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ABSTRACT: In this research, a new flexible polyimide (PI)
foams was successfully prepared and characterized based on
precursor powder foaming. This foams were derived from
3,3 4,4 -oxydiphethalic anhydride (ODPA), 3,3’,4,4"-oxydi-
phethalic tetraacid (ODPA-tetraacid), and 4,4’-oxydianiline
(4,4-ODA). With varying molar percentage of ODPA-tetraa-
cid in (ODPA + ODPA-tetraacid), the changes of properties
of PI precursor powders and PI foams were comparatively
investigated. The foaming processes of PI foams were
observed by a self-made visualization device. The decomposi-
tion products of precursor powders were analyzed by ther-
mogravimetry-Fourier transform infrared spectroscopy (TG-
FTIR). The crystallinity of precursor powders was investi-
gated by wide-angle X-ray diffraction (WXRD). The chemical
structure of PI precursor powders and foams was analyzed
by FTIR. The thermal properties of PI foams were tested by
the methods of dynamic mechanical analysis (DMA), and

TG/ differential thermogravimetry (DTG) analysis. The cell
structure of PI foams was observed by a scanning electron mi-
croscopy. The rebound resilience of PI foams was studied by
a self-made drop-ball instrument. With the increasing of
ODPA-tetraacid, the inflation onset temperatures and infla-
tion degrees of PI foams decreased from 210°C to 118°C and
increased from 10 to 14.8 times, respectively. The crystallinity
of PI precursor powders increased. The thermal stability of PI
foams decreased. The cell structure of PI foams became more
uniform and the rebound rates increased linearly. Besides,
ODPA-tetraacid did not yield any negative effect on the com-
plete imidization of the PI precursor powder by the FTIR
spectra. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 119: 3253—
3263, 2011
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INTRODUCTION

Aromatic polyimides (PIs), by virtue of their out-
standing thermal resistance, mechanical resistance,
chemical resistance, and insulation properties, have
secured a permanent place in many special applica-
tions from aircraft, spacecraft, marine ships to
weapon, and automotive areas.' ™ Newer to the arena
of PlIs is the preparation of PI foams, which were first
developed by Dupont since 1966.° As for PI foams,
many researchers have been focused on the high-ther-
mal stability, low-density and high-mechanical
strength, high-sound absorption coefficient, low-
dielectric coefficient, good resistance to fire, and so
on.!! However, there has been few studies on the
processable characteristics of precursors and the flexi-
bility of PI foams.

Currently, the preparation of poly(amic acid) pre-
cursors that are suitable for low-temperature foam-
ing are of great interest due to the lower cost and
the high security.'> Moreover, PI foams with certain
flexibility may have a wider range of applications
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than the rigid ones. Weiser et al. prepared a kind of
PI foams by using aromatic dianhydride, aromatic
tetraacid, and aromatic diamine.'>'* In his study, the
densities, compression strength, limiting oxygen
index, and glass transition temperature, expandabil-
ity of PI foams were investigated. The effect of tet-
raacid on the properties of PI precursor powders
and PI foams were neglected. In this article, the prep-
aration and characterization of PI foams derived
from 3,3’ 4,4’ -oxydiphethalic anhydride (ODPA), 3,3 4,
4’-oxydiphethalic tetraacid (ODPA-tetraacid), and 4,4’
oxydianiline (4,4'-ODA) will be presented. It is impor-
tant to emphasize that the comparing properties of
poly(amic acids) and PI foams in terms of varying
molar percentage of ODPA-tetraacid in (ODPA +
ODPA-tetraacid).

EXPERIMENTAL
Materials

The ODPA was purchased from Shanghai Research
Institute of Synthetic Resins, China. 4,4-ODA was
obtained from Bengbu Zuguang Finechem Co.,
China. ODPA-tetraacid was self-made by hydroly-
zing ODPA. Tetrahydrofuran (THF) and methanol
were supplied by Beijing Finechem and used as
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TABLE I
Compositions and Properties of PI Precursors
and PI Foams

Molar percentage of
ODPA-tetraacid
in (ODPA +
ODPA-tetraacid)/ % 0 10 25 35 50

Precursor no. PAAO PAA10 PAA25 PAA35 PAA50

PIF no. PIFO PIF10 PIF25 PIE35 PIF50
Apparent viscosity =2 1884 158 50 30
(mPa s)

(precursor solutions)

Density (kg m~) 39.96 40.03 40.01 39.89 39.04

* The apparent viscosity of PAAO solution exceeded the
range of test by the measurement.

blowing agent and the solvent. All dianhydride
and tetraacid were dried in a vacuum oven for 8-
10 h before use.

