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Abstract

®

CrossMark

A new type of thermadapt shape memory polymer (SMP) has not only the processability of
thermoplastic SMP, but also the excellent shape fixation of thermosetting SMP. To enhance the
application of this thermadapt SMP within industrial sectors, a comprehensive constitutive
model based on phase transition is being proposed as an indicative descriptor of the
semi-crystalline thermadapt SMP’s salient features, predominantly related to its two-way shape
memory effect (SME) and thermal reprocessability. The concept of cooling elongation is also
introduced in this model for modeling the two-way SME during the crystallization process. The
molecular mechanism of chain-packing has been studied and used to establish
phenomenological formulas. In addition, to systematically assess the temperature-time

dependence of the crystallization process, the Avrami equation is improved by incorporating the
distribution of polymer chain segments. This strategy provides a detailed investigation into the
evolving pattern of the crystallization process in response to various temperature and time
conditions. Compared with the experimental results, it is found that our model can well capture
mechanical behavior in multiple shape memory cycles, including the two-way SME and
reshaping process caused by bond exchange reaction. Furthermore, the potential application of

SMP in smart mandrels is explored because the cooling elongation feature is able to endow it

with self-adaptive expansion ability.

Keywords: shape memory polymer, constitutive model, thermoplastic, vitrimer

1. Introduction

Shape memory polymer (SMP) is a type of smart material
that has received widespread attention [1-3]. SMP is capable
of fixing temporary shapes and reverting to original shapes,
i.e. shape memory effect (SME), where the transition temper-
ature plays an important role in the switching of shape fix-
ing and recovery. The transition temperatures of amorphous

* Author to whom any correspondence should be addressed.

and crystalline SMP are related to the glass transition tem-
perature T, and the melting temperature 7,,, respectively. The
glass transition is the mechanism for SMPs widely applied to
achieve the SME [4-7]. However, some semi-crystalline SMPs
crystallize before the glass transition, that is, T, < T,,. At the
same time, the SME is caused by the crystalline transition,
and its transition temperature is 7,,,. Semi-crystalline SMP fre-
quently displays unique SMEs, including the two-way SME.
This phenomenon implies that the temporary shape of the
SMP undergoes a significant transformation correlating with
temperature changing during the cooling stage in the SMC.

© 2024 0P Publishing Ltd
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Figure 1. Schematic of four interactions of thermadapt SMP. Red
part is fixed in the SMC and the green part is changed.

Hence, semi-crystalline SMP can display two temporary
shapes [8—11].

Recently, a new type of polymer containing dynamic cova-
lent bonds (DCBs), known as vitrimer, has attracted wide-
spread research interest [12—14]. By introducing the bond
exchange reaction (BER) of DCB, the permanent covalent
crosslinking network of thermosetting polymers becomes an
equilibrium of breaking and binding. Therefore, the vitrimer
exhibits thermoplasticity at higher temperatures. The temper-
ature at which the vitrimer shows significant thermoplasticity
is noted as the reaction temperature 7.

The reaction temperature 7, is normally lower than the
melting temperature 7T,,, the cross-linked network of poly-
mers is in a frozen state, and the original shape of the
polymer cannot be changed due to DCB. Zheng et al
[15] reported a new kind of vitrimer, which is named
as thermadapt SMP due to its SME and processability.
Compared with normal vitrimer, the reaction temperature
T, of the thermadapt SMP is much higher than its melt-
ing temperature 7. This kind of thermadapt SMP com-
bines the advantages of both thermoplastic and thermosetting
SMPs.

