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Published: 20 March 2017 Flexible and semi-rigid heat-shrinkable tubes (HSTs) have been used in thousands of applications, and
. hererigid high temperature HSTs are reported for the first time. These rigid HSTs are prepared with

shape memory polyimides possessing glass transition temperatures (7,s) from 182 to 295 °C, and the

. relationships between T, and their molecular structures are studied. The polyimide HSTs (PIHSTs) can

. fix expanded diameters and shrink back to original diameters very well, and the mechanisms of their
heat-shrinkage performance are discussed. Their differences from commercially available HSTs in

. heat-shrinkage are also analyzed. They can withstand low temperature of —196 °C, much lower than

. those of other HSTs. The PIHSTs can also connect subjects of different sizes by heat-shrinkage and then

: fix them upon cooling like reducer couplings, and the possible mechanisms of their reducer coupling
effect are analyzed. With their unique characteristics, PIHSTs will expand the application areas of HSTs

enormously.

Heat-shrinkable tubes (HSTs) are polymer tubes that can be expanded at high temperature and then maintain the
expanded diameters at low temperature!->. When reheated to the complete shrinkage temperatures (T;), HSTs will
shrink back to their original sizes**. Compared with potting, taping or molding, HSTs are a valuable choice for
* insulating, protecting and sealing of wires, small parts or assemblies®”. HSTs have been widely used in automo-
. biles, electronics, computers, communications, aircrafts, petroleum, aerospace, military and so on. Literally, HSTs
. have been used in thousands of applications?. The proliferation of HST products has led to an ever-increasing
number of market, and the annual yield of HSTs in China alone was more than 10 billion meters®®. High temper-
ature HSTs with T, higher than 150 °C have been used in various applications such as electrical equipment and
aerospace industries. However, the commercially available HSTs are flexible or semi-rigid, and there is no report
about rigid high temperature HSTs until now®°.
: HSTs are in fact a typical commercial application of shape memory polymers (SMPs)!!"1%, and SMPs are smart
. polymers that can be programmed to fix temporary shapes and then recover to original shapes under external
: stimuli'®-2°, Many aspects of SMPs such as multi-stage, multi-functional, two-way reversible, composite, porous
and fibrous SMPs have been flourishing in recent years*'-2%. However, the reports about SMPs have mainly
focused upon their applications in textiles, biomedical devices, tissue engineering and aerospace?*-*. HSTs have
already possessed a rather mature market, and therefore they have attracted more attention from practical appli-
cations rather than scientific research.
T, is the temperature at which HST can shrink back to its original size completely, and T is a crucial factor
in determining their application areas. The HST will shrink spontaneously if its T is lower than the operating
. temperatures, while more heating is demanded and some damages may be caused to the environment if T is
: too high'®?38 Commercially available HSTs are made of crystalline polymers and their T,s are closely related
: with their crystalline melting temperatures (T,,s), as the melting of less-stable crystallites mainly determines the
onset and end temperatures of their heat-shrinkage®®-*. Completes heat-shrinkage of commercially available
HST usually occurs at temperatures slightly higher than its T, and HSTs prepared with polyvinyl chloride, poly-
olefin, polyvinylidene fluoride, silicone rubber and polytetrafluoroethylene possess T,s of about 105, 125, 175, 200
and 340°C, respectively®!. Although HSTs have been extensively used in many fields, their T,s are mainly con-
fined around the above-mentioned temperatures. Therefore, high temperature HSTs with new Ts are expected to
expand their application areas enormously.
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Figure 1. Molecular structures of the PTHSTs. (a) BPADA/BAB (PTHST01), (b) ODPA/BAB (PIHST02), (c)
BTDA/BAB (PIHST03) and (d) 6FDA/ODA + BAB (PIHST04-PIHST08).

