coupling
model [30] to capture the coordinated transitiorobability for miscible

polymer blends with more than two miscible compdsen



Coordinated transition probabilityWp(T,t) of the conformers has a
constitutive relationship with local activation egg of the domain, which can
be written as [31]:

W (T, t) =1-[1-exptAH @)/ RT ) 1)
where the frequency factoris assumed negligibly dependent on temperaRire the
gas constantR=8.314J / (mol * K) ) andz is the domain size.

The key concept of the AG theory is that all tomformers in one domain must
have the same activation energy and relax coopehgtithus, the activation energy
can be written as a function of domain size (

AH (2) = 2(T)Au (2)
where Au is the activation energy for conformer per mole.

The domain size#(T)) can be derived from configurational entrop§.(T)) as
[27]:

_ 5* _T(T*_Tm)
M=sm Ta-T,)

3)

where T~ is the high temperature limit, where the conforsnare sufficiently far
apart that each can relax independently from thghbers, and the configurational
entropy (S,(T)) achieves to the highest value &f [27]. On the other hand,
parameterT, is the low temperature limit of the local domaihexe all conformers
are moved cooperatively and the configurationalrgngs (1)) is zero at this
temperature.

The AG theory form of relaxation time can then b¢ated [28]:



(4)

r(T)=r,exp[ A/ RT))=1, eX[{—A’u(T* —Ty )j

RT*(T—T0|)
By substituting equations (2) and (3) into (1), wan obtain the transition

probability of local domain with the low-temperagdimit (T ):

W, (T,,T, ) = 1{1— exr{ Mﬂ (5)
RT (T-T,)

However, the miscible polymer blends have a hugabar of local domains with
different sizes and each one has its own glasssitiam temperature. Here the
coupling model is used to modify the AG theory todal the cooperative dynamics

of these domains using a decay functigft)(), which has the following form [32]:
ot) = exp{ -[tir @ )]ﬁ } (6)
where B is a constant < £ <1), relaxation time { (T)) can be written from

equation (4):

* 1B
F (T =[Br(T)[** = {Broexp[%ﬂ @

where B is a fitting constant.
In combination of equations (6) and (7), the deftaction of local domain as a

function of Ty can be written as:

. ug P
_ _ Au(™ =Ty)
At Ty) =ex [t /(Bro ex;{—m_* T _TOI)D } (8)

Substituting equation (8) into (5), the cooperatikansition probability, W(T,t),
by considering both cooperative relaxation in oomdin and interactive relationship

among neighboring domains, can be written:



W(T,t,T,) =W (Tt T, [ 1- 98 Ty )
v up P
* _ * _ 9
=J1-|1-ex M T exp—|t JBr, ex A/J*(r To) ®)
RT (T_T0|) RT (T_TOI)
When the relaxation timé=co, ¢(t,T,) is equal to zero, the transition behaviors

of domains will be only determined by parametgr. From the experimental data

reported in Ref. [32], the difference betwedy and glass transition temperature of

local domain () is a constant ofc :
Ty~ Ta =¢ (10)
By substituting equation (10) into (9), we can abtde transition probability of

local domain at temperatufeand recovery time

W(T,t,T,) = 1{1_ ex;{ AﬂfT* —Ty +¢) H
RT (T _Tgl +C)

DT T s o
-T +
1-exp—|t /| Br, ex;{ ,u*( d C)J
RT (T-T, +¢)

The glass transition temperature of miscible polyislends is determined by that

of each component. In Ref. [29], glass transitiemperature of local domainTé)

follows the form of Gaussian distribution, and wsit

2

_ 1 ( I gl) _ 1 (rl gz)
P(Tg,)—cm—\/m exp{ ow, } & CDl)W exp{ v } (12)

where @ is the content fraction]; is the glass transition temperature and

(i=1, 2) is the width of glass transition temperatzwae of each component in

the miscible polymer blends.



3. Theoretical model and experimental verification of SME in miscible polymer
blends

According to equation (12), the distribution of &@lass transition temperature
results in the miscible polymer with a broadenedtiwiof glass transition temperature.
Here the deformation temperatur&,) is proposed to show the temperature for
miscible polymer to be deformed at a relatively thiggmperature and then the
deformation is kept by cooling the polymer baclateelative low temperature. In this
process, the existence of deformation temperafliregnables the mechanical energy
stored in miscible polymer blends. As explainedviznesly, both the SME and TME
are originated from the release of stored mechhmeicargy [17,24]. Therefore, the
phase evolution function¢ ) equals to the fraction of the frozen volume in P&yl

e.g.:

(T, t)—¢
E_—&

pre r

@ (T,t)= (13)

where €, is the pre-loading straing, are the stored strain ang is the residual

strain when the phase transition is finished.