Microscopically, the thermadapt SMP [15] is a crosslink-
ing network formed by the interactions among polymer chain
segments, such as chemical bonds, secondary bonds or entan-
glement, as shown in figure 1. When the temperature is higher
than the melting temperature T,,, such a crosslinking network
spontaneously flows because of entropic elasticity, and then
recovers to its original shape. When the temperature drops
below T,,, the network is frozen by the strong intermolecu-
lar interaction. Therefore, it can be seen that the interactions
marked in green in figure 1 will be disrupted in the SMC, while
the red parts are permanent. When the temperature exceeds
T,, the original shape can be redefined. As the temperature
increases, the DCBs are gradually activated, causing the poly-
mer network to become a dynamic covalent network. The DCB
in the SMP network undergoes continuous exchange reactions,

causing the network crosslinking points to always be in a
dynamic equilibrium of binding and breaking (marked in red
in figure 1); thereby the original shape of the SMP can be
changed at this temperature.

Available works mainly focus on amorphous thermoset-
ting SMP, while the modeling of thermadapt SMP and crys-
talline SMP remains to be developed. Several recent stud-
ies have reported the modeling of polymer with DCB. Ma
et al developed a model of photoactivated covalent adaptive
networks [16]. In addition, a series of studies have extended
this concept to a type of amorphous DCB. However, if the
T, of the investigated polymer is close to the glass transition
temperature [17], the model cannot be used directly for ther-
madapt SMP.

A phase transition model of SMP [18-21] is also adop-
ted for modeling crystalline SMP. Barot ef al have estab-
lished a thermodynamic constitutive model for crystalline
SMP [22, 23]. Hall et al extended the model to the
two-way SMP [24]. Westbrook et al established a 1D
model of infinitesimal deformation to predict the two-way
SMC [25].

However, few models consider the crystallization of SMP.
Hence, they have some limited to simultaneously predict the
SMC and the two-way SME of thermadapt SMP. In this article,
a constitutive model of thermadapt SMP between a large tem-
perature range is developed considering crystalline SMC and
thermal reprocessing. In section 2, a two-phase constitutive
model for thermadapt SMP with a focus on the phase trans-
ition process is developed. The Avrami equation is improved
for the evolution law of the volume fraction of the crystalline
phase. The deformation relationship between different phases
during the phase transition is formulated based on a molecu-
lar mechanism model, thus establishing the cooling elongation
equation used to predict the two-way SMC. In section 3, the
model parameters are determined through differential scan-
ning calorimetry (DSC), dynamic mechanical analysis (DMA)
and relaxation experiments, and the model is validated by the
prediction of the SMC and thermal reprocessing during BER
of thermadapt SMP.

2. Modeling

A two-phase model consisting of amorphous and crystalline
phases is adopted to develop a constitutive model for describ-
ing the thermo-mechanical behavior of a semi-crystalline ther-
madapt SMP, as shown in figure 2(a). First, a kinematic frame-
work for each phase is adopted enabling the constitutive model
to describe the viscoelasticity and thermal expansion of the
thermadapt SMP. Second, the elastic relationships of each
phase and the whole are established. An evolution law for
the volume fraction of the crystalline phase is also developed.
Next, a cooling elongation model is developed to study the
deformation relationship between the two phases during the
phase transition. Finally, a temperature-dependent viscosity
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Figure 2. Schematics of the model of the thermadapt SMP. (a) Two-phase model of a microscopic unit of the SMP including the crystalline
and amorphous phases. (b) 1D rheology model of the crystalline and amorphous phases under infinitesimal deformation.

flow rule is adopted for the flow of a dynamic covalent
network.

2.1. Kinematics

In the two-phase constitutive model, the two phases have
the same kinematic characteristics and a five-element model
shown in figure 2(b) is used for each phase. The model
includes a thermal expansion element and mechanical ele-
ments connected in series with it. The mechanical elements
are divided into two parallel branches, the intermolecular res-
istance branch and network branch, respectively. Each branch
consists of a series-connected spring element and a dash-
pot element, representing elastic and inelastic deformations,
respectively.

