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ABSTRACT: A series of polyimide foam sheets (PIFSs) with thickness of 0.5 mm using 3,30,4,40-benzophenonetetracarboxylic dianhy-

dride (BTDA), 3,40-oxydianiline (3,40-ODA), and polyaryl polymethylene isocyanate (PAPI) as main materials were first fabricated by

liquid foaming and compression molding technology. The effects of different PAPI contents and 3,40-ODA contents on the structures

and properties of PIFSs were investigated. The results indicated that PIFSs exhibited a structure that front surface displayed closed

cells made of damaged cell walls and membranes, while internal cells were open, and elliptic vacancies were flatted in the thickness

direction from the cross section. The average cellular diameter increased with increasing PAPI loading. In addition, the introduction

of 3,40-ODA increased the average cell size of PIFSs. Further, PIFSs had density of 0.087–0.239 g/cm3, elongation at break of 3.75–

8.01% and tensile toughness of 3.46 3 1022213.87 3 1022 J/cm3. Notably, they exhibited higher tensile strength of 1.89–5.42 MPa

and lower thermal conductivity of 14.727–19.25 mW/m •K at 24�C, compared to the polyimide foams reported earlier. The sound

absorption coefficients (a) of samples with different PAPI contents increased and then decreased with increasing PAPI content. At

low frequencies, a certain content of 3,40- ODA allowed an improvement of the acoustical behavior of PIFSs, and the a increased and

then decreased with increasing density. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39881.
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INTRODUCTION

Foam sheet is an important class of planar materials with thick-

ness of 0.1–5 mm composed of continuous solid polymer and

gaseous cells dispersed throughout the solid.1 Due to light weight,

low thickness, porosity, and sound insulation, they are of interest

for many applications including industry, building, medicine,

packaging, and so on.2 Although conventional foam sheets such

as polyethylene foamed sheet (EPE),2 polystyrene foam,3,4 poly

(methyl methacrylate) foam,5 polyurethane foam6,7 are mostly

studied, potential applications of them in aerospace, industry,

and daily life have been restricted because of their inflammability,

poor thermal insulation and poor high-temperature stability. For

many aerospace applications, such as multilayer insulation (MLI)

blankets of BepiColombo,8 it is most desirable to have higher

temperature stability, flexibility, low thermal conductivity. Fur-

ther, as the aerospace systems mostly need to occupy small space,

minimizing the weight and thickness of the system as well as pro-

viding excellent performance must be taken into consideration.

PIFSs are novel materials developed in recent years. They have a

number of attractive functional attributes such as light weight,

low thickness, porosity, thermal insulation, sound insulation,

low smoke generation, radiation resistance, and fire resistance,9–

11 making them to be one kind of ideal materials for aerospace

and applications including thermal insulation and high temper-

ature. For instance, Aerofoam PIF 4–6_10008,12 with 1 mm

thickness has been used in high-temperature multilayer insula-

tion (HT-MLI) of BepiColombo as blankets. It is yellow-colored

transparent polyimide foam with a density of 0.004–0.006

g/cm3. And it possesses tensile stress of 0.1 MPa, thermal con-

ductivity of 35 mW/(m•K) and high temperature stability.

BF301 and BP101 previously reported by the UBE13,14 are can-

didates ever for MLI, and they possess thickness of 2 mm, low

thermal conductivity of 35–54 mW/(m•K), density of 0.023–

0.270 g/cm3 and porosity up to 97.9%. Polyimide aerogel thin

films15–18 with high porosity are flexible and are produced at

densities of 0.108–0.451 g/cm3. As a consequence of low density,

low thickness of 0.5 mm and low thermal conductivity of 14

mW/(m•K), they are potentially used in aerospace applications

for entry, descent, and landing operations.19 Dustin Miller

et al.20,21 fabricated microcellular and nanocellular polyetheri-

mide (PEI) foam sheets with thickness of 1–2 mm which
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possessed high strength stress of 66–93 MPa. However, they

exhibited bad flexibility and high density of 0.96–1.128 g/cm3.

Although PIFSs are widely studied, their developments have

been restricted because of their inefficient processing methods.

