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ABSTRACT

Shape memory polymer has shape morphing capabilities upon external stimuli, including thermal-, electro-,
magnetic-, photo-, and so on. Among them, shape memory polyimide (SMPI) has excellent thermal stability,
creep resistance, radiation resistance, and good mechanical properties, which can be applied in various fields. In
this paper, 5-amino-2-(4-aminophenyl) benzimidazole, 2-(4-aminophenyl) benzoxazol-5-amine, and 3,3',4,4'-
biphenyltetracarboxylic dianhydride are utilized to synthesize two semi-trapezoidal aromatic heterocyclic SMPIs
with tunable chain stiffness, including imidazole-based shape memory polyimide (M-SMPI) and oxazole-based
shape memory polyimide (E-SMPI). Because of asymmetric imidazole groups, M-SMPI has the highest SMPI
transition temperature in the world, at 416 °C. Additionally, the M-SMPI/CF composite also has the highest
SMPIC (shape memory polyimide composite) transition temperature, at 399 °C. Thus, M-SMPI and M-SMPI/CF
composites can be used as smart materials in deformable flexible electrodes, high temperature aerospace devices

and deployable structures.

1. Introduction

Shape memory polymer composite (SMPC) is a kind of smart mate-
rial that holds “programmed” temporary shape and recovers the original
shape due to the action of thermal field, light irradiation, electric field,
magnetic field, chemical solvent or other external stimuli [1-8]. For the
thermal responsive SMPC, the sample is heated to the transition tem-
perature Tians (Tirans is the shape memory transition temperature, which
is glass transition temperature or melting transition temperature). After
that, the temporary shape of the thermal responsive SMPC is pro-
grammed by external force, and is fixed when the temperature is lower
than the Tyans. At last, the thermal responsive SMPC can recover the
original shape when heats over the Tiqans [9-12]. In 1940, Mather was
the first one to propose “elastic memory” [13], and shape memory
materials had begun to attract researchers’ intensive attention. Nowa-
days, SMPC has become another hot research area after shape memory
alloy (SMA) [14,15]. Compared with SMA, SMPC has the advantages of
light weight, low cost, easy processing, large deformation, and can
respond to a variety of stimuli [16-20].

Polyimide has great high and low temperature resistance, low coef-
ficient of thermal expansion, high mechanical properties, high electrical
insulation, radiation resistance, excellent flame retardance and self-
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extinguishment, etc., and, it also has the features of space materials
such as low volatility in vacuum [21,22], and can be processed into
polyimide films [23], engineering plastics with high temperature resis-
tant [24], resin matrix for composites [25], high temperature resistant
binders [26], fibers [27] and etc., so it has tremendous commercial value
and promising development in aerospace, microelectronics, precision
machinery, and medical devices fields [28-30]. The shape memory
polyimide (SMPI) and its composites are expected to be used in sensors,
deployable structures and other areas due to its excellent shape memory
effect, thermal stability, radiation resistance, and good mechanical
properties [31-36].

Researchers have made many reports on SMPI with high shape
memory transition temperature. For example, the cage poly-
silsesquioxane was grafted into the SMPI molecular structure to prepare
a light color transparent organic-inorganic hybrid SMPI with glass
transition temperature (Tg) or Tyrans of 351 °C-372 °C [37]. Yu et al.
produced series of SMPIs by copolymerization of 4,4'- diaminodiphenyl
ether (ODA), 5,4'-diamino-2-phenylbenzimidazole (DAPBI) and benzo-
phenone-3,3',4,4'-tetracarboxylic dianhydride (BTDA) [38]. By adjust-
ing the ratio of rigid DAPBI to flexible ODA monomers, the
thermomechanical properties of the SMPIs changed accordingly. And
the synthesized PI-80 has good comprehensive properties, and the glass
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transition temperature rose from 280 °C to 370 °C. Xiao et al. prepared
the SMPI films based on benzoxazole diamine and 4,4'-(hexa-
fluoroisopropylidene) diphthalic anhydrid, of which the T, was 363 °C
[39]. Wang et al. prepared poly(benzoxazole-co-imide)s by BPDA with
two different diamine of 4,4’-oxydianiline (ODA) and 5-amino-2-(4-ami-
nobenzene) benzoxazole, of which the shape memory transition tem-
perature range was 240-350°C, and shape fixity was above 98% and
shape recovery was up to 98%. Besides, the multiple-shape memory
effects with high switching temperatures were first achieved in poly
(benzoxazole-co-imide)s [40]. Besides, the authors prepared two kinds
of high temperature shape memory copolyimides, and the glass transi-
tion temperature of poly(benzoxazole-co-imide) (PI1) and poly(benz-
imidazole-co-imide) (PI2) were 280 °C and 355 °C, respectively.
Interestingly, shape memory cycles induced orientation with ordered
macromolecular chains packing was formed for P12 after several thermal
mechanical cycles, and, the shape recovery ratio was risen from 60% to
over 90% after five cycles [41]. At present, the shape memory transition
temperature of SMPI is mostly in the range of 200 °C-370 °C. These
SMPIs are the SMPs with high transition temperatures, but there is
almost no report on the transition temperature that exceeds 380 °C, or
reaches 400 °C. Therefore, in this paper, we define that the SMPI with
transition temperatures over 380 °C had an ultrahigh transition tem-
perature range.