The deformation gradient tensor F ;) of each phase can be
decomposed multiplicatively into tensors of thermal expan-
sion and mechanical deformation:

M h
F) =FFG), Q)

where the subscript i represents different phases, i =a for

the amorphous phase and i = ¢ for the crystalline phase. F‘(*;)

implies the deformation gradient of the thermal part, while F’("f)

implies the deformation gradient of the mechanical part con-
sisting of two parallel Maxwell components, named the net-
work branch and intermolecular resistance branch. The net-
work branch can be further decomposed as,

Fiiy = FHFG), )

and the intermolecular resistance branch can be decomposed
similarly as,

M ypmeyymyv
Fiy =FEFG, 3)

where n and m indicate the network branch and intermolecu-
lar resistance branch, while e and v represent the elastic and

viscous deformation, respectively. Thus, F’(Zs and F) are the
elastic and viscous deformation gradient tensors of the net-
work branch, while Fs and F( are the elastic and viscous
deformation gradients of the intermolecular resistance branch,
respectively.

The determinant of elastic deformation of the network
branch is,

T = det (F'gg) . (4)
The deviatoric deformation gradient, deviatoric right Cauchy—
Green tensor, and first invariant of deviatoric right and left

Cauchy—Green tensor are defined for the network branch as
follows:

T
e —1/3 ne ~ne __ [ pne he
o =70 Fy (,-)—( (i)) (i)’
_ _ _ T _ _
=Fi (Fi) . 15=v(Cl). O

and the variables for the intermolecular resistance branch can
be defined in a similar way:

~me

me __ *1/3 _ [ Tﬁm
v =) s, Cs = (Rus) Ep,

=i () . m=w(@r).©

For simplification, the thermal component is isotropic; then
its deformation gradient tensor is written as,

i = (J“})) " %)

where I is a second-order unit tensor and the determinant of
the thermal component is Jt(';) = det(F‘(';)). Assuming that the
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thermal deformation is linearly proportional to the change in
temperature, it gives the following:

<,) =14 (T—T"), (8)

where «;(i = a,c) are coefficients of thermal expansion of the
two phases.

2.2. Elasticity
Within the thermodynamic framework, the Helmholtz free
energy density ¥ can be decomposed as,

U =0,V +écY (), )

where ¢, and ¢, indicate the volume fraction of the amorph-
ous and crystalline phases, respectively. ¢, + ¢. = 1. ¥, and
V) are the energy densities of the amorphous and crystalline
phases, respectively. Each can be decomposed into three parts,
associated with the energy densities of the network branch,
intermolecular branch and volume part:

ol . M _ (ne
W (€.l 1. T) = W, (Cl5.7)

+ Wi (Cls) + U (1) - o)

In order to capture the nonlinear stretch behavior, the
widely used eight-chain model of rubber-like material [26] is
applied for the network branch, and the energy density WE’I.) is,

Be > )
sinhB. ) )’

where N denotes the crosslinking number of the unit volume,
kg = 1.38 x 1023 K ! is the Boltzmann constant and 7 is the
mean number of bonds between two crosslinks. [3.. is an inter-
mediate variable:

Ae 1-
_ pr—1 4 e
BC_‘C (\/ﬁ)’ Ac_ 31?1 I

where ). is the effective chain stretch. £71(+) is the inverse
Langevin function, while the Langevin function is L£(x) =
cothx — 1/x.

The stiffness of the intermolecular branch is far greater than
that of the network branch, and therefore the deformation of
the intermolecular branch is relatively small in this model. In
addition, the stress—strain relationship of SMP has good lin-
earity at lower temperatures. Thus, the neo-Hookean model
is adopted to describe the energy density of intermolecular

branch W% :
=5 (1-3),

ON
where i is the initial shear modulus.

W’Zi) :NkBT\/ﬁ <50Ac+\/ﬁlog < (11)

12)

Wi

13)

Finally, the elastic energy density of volume part Uy;) is,

Uy = K (JZ) ~log ¥, — 1) 7 (14)
where k is the bulk modulus [27].

Assuming that the deformation gradient tensors of the

amorphous and crystalline phases are uniform,

F=F, =Fq, (15)

which is known as the parallel connection model and has been
widely used in the phase-transition model for SMP [20, 21].