Preparation of poly(amic acids) and PI foams

The ODPA, ODPA-tetraacid, and 4,4-ODA were
weighed in an equimolar fashion, and THF and meth-
anol were gauged according to a solid content of 20
wt %. Then, 4,4-ODA was dispersed in a mixture of
THF and methanol in a three-neck flask equipped
with a mechanical stirrer at room temperature. To the
stirring 4,4-ODA solution, ODPA was added gradu-
ally with stirring in batches and the mixture was
stirred for 8-12 h to yield a homogenous precursor so-
lution. To this solution, ODPA-tetraacid was added
gradually after ODPA dissolved completely.”>™®
Then the mixture was stirred for 6-8 h more at 30°C
to yield a homogenous precursor solution. To ensure
the number of amine groups equals the number of
anhydride groups, the total molar amounts of
ODPA plus ODPA-tetraacid should equal the molar
amounts of 4,4-ODA. In other words, the monomer
molar ratio of 4,4-ODA/(ODPA + ODPA-tetraacid)
is 1.0.

The resulting poly(amic acid) solutions were then
charged into stainless steel vats and treated in a vac-
uum oven at 60-70°C for 8 h. Then the materials were
cooled and crushed into fine powders and separated
by a sieve. The average particle size was determined
by sieving the powders. The precursor powders were
then treated for an additional amount of time (0-300
min) at 70°C to further reduce the residual solvents.
Residual amounts of THF were determined by meas-
uring proton nuclear magnetic resonance (NMR)
spectra of the powders. The precursor fine powders
were placed into molds. The molds were put into an
oven at high temperature to obtain PI foams. As
shown in Table I, various PI precursors and foams
were obtained by changing ODPA-tetraacid content.
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The reaction equation and chemical structures of PI
foams were shown in Figure 1. The possible reactions
of salt-like structure in poly(amic acid) solutions were
shown in Figure 2.'%7

Measurements

The apparent viscosity of poly(amic acid) solutions
were measured by a NDJ-1 rotation viscometer. The
foaming processes of PI foams were observed by a
self-made visualization device at a heating rate of
10°C/min. In the self-made visualization device, the
morphological change was observed by the Gui-
Guang GL-99T stereo-microscope. A JVC digital
color video camera and DH-CG300 video-capture
card were used to capture and record the inflation
morphologies. Wide-angle X-ray diffraction (WXRD)
patterns of PI precursor powders were recorded by
D/max2200 PC automatic X-ray diffractometer.
Thermogravimetry-Fourier transform infrared spec-
troscopy (TG-FTIR) studies were ramped from 25°C
to 800°C at a heating rate of 10°C/min under nitro-
gen atmosphere. FTIR performed with Nexus-470 to
characterize the chemical structures and imidization
degrees of PI precursor powders and PI foams. The
Rheometric Scientific, dynamic mechanical analysis
(DMA)-IV was used to carry out dynamic compres-
sive mechanical analysis at a frequency of 1 Hz and
a heating rate of 5°C/min in nitrogen from room
temperature to 400°C. TGA was carried out with
NETZSCH STA TGA-409C at a heating rate of 20°C/
min from room temperature to 700°C under nitrogen
atmosphere. The cell morphologies of PI foams were
observed using a JSM-5800 scanning electron micros-
copy (SEM). The rebound resilience values of PI
foams were tested according to ASTM D3574-81 by a
self-made drop-ball instrument.

RESULTS AND DISCUSSION

Effect of ODPA-tetraacid content on the inflation
onset temperatures and the inflation degree (0)
of PI precursor powders

In this section, the effect of ODPA-tetraacid content
on the inflation onset temperatures, the inflation
degree (0) and the morphological changes of PI pre-
cursor powders during the foaming processes were
investigated.”'>'®2°  The particles with similar
dimensions and microspheres with similar inflation
shapes were surveyed to avoid the effect of initial
particle dimension and inflation shape on the
results. The inflation onset temperature was defined
as the temperature at which the powders began to
inflate [Fig. 4 (a)]. The inflation degree (0) was indi-
cated as V/V,, where V was the average volume of
initial particle. The particle volume (V) was defined
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Figure 1 The reaction equation and chemical structure of poly(amic acid) and PI (x and y varied with the change of

ODPA-tetraacid content).

as %Tc(%)g'. The particle diameter (d) was defined as
(Lmax + Tmax)/2, where L., was the maximum
dimension of bubble and T,,., was the maximum
dimension in the direction perpendicular to the
direction of L.y (Fig. 3).