For the SMPI with high shape transition temperature, the rigid mo-
lecular structures such as imidazole ring, oxazole ring, thiazole ring, and
benzene ring can improve the thermal stability and rigidity of the
polymer [42]. Therefore, in this paper, 5-amino-2-(4-aminophenyl)
benzimidazole, 2-(4-aminophenyl) benzoxazol-5-amine, 3,3,4,4'-
biphenyltetracarboxylic dianhydride are used to prepare semi trape-
zoidal aromatic heterocyclic polyimides, in order to construct SMPI
films with the Tiapns higher than 380 °C. The innovations are as follows:
two kinds of semi trapezoidal aromatic heterocyclic SMPIs including
imidazole-based SMPI and oxazole-based SMPI are prepared. The Tirans
of the imidazole-based SMPI (M-SMPI) is more than 400 °C, which is the
highest shape memory transition temperature of the SMPI film in the
world, so the SMPI film with tunable chain stiffness can expand the
application range of the smart polymer. On the other side, M-SMPI and
carbon fiber twill fabrics are compounded together to prepare shape
memory composite M-SMPI/CF, which can be used as skin materials for
the morphing aerospace devices and deployable structures, etc.

2. Experimental section
2.1. Materials

3,3,4,4'-biphenyltetracarboxylic dianhydride (BPDA), 5-amino-2-
(4-aminophenyl) benzimidazole (DAPBI), 2-(4-aminophenyl)benzox-
azol-5-amine (AAB), and dimethyl sulfoxide (DMSO) all came from
Shanghai Aladdin Reagent Co., LTD. The carbon-fiber twill fabric (T300-
3 K, the diameter of the fiber is 1 um, and the linear density is 1 dtex, and
the rupture specific strength is 1 ¢cN/dtex, and the temperature resis-
tance is 2000 °C.) was from Japan Toray Co., LTD. N, N-dimethylace-
tamide (DMAc) came from Tianjin Fengchuan Chemical Reagent
Technology Co., LTD.

2.2. Preparation of imidazole-based shape memory polyimide (M-SMPI)

(I) At room temperature, 1 mol DAPBI was added to the DMSO
solvent, then, 1 mol BPDA was also added to the solution 4-6
times in Ny atmosphere, and the stirring speed was 250 r/min,
and had reacted for 120 h to prepare a polyamic acid (PAA)
solution.

(II) The PAA solution was poured on a glass balance plate and had a
thermal imidization process, which synthesized the semi trape-
zoidal aromatic heterocyclic shape memory polyimide film (M-
SMPI). The heating steps were as follows: 50 °C for 5 h, 80 °C for
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5h, 120 °C for 2 h, 160 °C for 2 h, 200 °C for 2 h, 250 °C for 2 h,
and 300 °C for 2 h. The reaction route was shown in Fig. 1a.

2.3. Preparation of oxazole-based shape memory polyimide (E-SMPI)

(I) Atroom temperature, 1 mol AAB was added to the DMAc solvent,
then, 1 mol BPDA was added to the solution 4-6 times in N5 at-
mosphere, and the stirring speed was 250 r/min, and had reacted
for 120 h to prepare a polyamic acid (PAA) solution.

(II) The PAA solution was poured on a glass balance plate and had a
thermal imidization process, which synthesized the semi trape-
zoidal aromatic heterocyclic shape memory polyimide film (E-
SMPI). The heating steps were as follows: 50 °C for 5 h, 80 °C for
5h, 120 °C for 2 h, 160 °C for 2 h, 200 °C for 2 h, 250 °C for 2 h,
and 300 °C for 2 h. The reaction route was shown in Fig. 1b.

2.4. Preparation of imidazole-based shape memory polyimide/carbon
fiber twill fabric composite (M-SMPI/CF)

(I) At room temperature, 1 mol DAPBI was added to the DMSO
solvent, then, 1 mol BPDA was also added to the solution 4-6
times in Ny atmosphere, and the stirring speed was 250 r/min,
and had reacted for 120 h to prepare a polyamic acid (PAA)
solution.