For instance, these PIFSs such as BP101, BP011, and BP021

developed on the basis of powdered precursor process22–24 are

relatively expensive to produce because of their long production

cycle, complex technology, toxicity of methanol as solvent, and

expensive mold equipment. Another common process to fabri-

cate PIFSs is super-critical CO2 process which has time-

consuming nature.15–18,20,21 For example, the saturation time of

PEI sheets with thickness of 1.5 mm using CO2 was about 350

h at 5MPa and one small-size sample was obtained once due to

the expensive and complex equipment. As a result, it is chal-

lenging to prepare an ultrathin PIFS with good properties by a

low-cost process which is simple and has short production

cycle. Further, due to the large variation in thickness resulting

in variation in cell structure and the difficulty in obtaining

foam sheets of millimeter thickness, it remains a big challenge

that the research on the effects of composition on structure and

performance of PIFSs.

The object of this work is to use a facile and effective method

to fabricate PIFSs with cells and good properties of low density,

high tensile strength, low thermal conductivity and high sound

absorption coefficient. In this article, a series of PIFSs using

BTDA, 3,40-ODA and PAPI as main materials were first success-

fully fabricated by liquid foaming and compression molding

technology which have the advantage over other technology of

short molding cycle resulting in lower cost and faster produc-

tion rates. The relationships among compositions, structures,

and properties of PIFSs, including cell morphologies, apparent

densities, mechanical properties, thermal insulation properties,

sound absorption properties, and so forth, were discussed. The

test data can also demonstrate that the well-defined properties

potentially make the lightweight PIFSs with millimeter thickness

to be candidates for MLI of spacecrafts and other applications.

EXPERIMENTAL

Materials

BTDA was acquired from Beijing Multi Technology Co. Ltd.,

China, and was dried in a vacuum oven at 150�C for 8–10 h

before use. PAPI (PM-200) was obtained from Yantai Wanhua

Polyurethanes Co. Ltd., China. 3,40-ODA was purchased from

Shanghai Research Institute of Synthetic Resins, China, and it

must be purified before use. Silicone oil (DC-193) was pur-

chased from Foshan Daoning Chemical Co. Ltd., China, and it

was the main surfactant. Polyethylene glycol 600 (PEG-600), N,

N0-dimethylformamide (DMF), methanol, and deionized water

were all supplied by Beijing Finechem, China.

Preparation

Preparation of PIFSs based on BTDA and PAPI. A series of

0.5 mm PIFSs with different weight ratios of PAPI to first solu-

tion were prepared by two steps composed of liquid foaming

and compression molding. First, foam intermediates were pre-

pared as our previous report.25 BTDA, DMF, methanol, demon-

ized water, DC-193, and PEG-600 were accurately weighted and

added to a 250 ml-volume flask at approximately 85�C. The

mixture was stirred for 2 h to give a homogeneous solution

named as first solution. When the first solution was cooled to

25�C, PAPI was added to the first solution. The combination of

first solution and PAPI was stirred with a high speed mixer

(about 2000 rpm) for 5–15 s. Then it was immediately trans-

ferred to a mould where it was allowed to rise freely for 4 min.

Once the foam was no longer tacky, it was then transferred to a

microwave oven at 30 W for 10 min to produce intermediate

foam. Second, intermediate foam was rapidly transferred to a

mold cavity that was connected with hot plates whose tempera-

tures were 200�C. After the filling, the intermediate foams were

subjected to compressing molding with pressure of 13.28–19.76

KPa for 2 h until the completion of imidization to give a 0.5

mm polyimide foam sheet. The weight ratios of PAPI to first

solution for PIFSs prepared were from 0.5, 0.65, 0.8, 0.95, to

1.1. They were identified as PIFS-1, PIFS-2, PIFS-3, PIFS-4, and

PIFS-5, respectively. According to the composition of PIFS-3, a

series of PIFSs varying in density were fabricated by varying

molding pressure from 13.28 KPa, 18.23 KPa, to 19.76 KPa.

And they were designated as PIFS-3-10, PIFS-3-20, and PIFS-3-

30, respectively. The chemical reaction which might occur during

the preparation was shown in Scheme 1.