In the current report, rigid high temperature HSTs prepared with polyimides are reported for the first time.
Different from the reported flat films of shape memory polyimides, here we have developed polyimides into
heat-shrinkable tubes'®!$1%2%24_Glass transition temperature (T,) is an important parameter for shape memory
polyimide, and the polyimide heat-shrinkable tube (PIHST) can shrink back completely within several seconds
at T, +20°C. Therefore, T, +20°C is employed as T, of the PIHSTs. The PTHSTs can fix the expanded diameters
and shrink back to original sizes very well, and the possible mechanisms of their heat-shrinkage performance are
discussed. The diverse new types of shape memory polyimides in the current paper are different from the previ-
ously reported samples in both molecular structures and Tis. The shape memory polyimides possess Ts ranging
from 182 to 295 °C, and the PIHSTs with corresponding Ts thus can expand the application areas of HSTs greatly.
From the viewpoint of applications, low-temperature resistant property of HST is an important issue since some
polymers will suffer from embrittlement at low temperatures*’. Compared with the low temperature limits of
about —40 to —80°C for commercially available HSTs*#, The PIHSTs can withstand low temperature of —196°C
and thus widen the operating temperature ranges of HSTs enormously.

Commercially available high temperature HSTs are unable to hold or fix heavy load since they are flexible or
semi-rigid, and in some cases supporting frames are needed for the subjects concerned with HSTs. However, the
supporting frames may lead to much inconvenience due to their extra weight and space occupied, especially for
delicate or elaborate equipments such as advanced electrical and aerospace devices. Reducer couplings have been
widely used in many applications such as petroleum and pharmacy transport devices, as they can offer flexibility
and convenience in fixing subjects of different diameters without extra supporting frame*"*2. Therefore, rigid
HSTs that combine the advantages of both HSTs and reducer couplings can facilitate the application of HSTs
greatly. The PIHSTs can also connect and fix different heavy subjects through heat-shrinkage, and the possible
mechanisms of their reducer coupling effect were analyzed. With their unique properties, the rigid PTHSTs will
find applications in many fields.

Results.

Molecular structures and morphologies of PIHSTs. The rigid high temperature HSTs in the current
report are prepared with shape memory polyimides, and the two-step polymerization process of these polyimides
are shown in the supporting information as Figs S1-S4, respectively. IR results indicate that they are thoroughly
imidized, as manifested in the supporting information (Fig. S5)**. These polyimides are different in molecular
structures with three types of homopolyimides and five types of copolyimides, as shown in Fig. 1. The PTHSTs
prepared with homopolyimides of BPADA/BAB, ODPA/BAB and BTDA/BAB are labeled as PIHSTO01, PTHST02
and PIHSTO03, respectively. Copolyimides represent a simple but effective way for structure modification to
achieve desired properties, and they have attracted much attention in recent years***’. The PIHSTs prepared
with copolyimides of 6FDA/ODA + BAB are labeled as PTHST04, PIHST05, PTHST06, PTHST07 and PTHST08,
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Figure 2. Typical images of the PIHSTs. (a)PIHSTO01, (b)PIHSTO02, (c)PIHST03, (d)PIHST04, (e)PIHSTO05, (f)
PIHSTO6, (g) PTHSTO07 and (h)PIHST08.
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Figure 3. Thermomechanical properties of the PIHSTS. (a) T,s and (b) storage modulus versus temperature
of the PIHSTs.

whose molar ratios of ODA:BAB were 0.15:0.85, 0.30:0.70, 0.50:0.50, 0.70:0.30 and 0.88:0.12, respectively. Just like
other copolyimides reported, the m/n ratios of ODA:BAB for the shape memory copolyimides are also similar to
the specific molar ratios in the synthesis process, as the reactant monomers are not detected in the products*-4’.

The PIHSTSs were obtained by evaporating their solutions in glass tubes, and the typical images of the PIHSTs
with different diameters and wall thicknesses are shown in Fig. 2. It is demonstrated that the preparation method
of PTHSTs is universal, as different types of shape memory homopolyimides and copolyimides have been made
into tubes with this method. These photographs also indicate that the dimensions of PIHSTs are alterable, thus
guaranteeing their prospects in applications since variable dimensions are needed to satisfy the demands of dif-
ferent practical environments.