The inflation onset temperatures and the inflation
degree of PI precursor powders with temperature
increasing at 10°C/min were shown in Figure 4(a).
The temperatures of maximum foaming rate and

& @,
0,‘

foaming range versus ODPA-tetraacid molar per-
centage were shown in Figure 4(b). As shown in Fig-
ure 4(a), when temperature reached the inflation
onset value, the volumes of all PI precursor powders
expanded continuously to maximum values and
then retained them despite of the continuous
increase of temperature from room temperature to
350°C. The inflation onset temperatures of PAAO,
PAA10, PAA25, PAA35, and PAA50 precursor
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Figure 2 The possible reactions of salt-like structure in poly(amic acid) solutions.
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Figure 3 Scheme of dimension definition. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

powders were about 208°C, 172°C, 150°C, 135°C,
and 119°C, respectively. The inflation degree (0)
increased sequentially with the increase of ODPA-
tetraacid.

This phenomena may result from the decreasing
molecular weight of poly(amic acids) with the
increase of ODPA-tetraacid. As shown in Table I,
under the same conditions, the reduction in appa-
rent viscosity of poly(amic acid) solutions with
ODPA-tetraacid increased made it clearly that the
molecular weight of poly(amic acids) were influ-
enced. When ODPA-tetraacid mixed with 4,4’-ODA,
a salt-like structure (—O~ "NH;—)might be synthe-
sized and also dissociated partly (Figs. 1 and 2). This
can cause a detrimental effect on the growth of mo-
lecular chains.'® Besides, water generated from the
reaction can certainly reverse the response direction
and lower the equilibrium constant value. Thus, the
molecular weight and apparent viscosity of poly-
(amic acids) decreased as ODPA-tetraacid increased.
As illustrated in Figure 4(a), when temperature
reached to a certain value, the volume of PAA50
powders with the highest ODPA-tetraacid content
and the lowest molecular weight inflated first and
continuous to a maximum value. The volume of
PAAO powders inflated at the highest temperature
lastly. The temperatures of maximum foaming rate
moved toward low temperature with increasing
ODPA-tetraacid. The temperatures of foaming range
changed a little [Fig. 4(b)].

The inflation degree of PI precursor powders
increased with increasing of ODPA-tetraacid. It might
be due to the varying content of volatile species. Dur-
ing the foaming processes, the residual solvents and
water were the main volatile species contributing to
the inflation of powders. The proportion of salt-like
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structure and carboxyl groups in poly(amic acid) was
larger with higher ODPA-tetraacid content. When
temperature rose, more water might be generated
from the dehydration of salt-like structure and the
reaction of carboxyl groups and amide groups. So the
volatile species content and the inflation degree
increased as ODPA-tetraacid increased. The morpho-
logical changes of PI precursor powders with increas-
ing temperature were shown in Figure 5.

Analysis of TG-FTIR of PI precursor powders

TG curves of PAAO and PAA50 powders at 10°C/
min in nitrogen were shown in Figure 6. As shown
in Figure 6, the TG curve of PAAQ moved toward
high temperature. PAAO and PAA50 powders had
obvious weight losses before degradation when tem-
perature reached up to 212°C and 121°C, respec-
tively. There were two factors which caused the
mass loss in the former step ranged from 120°C to
310°C: one was the volatilization of residual sol-

vents, which is a physics process, and one
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Figure 4 (a) The foaming process of PI precursor pow-
ders and (b) the temperatures of maximum foaming rate
and foaming range of PI precursor powders.
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Figure 5 Morphological changes of PI precursor powders with increasing temperature. [Color figure can be viewed in

the online issue, which is available atwileyonlinelibrary.com.]

reasonably supposed to be the cycloimidization of
PAA to PI, which is a chemical process. As for the
latter step, the mass loss primarily resulted from the
pyrolysis of PI in high temperature. Powder foaming
processes mainly depended on the volatile species
and the small molecules generated during the cyclo-
imidization in the former step essentially. The TG
curves also revealed that the weight loss percentage
of PAA50 was bigger than PAAOs.