By integrating the domain with the local glass sition temperatureT(; ), we can

obtain the phase transition probabiliWU,t)):
W(T, 0= [ TW(TLT, P, = [ W, (T 4T, ) 1-0t T, )P T, HT,  (14)
Then, the phase transition probability as a fumctbdeformation temperature can
be further written as:
W(T,) =W(T =T, t=t,) = [ "W, (T,.t, T, )[ 1- 0, T, )] P T, XT, (15)

where 1 is the loading time of miscible polymer by extdrsiaess.



The physical mechanism of SME and TME are illustlan Figure 1. Initially, the

miscible polymer blends are subjected to the filiesformation temperaturd,,, and

thus a certain fraction of componenW(T,)) is induced into its active state.
Consequently, the miscible polymer blends are dedor at an external streséy()

and then cooled down to a moderate temperalyse Here the volume fraction of the

active phase isW(sz). W(le) —Wﬁdz) is used to store the 1st temporary shape.

W(sz) is used to store the 2nd temporary shape. Thedstoechanical energy has

been identified as the physical mechanism of SMEETME [17].

Programming 1. Heating to temperature T,,(K) 1. Cool down to temperature T,,(K) 1. Under external stress 6,(MPa)
process 2. Under mal stress 6. (MP 2R eexiornl 6.(MP: 2. Cool down to temperature T(K
. Under external stress 6,(MPa) . Remove external stress 6,(MPa) 3. Remove external stress 6,(MPa)
Distribution of E ‘ f T - l:?L
local domain Ta1 = @ T =
E : H T 1 T,

Temperature T(K) Temperature T(K) Temperature T(K)

Local domain in the active phase Local domain to store temporary shape
Shape ), (

Permanent shape 15 temporary shape 2" temporary shape

Fraction of polymer 4 _ ’ ps
segments used to store 0 W(T,)-W(T,,) w{T,,)-w())

temporary shape

TY(K) = T 45K T =Ty (K)
Triple-SME c=0 ¢ l(é;dﬁ( J A “{‘():-;g) D)

T(K) =T, (K)
Dual-SME c=0 q g’> ! @ (T T347K)

Fig. 1. lllustration of mechanical processes and theirkimgyy mechanisms of SME
and TME in miscible polymer blends.

According to the effect of mechanical process onESNhe phase evolution

function can be expressed as follows:

1 (0SW (T 1)<W ()

o u1)=E0078 WA WY oy owryswr,)  (16)
Epre ~ & W(T,) -W(T,)

0 W(T,)SW(T t)s1)

where T, is the initial temperature for free shape recowdrgolymer.



In this paper, the proposed models are used to ammpith the experimental data
of the 50%PLLA/50%PMMA miscible polymer blends rejgal in Ref. [18], in which
PLLA is the 1st blend ;=343 K) and PMMA is the 2nd blend (=403 K). The
glass transition widths of two components are olehi from the dynamic
thermomechanical analysis (DMA) of pure PLLA and MM materials [29].
Universal global algorithm was then used to deteenthe value of parameters in
equation (16). As shown in Figure 2, equation (W@ used to obtain the data of
miscible PLLA/PMMA polymer with the composition 60%:50% and the results are
then compared with the experimental data reporiddef. [18]. Values of parameters
used in equation (16) during calculation are listedable 1. With an increase in
temperature from 331 K to 366.1 K at a constantihgaate ofg=1.95K/min, the
stored strain is gradually decreased from 81.2%2t8%. The results obtained using
the newly proposed model fit well with experimentidta [18], where the glass

transition temperature and deformation temperdiatk are 347 K.

380

81.2% e AR E'xper'imellltal data
‘ ; ——Fitting curve -
-4 Temperature |

A

- 370

w
[=a)
=

7 366.1K ]

Heating rate = 350

¢=1.95K/min .-~

Stored strain £(%)
Temperature T(K)

C 340
Residual

strain
4330

-2 0 2 4 6 8 10 12 14 16 18 20
Time t(min)

Fig. 2. Comparison between simulation results of equdtl@) and experimental data

[18] for miscible PLLA/PMMA polymer.