Referring to the appendix, the total Cauchy stress can be

obtained from the free energy density equation (9):

O = a0 (q) + OO ()5 (16)

where o (,) and o () are Cauchy stresses of the amorphous and

crystalline phases, and each can be further decomposed into its
deviatoric and hydrostatic parts:

ou) =8 —pPml (17
where hydrostatic pressure p(;) can be expressed as,
L ARy (. (18)
pPuy=—3 r‘7(1‘):*7( i) )
3 Jiy V@

The deviatoric stress s(;) of each phase is contributed by the
network and intermolecular branches:

. /U’eq e 1* e /u’l me l
0= 70 (bm - 3”6)1) To ( o~ 3lor), a9

St

St

where 14 is the equivalent shear modulus:

1% = NkgT+/n f— (20)

2.3. Evolution law of ¢¢

The volume fraction of crystalline phase ¢, is not only
temperature-dependent, but also time-dependent.

First, we study the temperature-dependent feature of ¢,
which reaches a stable value ¢, at a certain temperature 7'
after a sufficiently long time. Assuming that the long-term
crystallization fraction ¢, is determined only by the temper-
ature, it has the following form:

1

Peoo=1———F—+
1—|—exp< L T”)

2

where T, and T}, are parameters controlling the evolution of
the long-term crystallization. In order to describe the dynamic
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crystallization ¢, in short-term, Doufas et al developed a
model [28]:

&= mK™ [—1og(1 —x)(’”“)/’”} (1—x)exp <£UGT) , (22)

where x = ¢/ Pcoo, K* and m are Avrami parameters. Ahzi
et al found that the exponential term is negligible for SMPs
[29]. The crystallization equation becomes,

&= mK® [—1og(1—x)(’"*1>/’"} (1-x). (23
However, equation (23) cannot degenerate to the stable long-

term solution ¢, = ¢, . In order to include the effect of long-
term crystallization, we modify it as follows:

d.)c = mKaV |:— 10g (qbcoo - ¢C)(m71)/m:| (d)coo - ¢c) . (24)

The solution to equation (24) is,

$e = Peoo — €XP [* (K™t + KO)m] ) (25)

where Ko = (—log qﬁcoo)_l/m. When m = 1, the solution can
be degenerated into the result of Ahzi et al

$e = Peoo — €XP (_ (Kavt)m> Peoo- (26)

The rate of crystallization increases rapidly with the
decrease in cooling temperature, and so a temperature-
dependent Avrami parameter is introduced:

K" = Kiexp (TZV) , 27

ref

where K*'. and T%'

vof o are reference values of Avrami parameters.

2.4. Cooling elongation

A phenomenological model considering the atomic packing of
polymer chains is established in this section.

Since the stiffness of the network is much lower than that
of the intermolecular branch, the effect of the network branch
can be neglected, and we only focus on the intermolecular
branch. A 1D model of the intermolecular branch under con-
stant stretch stress is shown in figure 3, where an abnormal
elongation occurs due to the crystallization of chains along
the stretch direction during cooling [18, 19]. At time ¢, the frac-
tion of crystalline phase is ¢., while the fraction of amorphous
phase ¢, = 1 — ¢.. The strain in the amorphous and crystalline
phases are €(,) and €., respectively. If the original length of
the chain is L, the increment length of the chain under deform-
ation is,

AL = AL(C) + AL(a), (28)
where,

ALy = Li)e(e) = ¢cLe(e),  ALq) = L(a)€(a) = Palé (a)-

(29)

do, g E(a) i

+

) 8
& —
(@ qbc & ) 2

K5 K5

Figure 3. Schematic of cooling elongation caused by chain-packing
under 1D deformation. Red parts represent SMP chain segments in
amorphous state, and blue parts represent the SMP chain segments
in crystalline state.