(II) The carbon fiber twill fabric was dipped into the polyamic acid
solution of step (I), and the solvent was evaporated in a vacuum
environment at 50 °C until it was removed completely. The mass
ratio of the fiber to the resin matrix was 1:1.

(III) The polyamic acid/carbon fiber twill fabric composite was pre-
pressed by a hot press, and the pre-pressing conditions were
3-5 MPa for 180 °C, 10 min; 250 °C, 60 min.

(IV) The pre-pressed SMPI composites were cured secondary, and the
curing conditions were as follows: heating to 250 °C for 2 h;
300 °C for 3 h, named M-SMPI/CF. The M-SMPI/CF included 1-4
layers of carbon fiber twill fabric composites, named M-SMPI1/
1CF, M-SMPI/2CF, M-SMPI/3CF and M-SMPI/4CF, respectively.
The preparation route was shown in Fig. 1c.

2.5. Characterization

The chemical group of M-SMPI and E-SMPI were tested by FTIR
spectrometer (Perkin Elmer). The condition was that the wavelength
range was 4000 cm ™ '-500 cm ™!, ATR mode. And the molecular struc-
ture of M-SMPI and E-SMPI were also tested by 1 NMR (ADVANCE III
400 MHZ 010601, Bruker), among them, the solvent was deuterated
chloroform (CDCl3), and the internal standard was tetramethylsilane
(TMS). Dynamic mechanical performance of M-SMPI, E-SMPI and M-
SMPI/CF were characterized by DMA Q800 (TA Corporation of Amer-
ican). Test conditions were that stretch mode, N, atmosphere, the flow
rate of 10.00 mL/min, the temperature rise/fall rate of 5 °C/min, the
temperature range of 25 °C-560 °C, 0.2% amplitude, and 1 Hz fre-
quency. The thermal stability of M-SMPI and E-SMPI were tested by
TGA/DSC1 synchronous thermal analyzer, produced by METTLER-
TOLEDO Corporation, Switzerland. Test conditions were in Ny atmo-
sphere, the heating rate was 10 °C/min, the temperature range was 25
°C-800 °C, and the weight was 5-10 mg. The tensile properties were
tested by Zwick tensile testing machine. The size of M-SMPI and E-SMPI
were prepared according to GB/T528-2009 and M-SMPI/CF composites
were conducted under the ASTM-D3039 standard. The tensile speed was
5 mm/min, and five specimens of each materials were tested. The
interface morphology of M-SMPI/CF composites were observed by the
JEM-1200 scanning electron microscope (SEM, JEOL Corporation of
Japan). Thermal-actuated shape memory performance was as follows:
The sample was heated to Tg + 30 °C for 5 min, then, it was bent to 180°
and dropped the temperature to 25 °C under external force for 5 min. At
last, the sample was put in Tg + 30 °C thermal field to achieve the shape
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Fig. 1. (a) The synthesis route of imidazole-based shape memory polyimide (M-SMPI), (b) the synthesis route of oxazole-based shape memory polyimide (E-SMPI),
(c) the preparation process of the imidazole-based shape memory polyimide/carbon fiber twill fabric composite (M-SMPI/CF). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

recovery. The quantitative shape memory performances of M-SMPI, E-
SMPI films and M-SMPI/CF composites were tested by DMA (stretch
mode). The test steps were as follows: First, the samples were heated to
Tg + 30 °C, at this time, a certain stress was applied to stretch the
samples from strain ¢y to &9 + AL. Then, the samples were reduced to
250 °C, at this time, the loaded stress was removed, and the strain was
€0 + AL’. Finally, the samples were heated to Ty + 30 °C again to obtain
the recovery strain &r.. The heating/cooling rate was 10 °C/min.

The equation of the shape fixation ratio (Ry) and shape recovery ratio
(Ry) were as follows:

& + AL’

1
80+AL ()

Rf:

R, = Erec X 100%-+-+--

_— 2
80+AL’ ( )

where ey +AL represented the highest strain value upon external stress,

€0 +AL’ represented the fixed strain value after removing the external
stress, and & represented the recovered strain value.