Thermomechanical and thermal properties of PIHSTs. Thermomechanical properties of the poly-
imides were examined with DMA, and their T,s and storage modulus are shown in Fig. 3. T, is important for
HSTs since different application environments demand different T;s, and the PIHSTs possess different T,s
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E'yign (MPa) | E’,, (MPa) | Shape fixity | Shape recovery
Title atT,—30°C | at T,+20°C (R, %) (R,, %)
PIHSTO1 1996 6.1 98.9 99.3
PIHST02 2385 6.0 99.1 99.5
PIHSTO03 2228 7.2 98.7 99.2
PIHSTO04 1853 6.6 98.4 99.1
PIHSTO05 2205 8.6 98.0 98.5
PIHSTO06 1910 8.7 97.5 98.2
PIHSTO07 1769 8.9 97.0 97.8
PIHSTO08 1608 9.7 96.6 97.0

Table 1. Physical properties of the PIHSTs.

corresponding to their Tis. It is well-known that more flexible molecular chain of polyimide will lead to lower
T,, and the flexibility sequence of the homopolyimide chains is BPADA/BAB > ODPA/BAB > BTDA/BAB.
Accordingly, PIHSTO01, PIHST02 and PIHST03 exhibit Tis of 182, 193 and 211 °C (Fig. 3a), respectively. The
copolyimides of 6GFDA/ODA + BAB are random copolyimides, as determined by the single T, *>*°. The Tis of
the copolyimide fall into the temperature range determined by the corresponding pure homopolyimides, and an
increase in Tg is observed with the increase of ODA content. The copolyimides of PTHST04, PIHST05, PTHSTO06,
PIHSTO07 and PTHSTO8 exhibit Tis of 232, 242, 257, 276 and 295 °C (Fig. 3a), respectively. Therefore, we have
offered a convenient method to obtain shape memory polyimide with controllable T, from 223 to 316 °C by copo-
lymerization of 6FDA/ODA + BAB.

The relationship between T, and content of the copolymers can be correlated with Equations such as Fox
Equation, Gordon-Taylor Equation and Kwei Equation*®*. For the current shape memory copolyimides, the
relationship between T, and the content is expressed with Fox Equation as Equation 1:

1_x %
T, Tn Too (1)

In Equation 1, T, represents the T, of 6FDA/BAB + ODA copolyimide, Ty, and T, indicate the T, of
pure 6FDA/BAB and pure 6FDA/ODA, while x; and x, refer to their corresponding mass fraction in 6FDA/
BAB+ ODA. It is observed that Ts of the copolyimides coincide with the reciprocal fit of Fox Equation very well,
and the Adj. R-Square is 0.997, as shown in the supporting information (Fig. S6).

Storage modulus (E’) versus temperature of the PIHSTs are shown in Fig. 3b, and it is observed that there
is a monotonic decrease of E’ with the increase of temperature at glassy state. There is a huge drop in E’ during
glass transition, and then a plateau of E’ appears at rubbery state. E’ is of GPa at glassy state and then decreases
to MPa at rubbery state. For example, E' of PTHSTO3 at glassy state (T, — 30 °C) and rubbery state (T, +20°C)
are 2.2 GPa and 7.2 MPa, and E’ of other PIHSTs are summarized in Table 1. Besides the high T,s, PIHSTs also
possess high thermal stability as manifested by their TGA spectra in the supporting information (Fig. S7). The
temperature at which 5% loss weight occurred is regarded as the decomposition temperature (T;), and T,s of
PIHSTO1, PIHST02, PIHST03, PIHST04, PIHST05, PIHST06, PIHST07 and PIHSTO08 are 504, 547, 552, 555,
551, 557, 554 and 555 °C, respectively. These high T;s further confirmed that the PIHSTs are suitable for high
temperature applications.