To demonstrate how the elongation works, consider a situ-
ation where €(a) is a constant. After a short time interval dr,
the increment of AL in equation (29) can be expressed as,

dAL = (¢ede(e) + (E(¢) — Ew)) doe) L. (30)

Assuming that the increment length AL is proportionate to
the length L, and increment of phase fraction d¢.,

dAL = oL, d¢, (31)

where o is the scale factor.
From equations (29) and (31), the increment strain of crys-
talline is derived as,

do.
de() = (f ((a™+1)e@ —e) (32)
Then, the solution of equation (32) is,
ori C
e = (@™ + 1) e@ + o, (33)

where C is a constant. To avoid divergence of the solution,
C =0 is needed. We obtain the strain of elongation during
crystallization as,
E) = (Ozon + 1) €(a)- (34)

The normal amorphous SMP has a® = 0, which means
that the polymer will not elongate at cooling obtained from
equation (31). The thermadapt SMP has a positive a®", and so
it will elongate at stretched cooling.

Generally, the (,) is not a constant in the dynamic crystal-
lization process. Thus, equation (32) is more suitable for the
1D case and can be simplified further as,

% aori

dE(C) = ¢

E(a)- 35)

The above model can be generalized to 3D finite deforma-
tion to realize the packing of chains by changing the viscous
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deformation rate of the intermolecular branch. A polar decom-

position of the network elastic component gives the following:

Fo = VoR@: Fo = VoRo, (36)

where V’(’z),V?’ﬁ) are the symmetric tensor and R’ZZ)7R’(75) are
the orthogonal tensor.

When the polymer is crystallizing, equation (35) becomes,

= %a"riV’(’Z), (¢>0), (37)

where d° is one part of the viscous deformation rate d’(’iv)
caused by chain packing. The other part of d’(’iv) cause by vis-
cous flow will be introduced in the next section. The parameter
a°1 can be obtained from the force-program SMC, after other
thermal and mechanical parameters are determined.

When the polymer melts, the crystalline phase melts evenly
as observed in the experiment, and the deformation rate dotis,

doi — o, <¢> < o) . (38)

2.5. Viscous flow relationship

The viscous deformation rate tensor is usually used to describe
viscous flow, and defined from the deformation gradient tensor
of the intermediate configuration [27, 30, 31]. Hence, the vis-
cous deformation rates of the four dashpots are defined via
their corresponding intermediate configurations, respectively.
The viscous deformation rate for the network branches is,

. —1
dfi) = sym ( 5 (F55) ) ) (39)
and for the intermolecular branches is,
my my my -1
a7 = sym ( ” ( (i)) ) : (40)

where sym(-) = ((+) + (-)7)/2 is symmetrization operation.
The viscous deformation rate of the network branches d
can be decomposed as,

n

0

d) = m- 4D
where v?lv is the effective viscous shear stretch rate. nf;
indicates the direction of flow, which is the same with the ori-
entation of stress under hypothesis of volume-preserved flow:

s’
= ——2 (42)

Sty * ()

i

The Arrhenius equation is adopted for the network branch, and
the effective viscous flow rate is,

) s Ey
Vo) = ,733 exp (—w> : 43)

ref

1/2

where s?i) = (%S?i) : s’gi)) is the effective stress, 7% is the
reference viscosity of the network branch and Ej is the activ-
ating energy.

Second, intermolecular components have similar decom-
position:

@) = Vo (44)

while the crystalline phase has an additional term of elongation
in equation (35) under stretching during cooling:

i) = y(nl +d. (45)
The direction is similar to equation (42):
sl?‘{
nf) = ——2 (46)

D T oom
VS 56

The Williams-Landel-Ferry (WLF) equation is utilized to
ascertain the temperature-dependent viscosity of the inter-
molecular branch:

™ C(T—Ty)

log,g—— = ,
10 et C2 =+ (Ti Tg)

4N

where C; =17.44 and C, =51.6K are WLF constants and
Nt 1s the reference value of viscosity of the intermolecu-
lar branch at T,. The effective viscous flow rate of the inter-
molecular branch is then obtained:
~myv __ Sr(':) 1 10
Yoy = o eXp | —log

ref

C (T- Tg)
Cy + (T— Tg) ’

(48)

The phase-transition model of reprocessible thermadapt shape
memory polymer is summarized in table 1.