3. Results and discussion
3.1. Molecular structure of the SMPI

On the infrared spectrum of the M-SMPI (Fig. 2a), 3059 cm ! was the
aromatic ring’s Ar-H stretching vibration peak, and 3346 cm ™ was the
amine group’s N—H stretching vibration peak. In addition, 1774 cm ™},
1706 cm ™!, 1351 em ™!, and 722 cm ™! were all characteristic absorption
peaks of the polyimide. Among them, 1774 em~! was the stretching
vibration peak of the two carbonyl groups on the five-membered imine
ring, which was also called imide I band; 1706 cm™' was the corre-
sponding asymmetric stretching vibration peak (imide II band); 1351
cm ! was the —C—N— stretching vibration peak (imide III band); and
722 em~! was the imine ring’s deformation vibration peak (imide IV
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Fig. 2. (a) The FTIR spectrum of M-SMPI, (b) the FTIR spectrum of E-SMPI, (c) the H NMR of M-SMPI, (d) the H NMR of E-SMPI. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

band), that is, the variable angle vibration of the —C=O0. Also, 1610
em™! was the imidazole ring’s C=N characteristic absorption peak.
Thus, it showed that imidazole-based shape memory polyimide (M-
SMPI) was prepared successfully. On the infrared spectrum of the E-
SMPI (Fig. 2b), 3483 cm™! was the amine group’s N—H stretching vi-
bration peak, and 3080 cm™! was the aromatic ring’s Ar-H stretching
vibration peak. Additionally, 1774 em™Y, 1706 em™, 1351 em ™, and
722 em ! were also characteristic absorption peaks of the polyimide.
1610 cm ™! was the oxazole ring’s C=N absorption peak, and 1249 cm ™!
was the —C—O— stretching vibration without hydrogen on the oxazole
ring. Hence, it illustrated that oxazole shape memory polyimide (E-
SMPI) was synthesized successfully.

Fig. 2¢ exhibited the 'H NMR spectrum of the M-SMPI, where the
chemical shift at 5§ = 7.28 ppm was the characteristic peak of hydrogen
on the benzene ring, that at 5 = 5.37 ppm was the characteristic peak of
hydrogen on the imidazole ring, and that at § = 1.29-1.57 ppm was
hydrogen’s characteristic peak on the —(CHgs)s in the residual solvent
DMSO. Fig. 2d showed the 'H NMR spectrum of the E-SMPI, where the
chemical shift at § = 7.28 ppm was hydrogen’s characteristic peak on the
benzene ring, and that at § = 1.28-1.56 ppm was the hydrogen’s char-
acteristic peak on the -(CH3); in the residual solvent DMSO. The M-SMPI
and E-SMPI both have benzene rings, and the molecular structures are
analogous, so, they have similar benzene ring peak. In addition, the
adjacent molecular structures all tend to form large n bonds, which have
similar effect on the benzene ring peak position, so the chemical shift of
the hydrogen on these benzene rings shows in the same position (§ =
7.28 ppm). The characteristic absorption peak of carboxylic acid
—COOH was not displayed in the two NMR spectra, confirming that the
polyamic acid was completely thermally imidized to form polyimide.

3.2. Thermodynamic properties of the SMPI

Fig. 3a was the DMA curves of the storage modulus E’ of the SMPI
films, and Fig. 3b showed the loss factor curves of the SMPI films. The
temperature at the highest point of the loss factor curve represented the
glass transition temperature (Tg) of the SMPI, which was also the shape
memory transition temperature (Tiqns). From Fig. 3a and Table 1, it
illustrated that the storage modulus of the films was continuously
reduced during the temperature from 25 °C to 450 °C. The E-SMPI had a
wide step in the range of 300 °C-350 °C, which was the range of the glass
transition temperature. The storage modulus was rapidly reduced by
two orders of magnitude, indicating that the storage modulus changed
significantly after glass transition temperature, which was good for the
E-SMPI to fix the temporary shape. Similarly, the storage modulus of the
M-SMPI also continuously decreased in the range of 350 °C-450 °C, and
the glass transition region also appeared in this range. On the Fig. 3b, the
E-SMPI had a sharp peak in the range of 300 °C-350 °C, and the position
at 334 °C was the highest, therefore, the Ty or the Tizans of the E-SMPI
was 334 °C. Similarly, the M-SMPI had a sharp peak in the range of
350 °C-450 °C, and the position was the highest at 416 °C, so, the Tg or
the Tirans of the M-SMPI was 416 °C. It can be seen from the DMA test
that the storage modulus and loss factor curves of M-SMPI and E-SMPI
were different, which was mainly related to their molecular structure.
M-SMPI was synthesized by DAPBI and BPDA monomers containing
imidazole rings, while E-SMPI was synthesized by AAB and BPDA
monomers containing oxazole rings on the molecular chain segment.
The imidazole ring had —N—H polar group, while oxazole ring con-
tained —O— ether bond group, and the difference was that the flexi-
bility of ether bond group was higher than that of —N—H group. So, the
flexibility of M-SMPI containing imidazole ring was lower than that of E-
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Fig. 3. (a) The storage modulus (E’) curves of the M-SMPI and E-SMPI, (b) the loss factor curves of the M-SMPI and E-SMPI, (c) the TG curves of the M-SMPI and E-
SMPI, (d) the DTG curves of the M-SMPI and E-SMPI. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Table 1
Thermomechanical properties of the M-SMPI and E-SMPI films.
E’' (25°C)/MPa E’' (200°C)/MPa E’ (400°C)/MPa E' (450°C)/MPa Ty (°C)
M-SMPI 4183 3213 900 474 416
E-SMPI 3224 2466 80 73 334