Commercially available HSTs possess clear evidence of crystallization and melting of crystallites in their dif-
ferential scanning calorimetry (DSC) spectra, and their crystallinity decreased significantly after heat-shrinkage
due to melting of crystallites and recoiling of chains***”. There is no trace of crystallization or melting of crys-
tallites in DSC spectra of PIHSTs (Fig. 4), indicating that they are amorphous. The heat-shrinkage of PTHSTs is
caused by glass transition rather than melting of crystallites, and they are still amorphous after heat-shrinkage.

Heat-shrinkable properties of PIHSTs.  The shape memory performance of SMP is generally evaluated by
shape fixity (R) and shape recovery (R,), which indicate its ability to fix temporary shape and recover to original
shape, respectively?*?>*. Heat-shrinkage is in fact a shape memory process, where the expanded diameter is the
temporary shape and the shrunk diameter is the recovered shape. For the heat-shrinkage of PIHST, its R;can be
calculated with Equation 2.

= M % 100%

Dgy — Dy (2)
Here D,,;, Dy and D,,, indicate the diameters of initial, dilated and expanded PIHST, respectively. R, of the
heat-shrinkage can be calculated with Equation 3.

Ry

R, = M x 100%
Dexp - Dshr 3)

Here Dy, indicates the diameter of shrunk PTHST, and the schematic model of heat-shrinkage process of PIHST
are illustrated in Fig. 5. During practical operations, the expanded PIHST was removed from the oil bath set at
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Figure 4. DSC spectra of the PTHSTs.
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Figure 5. Schematic model of heat-shrinkage process of PIHSTs. D;,;, Dy, D.., and Dy, indicate the
diameters of initial, dilated, expanded and shrunk PTHST, respectively.

Figure 6. Heat-shrinkage process of PIHST. (a) Initial, (b) partially dilated, (c) fully expanded, and (d)
shrunk states of PIHST04.

T,+20°C to room temperature of 25°C within 1second. Accordingly, the cooling temperature is 25°C and the
cooling rate is T, — 5°C/s.

The heat-shrinkage process of PIHST04 is manifested in Fig. 6, and the D;,;, Dy, D,., and Dy, are 0.5832,
0.7559, 0.7532 and 0.5817 cm, respectively. Accordingly, PIHST04 exhibited R, of 98.4% and R, of 99.1%. The
other PTHSTs can also fix expanded diameters and shrink back to original diameters nicely, and their Rs and R;s
are summarized in Table 1. The polyimide lath also showed excellent shape memory performances in common
bending deformation, as manifested in the supporting information (Fig. S8).

When commercially available HST is annealed or aged near its T; (T,,) for several minutes, the melting of
crystallites usually cause it to fuse to the underlying materials as well. Therefore, they can be used only once in
most cases. However, when PIHST is annealed or aged near its T (T, — 30°C to T,+ 20°C) for longer time such
as tens of minutes, there is no damage to it and the shape memory effect is not affected. Therefore, the PIHSTS
can be recyclable.
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Figure 7. TMA spectra of the PTHSTs.

Thermal expansion coefficient (TEC) of the PIHSTs were characterized with thermal mechanical analyzer
(TMA), as shown in Fig. 7. Due to the variation of TEC caused by temperature, the average TEC within certain
temperature range is usually reported with Equation 4:

1 [ AL ]

Ly\AT 4

Here Lyis 15 mm, AT=T,— T, with T,and T corresponding to 150 and 50°C, and AL=L,— L, with L,and L,

indicating the sample lengths at 150 and 50 °C, respectively. The corresponding TECs of PIHSTO01, PIHST02,

PIHSTO03, PIHST04, PIHST05, PIHST06, PIHST07 and PIHSTO08 are 97.5, 91.8, 86.3, 79.6, 73.8, 69.2, 63.4 and

58.1 x 107%/K, respectively. These results indicate that TECs of the PIHSTs are associated with their chemical
structures.

TEC of commercially available HSTs underwent a mild increase with the increase of temperature until T,,, and
then experienced a sudden increase at temperatures higher than T,,°!. It is observed that TEC of PIHST increased
mildly with the increase of temperature in glassy state and then underwent a sharp increase in glass transition
region. It is well-known that glass transition is a thermally reversible transition corresponding to the short-range
segmental motions of polymers®->4, The predominant increment in TEC at glass transition is consistent with both
the amorphous nature of PIHSTs and the substantial increase in the number of degrees of freedom due to the
onset of large scale of segmental motions.