3. Validity

To validate the established thermadapt SMP model, the uni-
axial stretch performance of this model is analyzed numer-
ically, where the parameters used for our model are listed in
table 2. The results are compared with the experiment of Zheng
et al [15]. The SMC, thermal reprocessing and DMA data used
in this study were derived by DMA Q800, and the DSC data
were obtained by DSC Q200 (TA instruments).

3.1. Thermodynamic test

Asdescribed in section 2.3, the crystallinity at cooling depends
not only on the temperature, but also on the cooling rate, espe-
cially at the early stage of crystallization. A thermodynamic
test under cooling is needed to determine the crystalline para-
meters. This crystallization can be reflected in the DSC curves
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Table 1. Thermo-visco-elastic model.

Kinematics

F=Fa=Fq
Fi) =F;Fg
FM — Fe

o =¥ ¥a

— Frepmy

[ORN0)

Stress

0 = Pa0 (a) + PcO(¢)
T =@ —Pml
4 L/l
so = 7, (PG
pP= —%(1’(‘?) -1

(B — 4750) + 4= (b5 = 3T050) . 0™ = Mo T/

Viscous flow

nwo__ nv_n v Sﬂ(i)
Ay =00, Vi) = 75, €XP (—

dza:) : FYEZJE n;ZZa) ori
die) = (o) +d

L my s(i)

1O = Vg P
dorl = aon% ’Z(I) (¢C > 0)7

Cl(r—rg)]

exp [—log 10C2+T7Tg

Eo
T

d* = 0(¢. <0)

Table 2. Parameters.

Parameter Value Physical significance

n 5.029 x 10" Crosslinking number of unit
volume

N 5 Mean number of bonds between
two crosslinkings

T, 12K Transition temperature
distribution

Ty 304 K Transition temperature
distribution

m 3 Avrami parameters

K 2.077 x 107% Reference value of Avrami
parameters

Tir 2.777K Reference value of Avrami
parameters

o 6x 1074 K™! Rubbery coefficient of
volumetric thermal expansion

aof 2x1074K™! Crystalline coefficient of
volumetric thermal expansion

Ey 113.6 kJmol ! Activating energy

T, 273K Glass transition temperature

et 1.967 x 107> MPa-s Reference viscosity of

intermolecular branch

Mot 4.82 % 10> MPa - s Reference viscosity of network
branch

o 0.068 Coefficient of orientation
elongation

and DMA results of the following cooling process. The cool-
ing rate of the DSC test was 10°C/min, and the DMA test
was performed at a frequency of 1 Hz with 0.2% strain. The
results for DSC and DMA are shown in figures 4(a) and (b),
respectively.

Since the crystalline transition is the main reason for the
heat absorption of the thermadapt SMP within its working
temperature range, the heat absorption condition of its

crystalline transition is used to predict the results of the DSC
test. Since the heat absorption is proportional to the unit trans-
ition volume, the evolution of the crystalline volume fraction
of the thermadapt SMP under a specific temperature load is
numerically calculated through this model.

In the theoretical model, the storage modulus of the ther-
madapt SMP is obtained by averaging the storage modulus of
each phase weighted by the volume fraction. The storage mod-
ulus of each phase can be obtained based on the linearized
elastic modulus and viscosity of each element. In addition,
through this model, the evolution of the crystalline volume
fraction under specific temperature loads can also be numer-
ically calculated. By combining the two, the storage modulus
of the DMA test at different temperatures can be predicted.