Table 1. Values of parameters used in equation (16).

T T

gl

T2 W, W, | Ay ¢ v Br, | B Wﬁd)

773K | 343K | 410K | 63K | 77K | 3.1 | 200K | 4777s' | 1357s | 3 83%

The calculation results of phase evolution fract{gn(T,t,T,)) as a function of
recovery time are further presented in Figure 8ufg 3(a) shows the calculation of

phase evolution function of miscible PLLA/PMMA paher with various deformation
temperatures, e.g.J,=330K, 335K, 340K and 345K, and the finished traosi
temperatures of miscible polymers are 337K, 343K0K3 and 358K, where

@ (T,t,T,)=0. According to equation (16), the phase evolufiamction ¢ (T,t,T,)

=0 is for the case oW(Td)—WU,t) =0. Therefore, the value oW(Td) Is smaller

when at a lower deformation temperatufi¢)( thus resulting in the shape recovery

behavior finished at a lower temperature and thewery time decreased.

470
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;.E R st Temperature] 54, 2: 0.6 - -4 Temperature 3 400 ;
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Fig. 3. Phase evolution function with respect to recovémge (a) At various
deformation temperatures of;=330K, 335K, 340K and 345K; (b) At various
compositions of PLLA of @; =0%, 20%, 50%, 70% and 100%.

On the other hand, effect of compositio&;() of PLLA blend on the phase

evolution fraction @ (T,t,T,)) of PLLA/IPMMA miscible polymer blends at a



deformation temperature of,=370 K is shown in Figure 3(b). The calculation
results reveal that the glass transition tempegatigradually increased from 343 K,
354 K, 367 K, 391 K to 410 K with a decrease in position of PLLA component
from 100%, 70%, 50%, 20% to 0. Meanwhile, the cgponding widths of glass
transition zones are 31 K, 43 K, 84 K, 50 K anck4@espectively.

Furthermore, effects of temperature and heating @i the phase evolution
function were investigated for the PLLA/PMMA miskgb polymer using our
proposed model. As shown in Figure 4(a), the fiaishemperature is gradually
increased from 361 K, 382 K, 386 K, 397 K to 400vikh an increase in heating rate
(q) from 1, 2, 3, 4 to 5 K/min. The working mechanismoriginated from the effect of
relaxation time on phase evolution function. Acaéogdio the Williams-Landel-Ferry
(WLF) equation [33], the increase in heating rasuits in the decrease of relaxation
time and increase of temperature, respectivelyréffbee, the increase in heating rate
results in the increase of temperature of the moliscpolymer blend in order to
achieve the shape recovery. As presented in equéli), a high temperature results
in a high phase evolution function, at the samemeation temperature. The finished
temperature is then increased. The working mechamian be revealed from the
calculated results as shown in Figure 4(b), whieeeeffect of recovery time on phase
evolution function has been studied. It is revedled the recovery time is gradually
decreased from 17 min, 12.8 min, 10.8 min, 3.8 mil1.9 min with an increase in

finished temperature from 350 K, 360 K, 370 K, 338 390 K.
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Fig. 4. (a) Phase evolution functiors. temperature, at a variety of heating rates of
=1, 2, 3, 4 and 5 K/min. (b) Phase evolution fumtirs. recovery time, at a variety

of finished temperatures &350, 360, 370, 380 and 390 K.

Based on the proposed model, the effect of phaasasitron function on
thermomechanical behavior of miscible polymers vio# investigated. Here the

Mori-Tanaka equation [34] is employed and the gferamodulus E,(T,t) is

expressed using the phase transition probab\'ﬁ/tyl' 1)

W(T t)(E, /E,(T)-1)
1+a (=W (T )E,. /Epe )-1)

E,(T,t)=E,| 1+ (17)

where E,; and E, are the storage moduli of the blend componentbeir active
and glassy state, respectivellt,; can be described using the following form [35]:
log By, (T) = logE, (T )=y (T -T'™) (18)
where Egs(Tre") is the storage modulus at reference temperaliife and , is a
parameter characterizing the temperature sengitviblend component.
As shown in Figure 5, the proposed model of equafi) is used to predict the
experimental results [18] of storage moduli of PLEMMA miscible polymers with

different compositions of 0%, 20%, 50%, 70% and%@®@LLA. Values of parameters



used in equation (17) in calculation are listedable 2. It is found that the calculated
results from the proposed model are in good agretswdth the experimental results.
Meanwhile, the temperature is ranged from 330 B30 K and located into the glass
transition temperature zone of PLLA/PMMA misciblelymer blends with 50%
PLLA. Therefore, the storage modulus of PLLA/PMMAsgible polymers with 50%
PLLA presents a sudden drop in Figure 5, due tglhass transition.