Absorption strength of released gas (THF at 3002
cm ™}, H,O at 3745 cm ™!, CO, at 2351 em ™!, and CO
at 2181 cm™') versus temperature in nitrogen of
PAAO and PAA50 powders were expressed in Fig-
ure 7.2'* The peak of THF mainly located in the
temperature range of 102-200°C. The peaks of CO,
and CO mainly located in the range of 485-800°C.
The H,O existed during the whole decomposition
process, and part of them may absorbed from atmos-
pheric moisture. The peaks of H,O absorption were
primarily around 130°C and 510°C. The intensities of
H,O absorption peaks for PAA50 were slight stron-
ger than those for PAAQ. It indicated that the
decomposition H,O was more in PAA50 than in
PAAO.

Stacked plot of the FTIR spectra of by-products
from the TG-FTIR during the degradation of PI pre-
cursor powders under the nitrogen environment
were shown in Figure 8. It can be seen that the
major gases evolved during the thermal degradation
were THF, H,O, CO,, and CO. The characteristic

peaks at 2780-3065 cm ' and 919 cm ' were
assigned to stretching vibration of —CH,— in THF.
The stretching vibration of free O—H were in the
range of 3500-3800 cm ' and around 1600 cm ',
which corresponded to the stretching vibration of
H,O. The characteristic bands of CO, were at 2350
cm ! and 690 cm . The characteristic band of CO
was at 2180 cm~'. As shown in Figure 8, the peaks
of H,O absorption of PAA50 powders were a little
stronger than PAAO powders. As for PAA50
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Figure 6 TG curves of PAAO and PAA50 powders in
nitrogen.
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Figure 7 Absorption intensities for by-products measured by FTIR spectra with heating treatment temperature in nitro-

gen: (a) PAAO powders and (b) PAA50 powders.

powders, the H,O evolved at low temperature has
been attributed to the dehydration of salt-like struc-
ture and the reaction of carboxyl groups and amide
groups, and/or dehydration of unreacted ODPA-tet-
raacid end groups. With temperature increasing, the
H,0O mainly result from the imidization and existed
until the end of the decomposition process.

Analysis of WXRD of PI precursor powders

The crystallinity of PI precursor powders was charac-
terized by WXRD in Figure 9. The X-ray diffraction
curves of PAAQ and PAA10 powders expressed that
they were basically amorphous. When the molar per-
centage of ODPA-tetraacid exceeded 25%, some wide
peaks which suggested some degree of the short-
range order in those powders were found. This might
relate to the salt-like structure in the precursors and
the relative flexible unit of ODPA-tetraacid. As we all
know, salt tends to crystallize easily. When compar-
ing with ODPA, increasing ODPA-tetraacid as a rela-
tive flexible unit can also increased the crystallinity of
the products. Therefore, we can also infer that the
salt-like structure might have been generated by the
reaction of ODPA-tetraacid and 4,4’-ODA.

FTIR spectra of PI precursor powders and PI foams

The FTIR spectra of PI precursor powders and PI
foams were illustrated in Figure 10(a,b), respectively.

Journal of Applied Polymer Science DOI 10.1002/app

As shown in Figure 10(a), the FTIR spectra of PAAQ
exhibited a slight sharp absorption band at about
3400 cm ™', which corresponded to the absorption of
—COOH and N—H. In comparison with the sample
of PAAQ, broad absorption bands appeared at 3000-
3500 cm ™! indicated the existence of —COOH and
N—H units for the other four PI precursor powders.
172528 These might result from the absorption of car-
boxyl groups, which were ortho to the other car-
boxyl reacting with diamine. The other characteristic
absorption peaks for the five PI precursor powders
were similar. The absorption peaks at about 1716
cm ™! were assigned to the stretching vibration of
C=0 (—COOQH). The peaks at about 1658 cm ! were
corresponded to the stretching vibration of C=0O
(—CONH). The peaks around 1550 cm ! were repre-
sentative of the existence of C—N bonds. The exis-
tence of the characteristic peaks suggested that PI
precursor powders had the structure of —CONH—.
Moreover, the peaks at 1500 cm ™' indicated the skel-
eton vibration of benzene ring. The characteristic

absorption peaks located at about 2600 cm ' con-
firmed the generation of ammonium salt-like
structure.