From the DSC test, a peak at 41 °C exists, which depends
on the cooling rate. In the crystallization process, the polymer
in the rubber state enters the crystalline state, while transition
to the glass state does not occur. The peak of the prediction
curve fits well with that of the experimental curve under the
same cooling rate. A sharp point exists at 37 °C in the DSC
curve, which results from the fact that the Avrami paramet-
ers (K*V) reach a non-negligible value and that the crystallinity
(¢.) rapidly tends to ¢, and so ¢, is approximately equal to

coo -

The DMA test shows the relationship between storage mod-
ulus and temperature, and the large decrease from 40 °C to
60 °C implies that a phase transition occurs. The modulus at
lower and higher temperatures is contributed by crystalline and
amorphous phases, respectively. The four-element model fits
the transition temperature range well by using the phase trans-
ition in the DSC test.

3.2. Relaxation test

Relaxation tests at different temperatures above the reaction
temperature are used to obtain the viscosity of network flow
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Figure 4. Prediction and experiment of thermodynamic properties,
where the solid lines represent the prediction, while the dashed lines
represent the experimental results. (a) Results of heat flow versus
temperature obtained from our model and the DSC test. (b) Results
of storage modulus versus temperature obtained from our model and
the DMA test.

1. The stress o relaxation from 110 °C to 150 °C at intervals
of 10 °C is predicted numerically by setting the boundary con-
dition of a tensile strain of 0.2% in the stretch direction, and
the components of the other stress are 0. In addition, the initial
stress is denoted by oy.

Figure 5(a) shows the results of relaxation and compares
the experimental data with the prediction results of the fitted
model. Five groups of tests between 110 °C and 150 °C with
equal steps show that the relaxation can be seen as an exponen-
tial decay and that the relaxation time descents are also expo-
nential. The curves are transformed to figure 5(b) by exper-
imental fitting, which exhibits superb linearity and validates
that the Arrhenius equation is suitable in equation (43). The
activating energy E( can be obtained from the relaxation test,
and then the prediction results are described in figure 5(a). It
can be seen that the relaxation curve has a good fitting from
120 °C to 150 °C. Although the relaxation time is a good fit at
110 °C, the predicted stress relaxation behavior is faster than
the actual relaxation behavior, indicating that the Arrhenius
equation may not apply to low-frequency BER.
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Figure 5. Prediction and experiment of relaxation of SMP under
different temperatures. (a) Result of stress changing over time,
where the solid lines represent the prediction, while the dashed lines
represent the experimental results. Colors of lines represent different
temperatures of relaxation. (b) Linear regressive analysis of the
Arrhenius equation.

3.3. Shape memory cycle

The temperature-dependent mechanical behavior and the
stretch-time curve of the SMP in one SMC are shown in
figures 6(a) and (b), respectively. One SMC includes four
stages: load, shape fixation, unload, shape recovery. At the
beginning of the SMC, the thermadapt SMP is in its ori-
ginal shape. The polymer first undergoes a heating process
and is programmed into a specific temporary shape under
an external load. Next, during the shape fixation stage, the
SMP sustains the external load while cooling to room tem-
perature. Consequently, the shape of the SMP is practically
fixed. However, due to the continued external load, the third
stage of the unloading process sees a minor deformation in
the shape of the SMP upon removal of this load, resulting in
the final temporary shape. This temporary shape can persist
over a long period of time until reheating occurs, marking the
final step of the shape recovery process in the SMC. At this
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Figure 6. Prediction and experiment of SMC. (a) Schematics of
deformation during the whole SMC, where red represents the heated
polymer and blue represents the room-temperature polymer. (b)
Result of stretch changing over time of an SMC.

stage, the heated SMP gradually recovers to its original form,
independent of any external load.

It should be noted that crystallization starts after reaching
a certain temperature during the heating process, and no such
hysteresis is observed during the cooling process, as discussed
in section 2.3. The inset in figure 6(b) shows the 0 — A —T
curve after eliminating time. Index 1 to 4 represents the four
stages of SMC, including load, shape fixation, unload and
shape recovery. The four stages of the curve occur in approx-
imately four planes, which better reflects the characteristics of
the SMC.