SMPI containing oxazole ring. By contrast, the rigidity of the M-SMPI
molecular chain segment was greater than that of the E-SMPI, and it was
not easy to slip the molecular chain segment during the heating process.
As a consequence, the storage modulus and the loss factor peak position
of M-SMPI was higher than that of E-SMPI.

TGA test was used to illustrated the thermal stability of the SMPIL
Fig. 3c and Fig. 3d showed the TG curves and DTG curves of the SMPI
films, respectively. The TG curves of the SMPI were almost flat below
500 °C, which illustrated that the thermal weight loss was very small,
and there was almost no decomposition, only a small amount of water or
micro-molecule was volatilized. In the range of 500 °C-700 °C, the SMPI
underwent rapid decomposition, when the temperature reached 800 °C,
both of them still had more than 50% residual content. It can be seen
from the DTG curves that the peak positions of the M-SMPI and E-SMPI
were at 616 °C and 635 °C, respectively, so their maximum decompo-
sition rates temperature (Tqec, max) Were 616 °C and 635 °C, respectively.
Table 2 showed the thermal stability data of the M-SMPI and E-SMPI. It
can be seen from the table that the initial decomposition temperature of

Table 2
Thermal stability data of the M-SMPI and E-SMPI films.

Tdec, 5%/°C Tdec, 10%/°C Tdec, max/°C Residual at 800 °C/%
M-SMPI 466 573 616 63.63
E-SMPI 537 595 635 57.52

the M-SMPI, that is, the 5% decomposition temperature (Tqec, 5%) Was
466 °C, and the residual content at 800 °C was 63.63%; the Tgec, 59 of the
E-SMPI was 537 °C, and the residual content at 800 °C was 57.52%.
Because SMPI molecular chains had a large number of aromatic groups,
such as benzene ring, aromatic heterocycle and imide, these chemical
bonds contained high bond energy and = - & conjugated intermolecular
force, which could be broken at high temperature. Hence, the imidazole
ring or oxazole ring with higher bonds energy could enhance the overall
thermal stability of the SMPI thin films.

3.3. Mechanical properties of the SMPI

Fig. 4 was the stress—strain curves of the M-SMPI and E-SMPI. The
maximum tensile strength of the M-SMPI and E-SMPI were 112.9 MPa
and 102.5 MPa, respectively, the Young’s moduli were 2.0 GPa and 1.9
GPa, respectively, and the elongation at break were 5.3% and 4.6%,
successively. In addition, DMA test results showed that the storage
moduli of M-SMPI and E-SMPI at room temperature were 4.18 GPa and
3.22 GPa, respectively. Young’s modulus and storage modulus were of
the same order of magnitude, and both results illustrated that the
modulus of M-SMPI was greater than that of E-SMPI, so the tensile test
and DMA results were reliable. The mechanical properties of polymers
mainly depended on the chemical structure of molecular chain seg-
ments, and were also affected by molecular weight and its distribution,
cross-linking degree, crystallization, and orientation. The SMPI with
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aromatic heterocyclic structure had high rigidity, so, the tensile strength
was over 100 MPa, and could be used in special occasions such as
aerospace, military equipment, and electronics industry. Besides, due to
the n-n conjugated system of aromatic heterocycles in the SMPI chain
segments cannot rotate internally, the flexibility of the molecular chain
segment was reduced but the rigidity was increased. The more the ar-
omatic heterocycles contained, the lower the flexibility of the molecular
chain segments had, and the greater the rigidity had. Thus, during the
stretching process, the molecular chain segments of the SMPI were
difficult to move, resulting in lower elongation at break.