Preparation of PIFSs based on BTDA, 3,40-ODA and PAPI. A

series of 0.5 mm PIFSs with different mole ratios of 3,40-ODA

to BTDA were prepared by three steps made of synthesis of

polyamide acid, liquid foaming and compression molding. First,

polyamide acid was synthesized using BTDA and 3,40-ODA

according to our previous technology.26 Equimolar 3,40-ODA

and BTDA were accurately weighed and dissolved in DMF at

room temperature. The mixture was stirred for 5 h until they

completely reacted to get polyamide acid. Then, the remaining

BTDA, DMF, methanol, water, DC-193 and PEG-600 were accu-

rately weighted and added to it. The mixture was stirred for 2 h

at 85�C to give first solution. Then PIFSs were prepared by the

technology described above. These samples were expressed as

PIFS-3-1, PIFS-3-2, PIFS-3-3, and PIFS-3–4 with 0.8 weight

ratio of PAPI to first solution, whose mole ratios of 3,40-ODA

to BTDA were 5:100, 10:100, 15:100, and 20:100, respectively.

According to the combination of PIFS-3–4, a series of foam

sheets with thickness of 0.5 mm varying in density were fabri-

cated by changing the molding pressure. They were designated

as P1, P2, and P3, respectively. The chemical reaction which

might occur during the preparation was presented in Scheme 2.

The resulting foamed product is yellow-colored PIFS with thick-

ness of 0.5 mm, which is far thinner than the foam produced

previously.25,26 Further, they are flexible enough to bend back

nearly 180�without cracking or flaking. Optical images of the

foam sheets from different angles are presented in Figure 1.

Characterizations

The cell morphologies of samples were observed by a CS-3400

scanning electron microscopy (SEM). The specimens were

sputter-coated with gold before testing. Their average cellular

diameters were determined by SISAC-IAS image analyzer from

the SEM images, and apparent density was tested according to

ASTM D328. At least five samples were repeated for each test,
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and the average value was used as the final result. Tensile prop-

erties investigation was carried out on an Instron5565 according

to ASTM D638 and ASTM D882. The tensile specimens were

cut into dumbbell bars with a dimension of 70 3 6 mm2. A

constant crosshead rate of 1 mm/min was carried while testing

samples. Five samples were tested for each composition and

results are given as averages with standard deviations. Thermal

conductivity tests were measured on a thermal conductivity

analyzer designed by ourselves previously according to ASTM C

518. The width and length of samples were all 50 mm. For each

condition, five samples were tested to obtain the average data.

The sound absorption coefficients at room temperature were

monitored by a standing wave tube according to ISO-10534-2.

The specimens were cut into rounded samples with 100 mm

diameter and ten samples for each composition were tested in a

BK-4206 impedance tube, to get average absorption coefficients.

In this approach, the samples were placed at the impedance

tube being backed by the rigid base board of the tube, and the

thickness of the air-gap between the foam sheet and the rigid

base board is zero.

RESULTS AND DISCUSSTION

Cell Structure Characterization of PIFSs

Representative samples with different weight ratios of PAPI to

first solution were imaged by SEM with enlargement of 30 times

to characterize the cell structures. Table I shows the cell sizes of

PIFSs. SEM images of the samples are shown in Figure 2. As

seen in Figure 2, PIFSs display closed cells made of damaged

cell membranes and cell walls that were in the same plane,

which is unlike the flexible foams produced earlier with open

cells.25 This could be explained in the following way: cell walls

and membranes were damaged by molding pressure, generating

the collapsing cells, thus compression opened the cell mem-

branes and buckled the cell struts. PIFS-1 exhibits a structure

Scheme 1. The reaction during the preparation of PIFSs without 3,40-ODA.
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where clear areas of solid resin exist with rare cells. PIFS-2–