The thermadapt SMP shows a step at the shape fixation
stage under constant force loading, while the curve of a typical
SMP is a uniform platform. The step is caused by the poly-
mer chain packing under the stretched cooling discussed in
section 2.4.

Figure 7 shows the mechanical behavior of SMP in mul-
tiple SMCs with two reprocessed original shapes, demonstrat-
ing that the model can predict the experimental values well.
The inset in figure 7 shows the 0 — A — T curve of the first
SMC and the first reprocessing after eliminating time.

Compared with the single SMC test, figure 7 includes per-
manent shape changing. When the shape of the thermadapt
SMP is redefined at high temperature (above 100 °C), the poly-
mer network will be rearranged by BER, and then the residual
stress of the polymer network will decrease or disappear. If
the annealing time is not long enough, the network will retain
a certain anisotropy, which will affect the next SMC, and the
constitutive model will be able to fit the phenomenon.

In addition, the recovery and fixation rates of SMP are
99% and 98%, respectively, which implies that SMP has an
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Figure 7. Prediction and experiment of stretch changing over time
of three SMCs and three BERs. (a) Prediction and experiment of
stretch changing over time. (b) Stress-stretch-temperature
relationship in the first SMC and BER.

excellent SME during the temperature range of SMC, ensur-
ing that the thermadapt SMP works stably in its working tem-
perature range.

3.4. Smart mandrel application

SMP smart mandrels are a potential manufacturing process of
structures with complex surfaces [32-34], where the first and
key step is shaping of the smart mandrel. A sealed SMP tube
is heated and put into a mold, and then pressure is applied to
the inside of the SMP tube. The SMP tube will deform into a
predetermined shape. Cooling while preserving pressure, the
shape of the smart mandrel can be fixed and used to manufac-
ture the final composite product.

However, shaping a mandrel with angle and small
curvature is still a great challenge using the inflation
method due to stress concentration, while expansion is
necessary to fit the mold. Note that the tube may rupture
easily during inflation when manufacturing defects exist,
which results in much waste and loss of the advantage of
reuse.

Considering an internally inflatable tube shown in figure 8
made of thermadapt SMP, we adopt the same procedure of
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Figure 8. Shaping process of thermadapt SMP mandrel.

using SMP smart mandrels. In the step of heating and infla-
tion, most parts of the tube is contacted with the mold inner
wall under inflation pressure, which is much lower than the
pressure applied for traditional SMP. Then, keeping the pres-
sure inside the tube and cooling down, the tube surface is under
stretch and will self-adaptively expand to fit the small corners
and sharp angles of the mold under cooling elongation effect.
Thus, lower pressure and self-adaption in processing improve
the stress distribution, making the thermadapt SMP a good
candidate for smart mandrel.

4. Conclusion

A constitutive model for the processable thermadapt SMP con-
taining crystalline is established, which describes the two-
way elongation of the SME and elasticity evolution of repro-
cessing. The important innovations of this work are sum-
marized as follows. The Avrami equation is reformulated to
describe the time-temperature-dependent crystallization pro-
cess. The equation can be applied to non-constant temperat-
ure crystallization processes. A linearized expression is pro-
posed to predict the strain-induced elongation phenomenon of
the two-way SME. The equation is interpreted in terms of a
packing of stretched polymer atoms. The numerical predic-
tions are compared with the experimental data to validate this
model. The results show that the model captures the character-
istic temperature of the DSC and DMA analysis. Furthermore,

the model can well describe strain-induced elongation, and
tensile stiffness changing in the test of SMC, and thermal
reprocessing.

This work may potentially guide the design and
manufacturing of smart mandrels for thermadapt SMP
structures and actuators, especially in predicting the influ-
ence of internal stress compatibility on shape changes during
thermal-mechanical treatment.
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