3.4. Shape memory properties of the SMPI

Fig. 5a and b exhibited the shape memory processes of the E-SMPI
and M-SMPI, respectively, among them, E-SMPI fully recovered the
original shape upon 66 s heating field stimulation, and M-SMPI fully
returned to the original shape upon 160 s heating field stimulation.
Specifically, E-SMPI was placed in 364 °C environment and it higher
than the T, then, under the external force, the film was programmed
into a “U” shape (i.e. bent 180°) which was held in the room temperature
environment. When the external force was removed, the film could fix
the temporary shape “U”. When heated to 364 °C again, the film could
completely recover the original shape after 66 s. Similarly, M-SMPI was
placed in 446 °C environment, and then the film was shaped into a “U”
shape by external force, and the “U” temporary shape was fixed in a
room temperature environment without external force. Heating to 446
°C again, the film can return to the original shape after 160 s. Thus, the
prepared M-SMPI and E-SMPI both had good thermal-actuated shape
memory properties. From the microscopic molecular point of view, the
reason why the M-SMPI has shape memory effect is that their molecular
chains contain asymmetric imidazole groups, which holds a certain
degree of flexibility and rigidity. During the shape recovery process, it
can recover from the temporary status to the original status while
maintaining high stiffness. Thus, the M-SMPI can be used as smart ma-
terials in flexible electronics device, aerospace engineering and
deployable structures. Similarly, the E-SMPI molecular chains contain
asymmetric oxazole groups, which also has a certain degree of flexibility
and acts as a reversible phase to hold the temporary status and returns to
the original status upon external reheating stimulation.

Fig. 5c and d were the thermomechanical cycle curves by DMA test, i.
e. shape memory process curves of the M-SMPI and E-SMPI, respec-
tively. The figures confirmed that both M-SMPI and E-SMPI had good
shape memory effects. Specifically, in Fig. 5c, the shape fixation ratio of
the M-SMPI was 84.5%. (The value was calculated by Eq. (1)). And the
shape recovery ratio of the M-SMPI was 96.0% (The value was
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calculated by Eq. (2)). Similarly, in Fig. 5d, the shape fixation ratio and
shape recovery ratio of the E-SMPI were 97.4% and 70.9%, respectively.
Due to the different rigidity of molecular chain segments, their shape
memory capabilities were also different. The molecular chain rigidity of
M-SMPI was larger than that of E-SMPI, so the shape fixation ratio of M-
SMI was lower than that of E-SMPI, while the shape recovery ratio was
higher than that of E-SMPI. The prepared SMPI has shape memory
properties, and the mechanism is that the molecular chain segments of
the polyimide are physically cross-linked to form a stationary phase and
a reversible phase. The stationary phase is composed of n-n interactions
between aromatic rings and molecular chain entanglement, and the
asymmetric imidazole or oxazole rings act as reversible phases. As
shown in Fig. 5e, when the temperature rises over Tg, the microscopic
Brownian motion of the reversible phase molecular chains are acceler-
ated, while the stationary phase is still in a solidified status. At this time,
the polyimide is deformed by external force, and it can be programmed
to a new shape ¢y + AL. Then, the external force is held until the tem-
perature is lower than the Ty, at this time, the reversible phase molecular
chain’s motion is “frozen”, and the new shape is fixed, that is, namely
the temporary shape g9 + AL’. After that, the temperature rises over T,
again, the stationary phase remains solidified, while the reversible phase
softens and the molecular chain segments “unfreeze”. Under the action
of the internal recovery stress of the stationary phase, the reversible
phase gradually reaches the thermodynamic equilibrium status,
macroscopically, the polyimide restores to the original shape &... Due to
the huge number of aromatic ring structures, there are strong n-n in-
teractions in the SMPI molecular chains, which is conducive to the shape
recovery property. In addition, the SMPI we prepared is thermoplastic
material, so, during the shape memory process, a part of molecular
chains segments can slip, which have permanent deformations.

3.5. Physical properties of the M-SMPI/CF composites

The above experimental tests illustrated that the M-SMPI had the
best comprehensive performance, therefore, the M-SMPI was used as the
matrix resin to prepare carbon fiber fabric composites, named M-SMP1/
CF composites. Their physical properties, mechanical loading proper-
ties, and shape memory properties were characterized by SEM, DMA,
and tensile testing machine. Fig. 6a showed the storage modulus curves
of the M-SMPI/CF composites, and Fig. 6b showed the loss factor curves.
It can be seen from the Fig. 6a that the storage modulus of the M-SMPI/
1CF, M-SMPI1/2CF, M-SMPI/3CF, and M-SMPI/4CF composites at room
temperature were 3.4 GPa, 4.4 GPa, 5.0 GPa, and 7.0 GPa, respectively.
In the Fig. 6b, the loss factor peak of the M-SMPI/CF composites were in
the range of 350 °C-450 °C, and the highest peak of the M-SMPI/1CF, M-
SMPI/2CF, M-SMPI/3CF, and M-SMPI/4CF appeared at 394 °C, 393 °C,
399 °C, and 397 °C, respectively, therefore, the Tg or Tyaps of the shape
memory composites were 394 °C, 393 °C, 399 °C, and 397 °C, respec-
tively. Compared with the pure M-SMPI film, the glass transition tem-
perature decreased by 17 °C-23 °C. This was because the carbon fiber
fabrics destroyed the regularity of the polyimide molecular chain
segment structures and increased the randomness of the molecular chain
segments.