PIFS-4 all present obvious cells that are characterized as sharing

cellular walls. Further, their cells are flat like fishing net. While

in PIFS-5, the cells are in a mess, and cell walls are difficult to

find. Comprehensive analysis shows that the average cellular

diameter increases from 100.42 lm to 339.07 lm with increas-

ing PAPI loading. In this case, the uniformity of cellular size

distribution increases firstly, and then reduces. This could be

attributed to the varying released amount of gases. Equal quan-

tities of first solutions were used for PIFS-1–PIFS-5; hence, the

amount of reactive groups which generated CO2 with PAPI was

equal. So the reaction of first solution and PAPI are more rapid

and the released amount of CO2 increased with increasing PAPI

contents, resulting in the larger cellular diameter and thinner

cell walls. In PIFS-3, the amount of isocynate group is approxi-

mately equal to the amount of reactive groups, thus the reaction

is the most complete, leading to relatively uniform cell size

distribution. When PAPI was in excess, the excess isocyanate

group may react with moisture in air or self-polymerize to pro-

duce CO2, thus the high foaming speed resulted in unsatisfied

distribution.

Figure 3 shows the SEM images of PIFSs with different 3,40-

ODA contents. Their cell sizes are seen in Table I. Compared to

the cell morphology of PIFS-3, it is indicated that the introduc-

tion of 3,40-ODA increases the average cell size of PIFSs. Fur-

ther, the average cell size increases firstly, and then reduces with

increasing 3,40-ODA. As for PIFS-3-1 and PIFS-3-2, the cells are

obvious, namely cell walls were typically distributed with areas

of polymer resin. Rather, PIFS-3-3 and PIF-3–4 exhibited a

structure where cells are getting indistinct and all in a jumble.

The reasons can be explained as follows: the more 3,40-ODA

Scheme 2. The reaction during the preparation of PIFSs with 3,40-ODA.
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was used, the less unreacted BTDA was left, leading to more

PAPI left, thus the increased amount of CO2 resulted in larger

cells. When the content of 3,40-ODA increased to a certain

extent, the high viscosity of first solution would hinder cell

growth during foaming, leading to smaller cell diameter. Fur-

ther, it can also give rise to inhomogeneous mixing between

PAPI and first solution, leading to irregular cell distribution and

more collapsing cells.

Figure 4 shows the cell morphologies of front surface and cross

section for PIFS-3. As indicated in Figure 4(a) with magnifica-

tion of 350, the cells of front surface are almost hexagonal and

cell walls are clearly observed. A higher magnification of 3100

[Figure 4(b)] shows that the irregular open cells that are directly

adjacent to one another exist below the cell membranes and the

cell size is nearly 150 lm with average cellular wall thickness of

30 lm. As shown in Figure 4(c), the cells of cross section

exhibit a slightly elliptical morphology due to the compression,

and they have average longitudinal dimension of 190 lm and

lateral dimension of 50 lm. Comprehensive analysis shows that

PIFSs exhibit a structure that front surface displays closed cells

made of damaged cell walls and membranes, while internal cells

are open, and elliptic vacancies are flatted in the thickness

direction from the cross section.

Apparent Density Characterization of PIFSs

Table II presents the apparent densities of PIFSs with different

composition. As indicated in Table II, these PIFSs have lower

densities ranging from 0.087 g/cm3 to 0.239 g/cm3, in contrast

to 0.5 mm polyimide aerogel films15–18 with densities of 0.108–

0.451 g/cm3 fabricated by NASA. As for PIFSs without 3,40-
ODA, the density reduces firstly, and then increases with

increasing PAPI content. This could be attributed to the fact

that the cells got larger with increasing PAPI content. While in

PIFS-5, the collapse degree of cells increased after compression

on one hand. And it has lower matrix resin content due to

larger cells on the other. For both reasons, its density is only

slightly higher than that of PIFS-4. As for samples containing

3,40-ODA, it is surprising to observe that these samples have

densities of 0.087–0.116 g/cm3, which are further lower than

that of samples without 3,40-ODA. This could be explained as

follows: its matrix resin content was lower for intermediate

foam with same thickness due to larger cells. On the other

hand, linear thermoplastic structure produced by reaction of

Figure 1. Images of the foam sheets from different angles. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. The Cell Sizes of PIFSs in the Study

Samples
Maximum cell
size (lm)

Minimum cell
size (lm)

Average cell
size (lm)