In Figure 10(b), the infrared absorption spectrum
curves of these PI foams generally resembled one
another: the characteristic absorption peaks at 1777
cm ™! (asymmetrical C=0 stretch) and 1721 cm ™’
(symmetrical C=O stretch) indicated the existence of
imide carbonyl. The peaks at 1380 cm ™' corresponded
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Figure 8 Stacked plot of the FTIR spectra of gases evolved from PI precursor powders in nitrogen: (a) PAAO and

(b) PAA50.

to the C—N stretching vibration of imide rings. The
imide ring deformation vibration can be observed at
744 cm~'. No amide carbonyl peaks at 1716 cm ™" or
1658 cm ™! were shown in the FTIR spectra. The char-
acteristic absorption of —COOH end groups and
N—H bond medium located in the region of 3000-
3500 cm ! disappeared thoroughly. This implied that
the poly(amic acid) intermediates were completely
converted into Pls. These results revealed that the
adoption of ODPA-tetraacid did not have a negative
effect on the imidization of PI precursor powders.

Thermal properties of PI foams

According to the previous contents, the inflation onset
temperatures, the inflation degree, and the crystallin-
ity of PI precursor powders were obviously influ-
enced by the adoption of ODPA-tetraacid. The ther-
mal properties of PI foams were evaluated by means
of DMA and TGA, tabulated in Table IL.*'>* The T,
values and the maximum of loss tangent (tan 5) of PI
foams were determined by DMA. As shown in
Figure 11 and Table II, PIFO exhibited the highest T,
value (~ 280°C), with PIF50 having the lowest T,

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Thermal Properties of PI Foams

Thermal properties

Tmax  Tsew  Tiow Char

Plfoams T (°C) Tu°C) (°C) (°C) (°C) yield® (%)
PIFO 280 568.4 601.8 583.8 594.8 62.9
PIF10 274 561.6 597.1 579.2 5915 59.2
PIF25 269 558.3 590.1 5774 590.1 58.4
PIF35 265 551.8 585.8 573.6 587.8 58.2
PIF50 261 549.1 5823 567.8 580.5 57.9

? Residual weight in TGA at 700°C under nitrogen
atmosphere.

value of 261°C. When compared with PIFO, the
ODPA-tetraacid-containing PI foams showed lower
T, values successively, but the values decreased
slightly. The reduction of T, values might be due to
the relative low molecular weight and wide molecular
weight distribution of the polymer chains, and the
flexible unit of ODPA-tetraacid. The slight decrease of
T, values possibly related to the imidizaiton of PI pre-
cursor powders. During the conversion of poly(amic
acid) to PI at high temperature, the carboxyl groups
that were in the end of molecular chains or unreacted
yet can transform into anhydride and still polymerize
with amino. Also, the salt-like structure would con-
vert to imide by cyclodehydration. When the imidiza-
tion was accomplished completely, the molecular
chains and the molecular weight of PI foams were
affected slightly. These results were also confirmed
by TG curves of PI foams showing in Figure 12.

What is more, the maximum values of tan o
shifted toward lower temperature region with the
increase of ODPA-tetraacid. As the magnitude of tan
d increased significantly. These results indicated that
PI foams with more ODPA-tetraacid would be easier
to process. With ODPA-tetraacid increased, PI foams
had lower molecular weight, wider molecular

1 n 1 I 1 L 1 2 1

250 300 350 400
Temperature/ C

100 150 200

Figure 11 DMA curves of PI foams.
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weight distribution, and high-excellent processabil-
ity. The plasticity of the materials also increased
with ODPA-tetraacid increasing.

TGA /DTG curves of PI foams were shown in Fig-
ure 12. The temperatures corresponding to the maxi-
mum decomposition occurring (Tmax) of PI foams
can be easily determined from DTG curves. The 5%
weight loss temperatures (Ts¢), 10% weight loss
temperatures (T109,), the decomposition-starting tem-
peratures (T;), Trmax values, and the residual weight
retentions (Ry) at 700°C of PI foams were given in
Table II. PI foams did not experience any weight
loss before the scanning temperature reached up to
540°C in nitrogen. As shown in Table II, the T; val-
ues and Ty, values of PI foams were in the range
of 549-568°C and 582-602°C, respectively. The Tsq,
values and Tjgy values were in the range of 567-
583°C and 580-595°C, respectively. The experimental
data implied that these PI foams possessed excellent
thermal stability. In addition, the residual weight
retentions at 700°C in nitrogen were all above 57%.
Such high percentage of residual content at ~ 700°C

also indicated the intrinsic fire-retardant property of
these PI foams.