The tensile strength of the M-SMPI/1CF, M-SMPI/2CF, M-SMPI/3CF,
and M-SMPI/4CF were shown in Fig. 6¢, which were 74.1 MPa, 96.7
MPa, 106.6 MPa, and 122.1 MPa, successively. In addition, the Young’s
modulus of the M-SMPI/1CF, M-SMPI/2CF, M-SMPI/3CF, and M-SMPI/
4CF in the Fig. 6d were 3.0 GPa, 3.1 GPa, 3.5 GPa and 3.6 GPa, suc-
cessively, while the Young’s modulus of the pure M-SMPI was 2.0 GPa.
So, the carbon fiber fabrics had a reinforcing effect on the M-SMPI1/CF
composites. In addition, the cross-sectional morphology and interface
morphology of the M-SMPI/CF composites were observed by SEM
(Fig. 6e). It can be clearly seen that the surface of the carbon fiber fabrics
was rough and uneven with resin fragments, and the exposed resin
matrix was uneven. These phenomena indicated that the carbon fiber
fabrics and the resin matrix did not delaminate at the interface, and the



X. Wang et al.

b
i =
pr

Composites Part A 163 (2022) 107237

Orriginal shape  Tempotary shape

Original shape  Tempotary shape

C 50 3.0 ~50
M-SMPI
4504 ggtAL b .
. =40
& 4004
] 80+AL '-20/\; 305
23504 =
g |-145'§ 2
= 5]
§300- 20z
1.0
2504
=10
2004 po->
g Cre
L i SRS )
10 20 30 40 50 60 70 80 90 100 110 120 130 140
Time (min)
d 400 20 ¢35
| E-SMPI
30
350+ A0
g | it 1 pos
2o I =
- s o
§ %-202
g 105 o
8250 5
=10
=]
200+
Erec kS
g
150 e e — g ‘|0
100 20 30 40 50 60 70 8 90 100 110
Time (min)
¢ g
Z-"‘M
T=Tg
— i .
e Fi— e g i Y — F
B ey, [T s
"lllptihﬁ:qu T=1Tg
T=1g
- -
FeCOvEery g AL’
Eree
T
LT entanghement point S Meveiiie . :
¢ — ©  Statienary phase s L Reversible phase scfivation |

Fig. 5. (a) The images of shape memory process of the E-SMPI, (b) the images of shape memory process of the M-SMP], (c) the shape memory process curves of the
M-SMPI, (d) the shape memory process curves of the E-SMPI, (e) the shape memory mechanism of the SMPI. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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two phases were combined well. The reason is that the carbon fiber
fabrics are immersed in the polyamic acid (PAA) solution with carboxyl
groups, which can improve the interfacial bonding ability between the
resin and fibers, and after hot pressing and secondary thermal imidiza-
tion process, the PAA has imidization to form polyimide. The polyimide
contains benzene rings, aromatic heterocyclic rings and imide rings, a
large number of hydrogen bonds and intermolecular forces, hence, the
interface between the carbon fibers and the M-SMPI matrix is well
bonded.

3.6. Shape memory properties of the M-SMPI/CF composites

Shape memory performance of the M-SMPI/CF composite was
qualitatively verified by bending and bending recovery test. Fig. 7a
showed the shape recovery process of the M-SMP1/3CF composite. After
being bent at 180° and reheated for 80 s, the composite can return to its

original shape. In order to demonstrate the recovery stress of the M-
SMPI/3CF composite in a more practical way, 0.82 g M-SMPI/3CF
composite strip was processed into a primitive actuator, and its perfor-
mance was shown in Fig. 7b. The 6.50 g square steel ingot was placed on
the actuator, and the actuator could overturn the square steel ingot upon
heating for 236 s. (The process of primitive actuator overturning a
square steel ingot was shown in Supporting Information, video 1.)
Therefore, the smart composite could overturn objects nearly ten times
heavier than its own weight and can be used as a load-bearing member
and has important applications in the field of high temperature active
deformation. In addition, we also demonstrated the automatic unfolding
of the corrugated shape of the SMPI/3CF composite, as shown in Fig. 7c.
After being bent to the corrugated shape and heated for 60 s, the com-
posite can unfold and recover the original status. (The process of
corrugated shape recovery was shown in Supporting Information, video
2.) We know that the research foundation of deformable aircraft is
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various active morphing wings and active aeroelastic wings, and the
morphing wings based on intelligent structure has become the forefront
of the aviation science and technology at home and abroad. Thus, the
shape memory SMPI/CF composite can be used as the skin material of
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Fig. 7. (a) Photos of the “U” shape recovery
processes of the M-SMPI/3CF composite, (b) a
primitive actuator made of 0.82 g M-SMPI/
3CF composite overturning 6.50 g square steel
ingot, (c) photos of the corrugated shape re-
covery processes of the M-SMPI/3CF compos-
ite, (d) shape memory mechanism of the M-
SMPI/CF composite, (e) shape memory cycle
curves of the M-SMPI/3CF composite, (f)
shape memory properties of the M-SMPI/3CF
with three cycles, (g) comparison of transition
temperature with other literatures. (For
interpretation of the references to colour in
this figure legend, the reader is referred to the
web version of this article.)