PIFS-1 216.24 40.23 100.42

PIFS-2 358.09 94.25 150.95

PIFS-3 343.42 167.43 214.50

PIFS-4 449.40 130.10 228.50

PIFS-5 582.11 213.40 339.07

PIFS-3-1 409.54 141.51 250.98

PIFS-3-2 465.53 121.05 267.26

PIFS-3-3 465.65 182.17 290.33

PIFS-3–4 482.75 70.86 242.01
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BTDA and 3,40-ODA can move vigorously at high temperature

during compression molding, which made the foam have a

tendency to expand and resist the pressure, leading to larger

volume. In addition, when the mole ratio of 3,40-ODA to BTDA

increases from 0.05 to 0.15, the densities are comparable. How-

ever, the density increases to 0.116 g/cm3 for 3,40-ODA loading

of 20 mol%. According to the analysis above, the high viscosity

of first solution for PIFS-3–4 would hinder cell growth during

foaming, leading to smaller average cell diameter, thus its

matrix resin content was higher. In addition, the high viscosity

can also give rise to inhomogeneous mixing between PAPI and

first solution, leading to unsatisfied cell distribution and more

collapsing cells. For both reasons, the density increased.

As for samples with same composition, the density presents an

increasing trend with increasing molding pressure. This may be

explained as follows: as the molding pressure increased, more

multilayer cells overlapped and its collapse degree increased,

resulting in the increasing of density.

Tensile Properties of PIFSs

Tensile properties were measured to verify the structural integ-

rity in order to address the properties such as density and cell

structure. The testing features of PIFSs before and after tensile

test were shown in Figure 5(a). Figure 5(b,c) show tensile

stress-strain curves of PIFSs obtained in our tensile experiments.

The tensile toughness (the energy to fracture per volume) was

calculated by integrating the area under the stress-strain curve.

The tensile stress, elongation at break and tensile toughness are

summarized in Table III.

As indicated in Figure 5(b,c), two stages are observed during

tensile test. The first stage is characterized by linear elastic

region, where tensile stress increases linearly with the strain.

Figure 2. SEM images of PIFSs with different PAPI contents.
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Figure 4. SEM micrographs of PIFS-3. (a, b) front surface, (c) cross section

Figure 3. SEM images of PIFSs with different contents of 3, 4’-ODA.
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Table II. Apparent Densities of PIFSs in the Study

Samples

Weight ratio
of PAPI to
first solution

Mole ratio of
3,40-ODA to BTDA

Molding
pressure (KPa)

Apparent
density
(g�cm23)

PIFS-1 0.5 0 15.32 0.207 6 0.010

PIFS-2 0.65 0 15.32 0.168 6 0.008

PIFS-3 0.8 0 15.32 0.147 6 0.007

PIFS-3-10 0.8 0 13.28 0.103 6 0.005

PIFS-3-20 0.8 0 18.23 0.180 6 0.010

PIFS-3-30 0.8 0 19.76 0.239 6 0.012

PIFS-4 0.95 0 15.32 0.116 6 0.006

PIFS-5 1.1 0 15.32 0.129 6 0.006

PIFS-3-1 0.8 5/100 15.32 0.092 6 0.015

PIFS-3-2 0.8 10/100 15.32 0.089 6 0.007

PIFS-3-3 0.8 15/100 15.32 0.087 6 0.006

PIFS-3–4 0.8 20/100 15.32 0.116 6 0.012

P1 0.8 20/100 15.32 0.116 6 0.012

P2 0.8 20/100 18.23 0.152 6 0.008

P3 0.8 20/100 19.76 0.178 6 0.009

Figure 5. (a) The testing features of PIFSs before and after the tensile test, tensile stress-strain curves of PIFSs with (b) different PAPI contents, and (c)

different contents of 3,40-ODA. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The second stage is characterized by stress relaxation following

the rapid brittle fracture. Tensile behaviors of PIFSs are likely

best explained by a discussion on the fracture mechanics of

polymer foam. Before tension stretching, the cells showed nearly

hexagonal morphology. As tensile load was applied, cells were

stretched, cell walls were extended and the cells get elongated.

When the load increased to a certain extent, fracture of the cell

walls occurred, thus brittle failure occurred through the sample,

in which the elongation of samples was low.