Low-temperature resistant property of PIHST.  Besides the high Ts, application fields of high tempera-
ture HST are also related with the low temperatures that they can withstand'~. For commercially available HSTs,
the low temperature limits of polyolefin, polyvinylidene fluoride, silicone rubber and polytetrafluoroethylene
are —45, —55, —75 and —80 °C, respectively’=. For the PIHSTS, their shapes and heat-shrinkable properties were
not affected after being stored in liquid nitrogen of —196 °C for 7 days, as shown in the supporting information
(Fig. S9). The PIHSTS can withstand the low temperature of —196 °C, independent of the stress or thermal history
before being immersed in liquid nitrogen.

These results indicate that the low temperature limit of PIHSTSs is much lower than those of commercially
available HSTs, which will extend the application fields of HSTs greatly.

Functionality of PIHST as reducer couplings. Reducer couplings can connect and fix subjects of differ-
ent sizes, and thus the combination of reducer coupling effect will further extend the application fields of HSTs.
The PIHSTs also possess the functionality of reducer couplings besides the common heat-shrinkable properties,
as demonstrated in Fig. 8.

The functionality of PIHT as reducer coupling was executed by embracing a glass tube tightly with the
heat-shrinkage of expanded PIHST04, and a copper bar of smaller diameter was employed as the other subject to
be fixed (Fig. 8a). Then PIHST04 was moved along the glass tube until its half was suspended in the air (Fig. 8b).
One end of the copper bar was laid inside the expanded PIHST04 but outside the glass tube, and then they were
subjected to high temperature. The heat-shrinkage of PIHST04 wrapped the copper bar tightly, thus connecting
the two subjects of different sizes. At room temperature, PIHST04 become rigid and then fixed the glass tube and
copper bar. The images of PIHST04 acting as reducer coupling with the copper bar positioned vertically upward,
vertically downward and obliquely upward are manifested in Fig. 8c—e, respectively.

The commercially available HSTs are unable to act as reducer couplings since they are flexible or semi-rigid,
while the PIHSTs possess the functionality as reducer couplings since they are rigid at room temperature. When
subjects smaller than the expanded but larger than the shrunk diameters of the PIHST are placed inside the
expanded PIHST, the shrinkage at T, will embrace the subjects and connect them. The PIHST is flexible at T but
it will become rigid and then fix the subjects like a reducer coupling upon cooling with the cooling temperature of
25°C, and the schematic illustration of its reducer coupling effect is manifested in Fig. 9.
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Figure 8. Functionality of PIHST as reducer couplings. (a) Expanded PIHST04 embracing a glass tube,
(b) part of PTHST04 suspended in the air, (c) acting as reducer coupling with copper bar positioned vertically
upward, (d) vertically downward and (e) obliquely upward.
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The weight of the copper bar fixed by PIHST04 is 21.2358 g, which is more than 800 times heavier than that
of PTHST04 itself (0.0265 g). Therefore, its functionality as reducer coupling is especially useful for some delicate
and special devices, as the supporting frames can be spared by using the PIHSTs.

Discussions

Rigid heat-shrinkable tubes have been prepared with shape memory polyimides, and these polyimides are soluble
in organic solvents such as NMP due to the flexibility of their molecular main chains'’~*’. The external diameter
of PTHST can be controlled by adjusting the inner diameter of the glass tubes employed as moldings, while its wall
thickness can be regulated by the solution concentration and solvent evaporating speed. The PTHST possesses
controllable high T, from 182 to 295°C, and T,+20°C is regarded as its T since it can shrink back to original
size quickly at this temperature. The PIHSTs with different new high T;s can extend the application areas of HSTs
enormously, as high temperature HSTs are still lacking so far. They can withstand the low temperature of —196°C,
and the low-temperature resistant property is caused by their molecular structures, as polyimide can withstand
extremely low temperatures!?.