The results also expressed that the thermal stabil-
ity of PI foams were slightly influenced by the adop-
tion of ODPA-tetraacid. With the increase of ODPA-
tetraacid, the thermal stability of PI foams decreased
slightly. This was in agreement with the results of
DMA test. Such stability was sufficient to meet the
requirements of high-performance polymeric foam
candidates for most potential applications.

Morphological observations of PI foams

The cross sectional SEM images of PI foams were
displayed in Figure 13. Observed from the SEM
images of these foams, the inner of samples showed
that the cells of PI foams mainly existed in the form
of closed pores, and the cell size in these foams
ranged from 166 to 1000 pm. It was found that
increasing ODPA-tetraacid can effectively improved
the compactness and uniformity of the cell structure.
As shown in Figure 13, the cell size of PI foams
became smaller and more uniform as ODPA-tetraa-
cid increased. The distribution of cell size became
narrow. Large pores, small pores, and some broken
pores can be observed in PIF0. All the pores in PIF0
were in a nonuniform distribution. It also can be
found that PIF10, PIF25, PIF35, and PIF50 with uni-
form cell size had been successfully prepared. A
more homogeneous size distribution of the cell size
was obtained with the increase of ODPA-tetraacid.
The cell walls of PIE35 and PIF50 were a little arised
under the shooting of the electron gun. This phe-
nomenon resulted from the flexibility of the molecu-
lar chains, on the one hand, and on the other hand,
it also resulted from the increase of interaction of
electrons and ionic bond of the salt-like structure in
the molecular chains.

Rebound resilience of PI foams

According to the ASTM D3574-81, the rebound resil-
ience of PI foams was tested by a self-made drop-
ball instrument. The curve of rebound rates as a
function of ODPA-tetraacid content was presented
in Figure 14. As shown in Figure 14, with the
increase of ODPA-tetraacid, the rebound rates of PI
foams increased nearly in a straight line. The
rebound rate of PIF50 was roughly 57% at the high-
est content of ODPA-tetraacid, whereas the rebound
rates of PIF35, PIF35, and PIF10 were 51%, 48%, and
36%, respectively. The PIFO showed a rebound rate
minimum of ~ 30% with respect to no ODPA-tetra-
acid. The distinction might result from the flexibility
of the molecular chains and the cell structure of PI
foams. It can be inferred that the flexibility of the
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Figure 13 SEM images of PI foams.

matrix and the packing of cells of PI foams were
influenced by the adoption of ODPA-tetraacid.

CONCLUSIONS

In this study, PI foams with low-process tempera-
tures and high flexibility were successfully prepared.
We have discussed the effects of ODPA-tetraacid on
the properties of PI foams:

1.
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With the increase of ODPA-tetraacid, the appa-
rent viscosity of poly(amic acid) solutions
decreased obviously. The inflation onset tem-
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The molar percentage of ODPA-tetraacid/%

Figure 14 Resilient resilience curve of PI foams.
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peratures of PI precursor powders decreased.
The inflation degree is increased.

2. The weight loss percentage of PAA50 was big-
ger than PAAOs. The intensities of water
absorption peaks for PAA50 were slight stron-
ger than those for PAAO.

3. PI precursor powders showed a slight crystalline
structure by WXRD when ODPA-tetraacid con-
tent exceeded 25%. The FTIR spectra indicated
that ODPA-tetraacid had no negative effect on
the imidization of PI precursor powders.

4. T, values of PI foams were all above 260°C.
The temperatures for 5 wt % mass loss were
567.8°C or higher, and 10 wt % mass loss were
580.5°C or greater. The temperatures for T,
were 549.1°C or higher, and Ty,,x were 582.3°C
or greater. The residual weight retentions at
700°C in nitrogen were all above 57%.

5. The SEM images of PI foams classified them as
porous materials with uniform cell size by the
adoption of ODPA-tetraacid. The rebound rates
of PI foams increased significantly as the
increase of ODPA-tetraacid. Consequently, the
PI foams exhibited good flexibility.
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