Another important insight from Figure 5(b) is that the tensile

stress of samples without 3,40-ODA reduces from 5.42 MPa at

0.5 weight ratio of PAPI to first solution to 2.07 MPa at 0.95

weight ratio of PAPI to first solution, and then increases slightly

with the increase in PAPI loading, which is consistent with con-

comitant change in density. It is well known that the mechani-

cal properties of foams are affected by foam density, cell size,

cell uniformity, the thickness of cell walls, molecular structure

of matrix, and so on. As PAPI increased, cells got larger, and

rigid benzene ring density in matrix reduced leading to reduc-

ing molecular interactions, and cell walls are thinner, so the ten-

sile strength reduced. When PAPI increased to a certain extent,

rigid benzene ring density in matrix increased slightly, thus the

results above occurred. PIFS-3 presents the best toughness for

which is 1.1–4 times tougher than others due to the relatively

uniform distribution of cells and few flaws in sample which are

resistant to rupture and favorable for the improvement of

toughness.

As indicated in Figure 5(c), PIFS-3-1 exhibits optimal tensile

stress of 3.15 MPa which has a 21.6% increment compared to

PIFS-3, leading to a 4.4% increment in tensile toughness from

13.28 3 1022 J/cm3 to 13.87 3 1022 J/cm3. It indicates that the

introduction of specific 3,40-ODA loading can improve the ten-

sile strength and toughness of samples due to stable cells and

linear thermoplastic structure. Further, polyamide acid can react

with BTDA and PAPI to produce cross-linked structure. How-

ever, the foam series of PIFS-3-2–PIFS-3–4 presents comparable

tensile stress and toughness which are lower than that of

PIFS-3. With the further increase of 3,40-ODA, the amount of

thermoplastic segment structure increased, resulting in reducing

amount of crosslink points, thus the rigidity of matrix reduced.

Tensile tests were performed on PIFS-3, PIFS-3-10, PIFS-3-20,
PIFS-3-30to verify the relationship between tensile properties

and density. As shown in Table III, tensile stress of samples

with the same composition presents an increasing trend from

2.26 MPa at 0.103 g/cm3 to 3.15 MPa at 0.239 g/cm3 as the

density increases due to the increasing of rigid benzene ring

density in matrix.

As studied earlier in our research group, polyimide foam had

tensile strength of 0.058–0.15 MPa.25,26 Referring to Table III,

the data of the PIFSs at 0.5 mm thickness in this study ranged

from 1.89 MPa to 5.42 MPa, which was improved by a factor of

30 times attributed to the increasing density and reducing thick-

ness. Furthermore, previously studied polyimide aerogel films

with densities of 0.108–0.451 g/cm3 at 0.5 mm thickness showed

tensile stress of 1.2–4.5 MPa.16,17 Hence, the prepared PIFSs in

our study displayed better tensile property than polyimide aero-

gel films with similar density.

Thermal Insulation Properties of PIFSs

Because of light weight and high tensile stress, PIFSs could be

expected to be the inner material for the MLI in which thermal

insulation is an important consideration.27,28 Thermal conduc-

tivity tests of the PIFSs were measured on a thermal conductiv-

ity analyzer designed by ourselves previously according to

ASTM C 518, which worked well for relatively low thermal con-

ductivity materials. The sample was compressed slightly to min-

imize the effect of thermal contact resistance. The measurement

system was calibrated using one low conductivity reference sam-

ple (AC 550) in place of the foam sheets.

The testing principle was based on Fourier’s law.9,29 The heat

transfer rate through the flat was calculated using equation as

follows:

Table III. Tensile Properties of PIFSs in the Study

Sample Tensile strength (MPa)
Elongation at
break (%)

Tensile toughness
(31022)(J/cm3)

PIFS-1 5.42 6 0.4 3.75 6 0.2 11.48 6 0.8

PIFS-2 2.99 6 0.1 7.10 6 0.5 12.39 6 1

PIFS-3 2.59 6 0.3 7.76 6 1 13.28 6 0.9

PIFS-3-10 2.26 6 0.2 6.96 6 0.1 10.42 6 0.9

PIFS-3-20 2.74 6 0.3 6.60 6 0.6 11.67 6 1

PIFS-3-30 3.15 6 0.4 6.04 6 0.4 12.02 6 1

PIFS-4 2.07 6 0.4 5.30 6 0.4 6.69 6 0.5

PIFS-5 2.35 6 0.5 2.80 6 0.2 3.46 6 0.2

PIFS-3-1 3.15 6 0.2 7.05 6 1 13.87 6 2

PIFS-3-2 1.89 6 0.2 8.03 6 0.3 8.50 6 1

PIFS-3-3 1.96 6 0.6 7.31 6 0.2 8.65 6 0.4

PIFS-3–4 2.33 6 0.45 7.08 6 0.8 10.98 6 0.8
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U5kA
DT