Table 2. Value of parameters in equation (17).

Composition of PLLA(%)| Ex(T®)(MPa) y T¥K) | Ex(MPa)| «
0 5011.8 0.0051 | 300.47 0.90
20 2818.3 0.0046 | 355.84 0.99
50 4073.8 7.23x1d | 333.85 4.9 0.073
70 2398.8 5.43x1Y | 379.04 0.92
100 2818.1 5.6x10 | 200.99 0.64
4000 ; ; ?PLLA"I/o Expérimentlal Simllllation-
0% q 1
20% *
30004 & 5:0%j bl -
O 70%! A —
N . —

_ 100%

2000

Storage modulus E¢(T,t) (MPa)
>
S

L] L] L] L] L] L] T
315 330 345 360 375 390 405 420 435
Temperature T(K)

Fig. 5. Comparison between simulation results of equdtldh and experimental data
[18] of the storage modulus of PLLA/PMMA miscibleolpmer with blend

composition of 0%, 20%, 50%, 70% and 100% PLLA.



4. Model and experimental verification of multiple-SME
For the miscible polymer blends, the triple-SME t&nachieved by means of two
deformation temperatured( and T,, (T,,>T,,)) to store two stored mechanical

strain (£,4 and &, ), respectively. Based on this, equation (16) rthier extended

pre

as.
1 (0sW (T £)SW (T,,))
g T, =08 WA "W Wy ysw(r,) 19)
a6 W(T,,) -W(T,,)
0 W(T,)SW(T 1)<
1 (0SW (T 1)<W ()
0 (T, = E2L) 6 W) WA ) ey r 1) <swr,, ) (20)
w2 "Ez L W(T,)-W(T)
0 W (T,,)SW(T t)<1)

Equations (19) and (20) were then used to calculla¢e stored strain of the
PLLA/PMMA miscible polymer with triple-SME, and thesults are compared with
the experimental data reported in Ref. [18]. Théomeation temperatures arg,;
=367 K andT,;,=338 K, and the stored mechanical strains gg and £, ,
respectively. As shown in Figure 6, the storedirstcd miscible polymer is initially
induced from 100% to 52.4% when the temperatumgci®ased from 303 K to 343 K.
It takes 65 min to complete the full shape recov@wy the other hand, the second
recovery process can be achieved when the polysrfarther heated to 367 K, where
the stored strain is decreased from 52.4% into%0I5is found that the simulation

results fit well with the experimental ones. Thsnparison reveals that the proposed



model is suitable to characterize and predicttipget SME in miscible polymer.

T T T Y E i LI T L} 1 T T 380
100.9% ¢  Experimental data

1009 % —— Simulation curve 367K 4370

7= Temperature 7" -
SN L ey w g
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£ o—s—s 4340
£ 604 s z
2 4330 5
T ;‘-

= ' o N

- W (L)~ W (T,) {320 &

) ; 4310

303K 20.5%
t=65min;
T T T T T — T T T 290

T L]
-10 0 10 20 30 40 50 60 70 80 90 100
Time t(min)

Fig. 6. Comparison of stored strain with respect to rdiaxaime between simulation
results and experimental data [18] of miscible pwy with triple-SME.

Next, the theoretical model was used to investigafiects of macroscopic
compositions on the triple-SME in miscible polynidends. The same programming
process in Figure 6 is applied to PLLA/PMMA miseilolymer blends with different
content fractions of PLLA, and the heating ragg i6 kept a constant and equals to
0.5K/min. As shown in Figure 7, the triple-SME i8%PLLA/50%PMMA miscible
polymer blend is the most obvious one. With anease in the weight fraction of
PMMA in PLLA/PMMA miscible polymer blend from 60%t80%, the distribution
of local domains with different glass transitiomfgeratures is assembled to thig
(Tg =390 K) of PMMA.. Since the absence of correspondiegl domains response to
the first temporary shape at 338K, the triple-SMEPLLA/PMMA miscible polymer
blend therefore turns to be inapparent with anease of the weight fraction of the

PMMA from 60% to 80%, resulting in a dual-SME inetl20%PLLA/80%PMMA



miscible polymer blend. This simulation resultseahthat the uniform distribution of
local domains with different transition temperaturis significant to trigger the
multi-SME of miscible polymer blends. Finally, thbemplete transition temperature is
370 K, which is almost equal to the deformation genature (367K), indicating the

existence of TME.