the morphing wings and has broad application prospects.

The shape memory mechanism of SMPI/CF composites is shown in
Fig. 7d. The shape memory effect realization of the shape memory
carbon fiber composites mainly comes from the staged structural
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changes of resins and fibers with temperature changing, including the
transition of resin matrices between glass status and high elastic status,
and the transition of fibers between flat status and buckling status. The
shape memory cycle process can be divided into the following stages: (I)
Folded stage: the temperature of the composite is higher than its T, and
the resin matrix enters a high elastic status, at this time, the shear
modulus is low and the bending resistance is poor. When the bending
strain of the composite gradually increases to the critical strain, the fi-
bers cannot be effectively bound due to the lower shear modulus of the
matrix. As a result, the fibers are forced to buckling in the compression
zone, and the composite undergoes a large bending deformation. (II)
Fixed stage: maintaining the external force, keeping the bending
deformation, and reducing the temperature below the glass transition
temperature can constrain the molecular chain segments in the matrix.
Macroscopically, the resin matrix hardens, and the shear modulus rises,
at this time, the matrix can effectively restrain the fibers. When the
external force is removed, the micro-buckling deformation of the fibers
and the deformation of the matrix itself are fixed. (III) Unfolded stage:
when the temperature rises over the glass transition temperature again,
the shear modulus of the matrix decreases again, and the elastic po-
tential energy stored in the buckling fibers is released; at the same time,
the strain energy stored in the matrix is also released, macroscopically,
the composite unfolds and returns to its original status.

DMA was used to quantitatively exhibit the shape memory perfor-
mance of the M-SMPI/CF composites. Fig. 7e was the thermomechanical
cycle curves of the M-SMPI/3CF, and Fig. 7f was the shape memory
properties of the M-SMPI/3CF with three cycles. Among them, the shape
fixation ratio of the M-SMPI/3CF composite was 92.5% and the shape
recovery ratio was 95.0% in the first shape memory cycle. And the shape
fixation ratio was 91.7% and the shape recovery ratio was 89.8% in the
second cycle. And the shape fixation ratio was 89.4% and the shape
recovery ratio was 88.1% in the third cycle. As the thermomechanical
cycles gradually increase, the shape memory properties of the SMPI/CF
composites gradually decrease. This is because the carbon fiber fabrics
have elastic recovery property, which leads to the shape fixation ratio
decrease during the shape fixation stage. Additionally, the SMPI/CF
composite has structural variance in the thermomechanical cycle pro-
cesses, such as fiber fracture, resin matrix molecular chain fracture, and
the decrease of the interfacial adhesion, therefore reducing the shape
memory properties. The Tians of the SMPI was compared with that re-
ported in other literatures [33,37,39,43,44], as shown in Fig. 7g. The
results showed that the Tyans of common SMPIs were generally below
380 °C, however, our work can reach over 400 °C.

4. Conclusions

In this paper, we synthesize two semi-trapezoidal aromatic hetero-
cyclic shape memory polyimides, including imidazole-based shape
memory polyimide (M-SMPI) and oxazole-based shape memory poly-
imide (E-SMPI), which is illustrated by FTIR and 'H NMR. DMA test
shows that the glass transition temperature of the M-SMPI and E-SMPI
are 416 °C and 334 °C, respectively. TGA test shows that both of them
have good thermal stabilities. The thermomechanical cycle test illus-
trates that the shape fixation ratio of the M-SMPI and E-SMPI are 84%
and 99%, respectively, and the shape recovery ratio are 96% and 71%,
respectively, thus, chain stiffness has a significant effect on the shape
memory properties of SMPI. Additionally, we prepare shape memory
composites M-SMPI/3CF, of which the shape fixation ratio and recovery
ratio are 92.5% and 95.0% in the first cycle, respectively, and the
Young’s modulus is 3.5 GPa. Therefore, the SMPIs and composites with
tunable chain stiffness and ultrahigh transition temperature range have
huge potential application in flexible electronics and aerospace
engineering.
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