From the view point of microstructures, T, of PTHSTs is different from that of commercially available HSTs.
The temporary expanded shape of commercially available HST is fixed due to the formation of stable and less
stable crystalline domains that act as reversible phase®. The melting of crystallites is a first-order phase transition
and the restricted mobile chains in expanded tube relax and recoil during the melting process, thus endowing the
HSTs with shape memory effects. Finally, a shrunken tube with permanent shape can be obtained*!. It has been
reported that the completes heat-shrinkage of commercially available HST usually occurs at temperatures slightly
higher than its T,,, and it takes less time for the HST to shrink back to its permanent shape at higher heating
temperature®,

PIHSTs are made of amorphous shape memory polyimides, and the nice fixity of expanded diameter is mainly
determined by the large difference in storage modulus at rubbery and glassy states. The PTHST was expanded at
rubbery state (T, +20°C) and the low E’ at this temperature favored expansion of the tube due to its low resist-
ance. When PIHST was taken out of the oil bath, its temperature decreased rapidly and the molecular defor-
mation due to uncoiling of polyimide chains caused by expansion was frozen, and the high E’ at glassy state
benefited fixing of the expanded diameter due to the high rigidity!'4?%5>. It is observed that E’ at glassy state is
more than one hundred times higher than that at rubbery state for all the PIHSTs, and E’ of PIHST04 at Tg —30°C
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(1853 MPa) is 280 times higher than that at T, +20°C (6.6 MPa). Therefore, the expanded diameters of PIHSTs
are well fixed.

The shrinking back to initial diameter of the PIHST is related with its permanent phase that mainly accounts
for the shape recovery of SMPs. The PIHSTs are prepared with thermoplastic polyimides, and their long molec-
ular chains will lead to massive chain entanglements that act as permanent phase'?. Moreover, the polyimides
contain large amount of benzene rings in their molecules, which will produce strong intermolecular - inter-
actions that also act as permanent phase. As a result, the permanent phase of PTHST is composed of both chain
entanglements and intermolecular w-w interactions. Accordingly, the PIHST showed high shape recovery rate
and shrank back to its original diameter very well. It is observed that complete heat-shrinkage of PIHST appeared
at temperature above its T,, and it also takes less time to shrink back at higher temperatures. The practical opera-
tions have demonstrated that T, +20°C is effective for the expansion and shrinkage of PTHST.

The PIHSTs can embrace and connect subjects of different sizes with heat-shrinkage, then they will become
rigid and fix the subjects like reducer couplings upon cooling. Different from the stationary diameters of com-
mercially available reducer couplings®**, the end diameters of PIHSTs can be altered from the values of shrunk
to expanded state due to heat-shrinkage. The adjustable end diameters of PTHST will produce more convenience
and flexibility in joining different subjects, and the reducer-coupling effect will spare some supporting frames.

The rigid PTHSTs may create new solutions to many technical problems and in some cases, may create a new
market based on their unique properties.

Methods

Materials. Bis phenol A dianhydride (BPADA, 99%) and 1,3-bis(3-aminophenoxy)benzene (BAB, 98%) were
bought from Sigma-Aldrich Co., 4,4'-oxydiphthalic anhydride (ODPA, 98%) and 4,4'-diaminodiphenyl ether
(ODA, 99%) were bought from TCI, 4,4’-(hexafluoroisopropylidene) diphthalic anhydride (6FDA, 99%) and
benzophenone-3,3',4,4'-tetracarboxylic dianhydride (BTDA, 99.5%) were bought from J&K Scientific, and the
reactants were used directly. Dimethylacetamide (DM Ac) and N-methyl-2-pyrrolidone (NMP) were bought from
Sinopharm Group Co. Ltd and dried with CaH,.