105 T T T T T T T

Heating rate
q=0.5K/min

1% temporary
shape

Stored strain (%)

454 Simulation results

—— 50%PLLA/50%PMMA  *
—— 40%PLLA/60%PMMA
—s— 30%PLLA/70%PMMA
—— 20%PLLA/80%PMMA

30

] L] L] ] 1 L] T
310 320 330 340 350 360 370
Temperature T(K)

Fig. 7. Simulation results of the segmental release of $hered strain in
PLLA/PMMA miscible polymer blends, with the contefnaction of PLLA is 20%,

30%, 40% and 50%, respectively.

Furthermore, the proposed model is then used toactaize the quadruple-SME
and quintuple-SME in miscible polymer blends. Aswh in Figure 8(a), the stored
strain of miscible polymer blends with a quadrupME has been investigated at
three deformation temperatures of 340 K, 360 K 380 K. The predicted results
show that the polymer takes 67 min, 22 min and 1A ta complete the three
recovery processes, respectively. On the other ,htded stored strain of miscible
polymer with the quintuple-SME is further investiga as shown in Figure 8(b),

where the four deformation temperatures are 34335, K, 370 K and 385 K. The



polymer takes quartic recovery processes to comylet shape recovery frorg

=100% to &£,=0.
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Fig. 8. (a) Simulation of stored strain as a function effaxation time of miscible
polymer blend with quadruple-SME (b) Simulationstbred strain as a function of

relaxation time of miscible polymer blend with quiple-SME.

To verify the proposed model of multi-SME, equat{@s) is further used to predict
the quadruple-SME of PFSA (perfluorosulphonic aicidomer) SMPs [15], which
has a broad width zone of;, (e.g., 328 K-403 K), as shown in Figure 9. Valoés
parameters used in equation (16) during calculati@nlisted in table 3. The stored
strain of PFSA SMP with a quadruple-SME has beerestigated at different
deformation temperatures of 326 K, 363 K and 41&Ka constant heating rate, the
first shape transition of SMP is induced in tempewfrom 293 K to 326 K. And the
temporary shape is kept at 326 K. Consequentlysdoend shape transition of SMP
is further induced with an increase in temperaftom 326 K to 363 K, and the third
shape transition is achieved by increasing tempeyafrom 363 K to 413 K.
Therefore, a quadruple SME has been achieved édPHEA SMP. Three domains are
used to characterize the recovery behavior at datdrmation temperature, and the

analytical results reveal that the PFSA SMP tal&$ fin, 27.6 min and 24.4 min to



complete the recovery processes, respectively.
Table 3. Values of parameters used in equation (16) for BFSA SMP with

guadruple-SME.

Composition (%) | T, (K) | v(/s) | Au(KI/mal) | & (%)

1% temporary shape 21.5 301.4 21i6

2" temporary shape 36.5 | 2525| 87.1 9968.2 1.9

3 temporary shape 60 225.1 823

T T T T T T - 420
rd temporary o---0

shape 413K 4 400

-1 380
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shape At - 360
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- 320
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Fig. 9. Comparison of stored strain with respect to rellaxatime between analytical
results and experimental data [15] of PFSA SMP withdruple-SME.

Finally, the proposed model is used to charactesizé predict the mechanical
behavior of the miscible polymer blends, e.g., farogramming their shape
deformation and free shape recovery behavior. Asegnted in previous studies [18],
multiple-SME in miscible polymers can be designed achieved by a variety of
deformation temperatures.

To model the relaxation behavior, the Young’'s madubf miscible polymer in

active state E,(T,t)) could be obtained using the extended Maxwell tgoa



[36,37]:

B
t
E, (T,t)=F +E, exp ~—— 21
ay ( )EoEll{r(T)j (21)
where E, is the Young's modulus of the elastic spring, aBd is the Young’s

modulus of the viscoelastic element. In combinatdrequations (4) and (21), the

Young's modulus at active stat&((T,t)) can be rewritten as:

, A
- _ AT —To)
E,(T.t)=E+ Elexp{ t /{r0 exp( RT (T ‘To)ﬂ} (22)

In combination of equations (19) and (22), the Ygsnmodulus €, (T,t)) of

miscible polymer is obtained as a function of rakion time and temperature:

W(Tt)(E,,(T.t)/E, (T)-1)

. (23)
1+a(1-W (T 1)E, [ t)/E, T)-1)

Ey(l',t) = Efs 1+

According to equation (23), the deformation strgfy ) can be expressed when the

polymer is under a constant external forog:(

o gle |1 WTDE,TOIE,M)-D

&(T,t)=
5.0 L+ a(-W(T 1)E, T 1)/E, T)-1)

(24)

When the polymer is deformed at temperaturesigfto T,,, the stored strain

&:q and £,., are expressed as following, respectively,:

£ = € by, | ) “W(Tgz) (25)
W(T,,)

gprez = gd I'F:Td2 W(Td—Z) _W(Tl) (26)
W (Ty,)

The mechanical history and relaxation behavior @fcible polymer blends, which

has dual-SME (under a deformation stress of 0.6@)M#~d triple-SME (under the



deformation stresses of 0.1 MPa and 2.0 MPa), lmeen plotted in Figure 10.
Experimental data reported in Ref. [18] of misciBleLA/PMMA polymer with dual-

and triple-SMEs have been employed to verify thsults predicted using the
proposed models, e.g., equations (24), (25) ang Srevealed in Figure 10(a), the
miscible polymer blends undergo a deformation at B4and has a stored strain of
81.2%. In the free recovery process, the storeainstsf polymer is decreased from
81.2% to 12.9% with an increase in temperature &0 K to 366.1 K. It is found

that results from the proposed models are in gaggdesment with the experimental
data. Furthermore, the polymer reveals a glassitran temperature of 347 K and it

is equal to the deformation temperature. Therefibre, TME is also achieved by the

proposed models, ag,=T,.
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Fig. 10. Comparison between equations (24), (25) and &t),the experimental data
[18] of both the programming process and the regoverocess of miscible
PLLA/PMMA polymer. (a) For dual-SME; (b) For tripME.

On the other hand, the triple-SME in miscible potyrwas further investigated and
the predicted results using the model are showigare 10(b). Here, the polymer

undergoes a first deformation at an external stods8.1 MPa and achieves 60%



stored strain. Then the stress is released angollymer is cooled back from 370 K to
340 K, resulting in a stored strain of 51% remaimedoolymer. Furthermore, an
external stress of 2.0 MPa was applied and thenperdys cooled back to 308 K from
340 K to achieve a 100% stored strain. Therefdne, rniscible polymer blend
undergoes the first relaxation behavior when ihested from 308 K to 340 K and
then the second behavior at the temperature isecafipm 340 K to 370 K. The
stored strain is gradually decreased from 100%2td% and from 52.4% to 20.5% in
the first and second relaxation processes, reségctiThese simulation results reveal
that the proposed models can well fit and predi tnechanical history and
relaxation behavior for the miscible polymer blend@th both dual-SME and
triple-SME. The same working mechanisms of dual-SiH triple-SME can be then
extended to the multiple-SME in the miscible polyrbkend.
5. Conclusions

In this study, a thermodynamic domain size modek vi@rmulated to
understand the SME working mechanism from the matspge of unique
dynamic coordination between different phases @ rtfiscible polymer. The
combination of AG theory and coupling model wasiatly used to investigate
the effect of component heterogeneities on dynatoitformational entropy,
glass transition and relaxation behaviours of rbiecpolymer blend. Effects of
component heterogeneities on dynamic conformatienaabpy, glass transition
and relaxation behaviours of miscible polymer blemdre systematically

studied. Both the SME and TME in miscible polymderds have been



well-described using our newly proposed model. Iginthe model was applied
to predict dual- and triple-SME in SMPs, respedyiveand the theoretical
results are validated by the experiments. We exttestapproach to shed the
light in the design and development of future niikcipolymer blends with

versatile SME for frontier engineering applications
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Highlights:

«  The thermodynamics of shape memory effect (SME) in miscible polymer blends has
been explored

« An approach of highly designable SMEs with adjustable glass transition temperature
and width of glasstransition zone

+ An extended domain size model was formulated based on the Adam-Gibbs theory
and Gaussian distribution theory
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