Synthesis of polyimides. The homopolyimides of BPADA/BAB, ODPA/BAB and BTDA/BAB were syn-
thesized by the following steps. 6 m mol diamine of BAB was added into DMAc and stirred under nitrogen in a
flask until it was fully dissolved, then 6 m mol dianhydride of BPADA (ODPA, BTDA) was added into the BAB
solution and stirred at 20 °C for 20 h to produce poly(amic acid) (PAA). After elimination of bubbles in vacuum
chamber, the PAA was transferred onto clear glass. The imidization process was executed by step-wise curing of
70°C/7h, 120°C /3h, 160°C/3h, 190°C/2h and 230°C/1 h for BPADA/BAB; 80°C/7h, 130°C /3h, 160°C/2h,
200°C/2h and 240°C/1h for ODPA/BAB; 70°C/7h, 120°C /3 h, 160°C/2h, 210°C/2h and 260 °C/1 h for BTDA/
BAB, respectively.

The copolyimides of 6FDA/ODA + BAB were synthesized as follows. 5m mol ODA and BAB blends were
added into DMAc and stirred under nitrogen in a flask until they were fully dissolved, then 5 m mol 6FDA was
added into the diamine blends and stirred for 22h at 20°C to produce PAAs. After removal of bubbles, the PAA
was transferred onto glass substrate and underwent imidization process of 80°C/7h, 120°C /3h, 160°C/2h,
200°C/2h, 250°C/2h, and 290°C/1h.

The polyimide films were detached away from glass substrates in water and then dried in the oven at 120°C.

Structural, thermomechanical and thermal characterizations. Structures of the polyimides were
characterized with infrared (IR) on Thermo Nicolet Nexus 870 in the range of 600 to 4000 cm ™! with the spectral
resolution of 1cm™.

Thermomechanical properties of the polyimides were characterized with dynamic mechanical analysis
(DMA) on TA-Q800 instrument in tensile mode at the frequency of 1 Hz, and the characterization was performed
on uniform specimen of 39 x 3 x 0.13 mm with heating rate of 3 °C/min.

Thermal stability was characterized with thermal gravimetric analysis (TGA) on Mettler-Toledo TGA/
SDTAS51 at the heating rate of 10 °C/min under nitrogen.

Differential scanning calorimetry (DSC) was characterized from room temperature to 360 °C with TA
Instruments Q20 at a heating rate of 10 °C/min under nitrogen atmosphere. The sample weight was about 6 mg,
and the midpoint of heat flow changes was employed as T,.

Thermal expansion coefficient characterization. Thermal expansion coefficient (TEC) was charac-
terized with thermomechanical analysis (TMA) on TA instruments Q400, and the initial length of the polyim-
ide sample between the two grips is 15 mm. A first heating to 120 °C was executed to remove the influence of
absorbed water, and changes in length of the sample were measured during the second heating with a reheating
rate of 5°C/min in nitrogen atmosphere under a static load of 0.02N.

Common shape memory characterization. Bending deformation was employed to examine common
shape memory performance of the polyimide. The polyimide film was bended into U shape on a hot-stage set at
T,+20°C, and then the temporary shape was fixed at room temperature. When it was reheated on the hot-stage,
the U shape recovered to its initial flat shape.

Preparation of PIHSTs.  After being dissolved in NMP, the polyimide solution was added into glass tubes
and then placed in the high temperature oven. When the solvent was volatilized, PIHSTs clinging to the inner
walls of the glass tubes were obtained.
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Heat-shrinkage characterization of PIHSTs.  The PIHST was dilated in oil-bath set at T,+20°C, and
the expanded diameter was maintained at room temperature. When the expanded PIHST was placed back to the
oil-bath, it would shrink back to its original size.

Low temperature resistant characterization. Liquid nitrogen with the temperature of —196°C was
employed as low-temperature source, and PIHSTs were immersed in the liquid nitrogen for 7 days. Then they
were taken out from the liquid nitrogen and characterized.

Reducer coupling effect characterization. The expanded PIHST was attached to a glass tube with its half
suspended in the air, and a copper bar was placed inside the PIHST. When they were heated, heat-shrinkage of the
PIHST connected the copper bar with the glass tube. When cooled, the PIHST fixed the two subjects of different
sizes like a reducer coupling.
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