Dx
(1)

We can develop the equation defining the thermal conductivity

k5
UDx

ADT
(2)

where k is the thermal conductivity, U is the heat transfer rate

through the sample, A is the area of samples tested along the

direction of heat flow, DT is the temperature difference between

the plates, Dx is the thickness of sample.

As a kind of high performance polymer, PIFSs can be used at

both high and low temperature. Samples with different PAPI

loading were tested for thermal physical properties between

room temperature and 250�C. Figure 6 shows the thermal con-

ductivity of samples versus temperature. As shown in the graph,

the thermal conductivity increases significantly with the incre-

ment of temperature. This may be ascribed to the fact that ther-

mal motion of the microcosmic molecule increased with the

increase of temperature, resulting in an enhancement of heat

conduction.

The data of thermal conductivity of PIFSs at 24�C are plotted

in Figure 7 to bring out the trends and the important differen-

ces as a result of changing the content of PAPI and the content

of 3,40-ODA. As shown in the graph, PIFSs possess low thermal

conductivity of 14.37–19.25 mW/m�K, which was about 0.328–

0.443 times than that of previously fabricated AC550 with ther-

mal conductivity of 43 mW/m�K at 24�C.9 This may be

explained by way of heat transfer mechanism of polymer foam.

Heat transfer in polymeric foams occurs through heat conduc-

tion of solid polymer, gas heat conduction, gas heat convection

and radiation heat transfer.29 Compared to AC550 with open

cells, partial cells collapsed in PIFSs, which reduced the air heat

convection in cells.

From Figure 7(a), we it can be noted that the thermal conduc-

tivity increases with the increasing of PAPI at the same temper-

ature due to the variation of cell structures. As PAPI increased,

cells became larger. In larger cells where more space of air

movement happened, heat convection actually increased, thus

the thermal conductivity increased. One interesting insight from

Figure 7(b) is the maximum thermal conductivity at 0.10 mole

ratio of 3,40-ODA to BTDA due to the larger cells. Continuing

to increase 3,40-ODA, unsatisfied cell distribution gave rise to

the reducing of radiation heat transfer and heat convection,

resulting in the thermal conductivity reducing significantly. It

seems that the thermal insulation would be improved by the

incorporation of specific 3,40-ODA loading.

Sound Absorption Properties of PIFSs

Sound absorption property must be taken into account for

some acoustic applications, including aircraft sidewall treat-

ments.30,31 It is of interest here to investigate the acoustic

behavior of PIFSs which is studied by means of the sound

absorption coefficient (a).

The sound absorption coefficients of PIFSs with thickness of 0.5

mm as a function of frequency are presented in Figure 8. As

shown in Figure 8(a), at frequencies below 1650 Hz, the a value

of samples with different PAPI contents ranges from 0.12 to

0.24 and their variation amplitude is small. This can be attrib-

uted to the fact that the sound wavelength is large and the sam-

ples are stiff, which make it difficult for sound to penetrate the

materials. While the a value increases firstly, and then slightly

Figure 6. Thermal conductivity of PIFSs with respect to temperature.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. Thermal conductivity of PIFSs with (a) different contents of

PAPI and (b) different contents of 3,40-ODA at 24�C.
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reduces with increasing PAPI content above 1650 Hz. PIFS-3 is

projected to be the optimum level for sound absorption per-

formance on the whole frequency range. It is well known that

the sound absorption properties of foams are affected by foam

structure and the matrix polymer. As the content of PAPI

increased, rigid benzene ring density in matrix reduced and the

toughness of polymer chain increased, and the uniformity of

cell distribution got better, which made the viscosity dissipation

of sound wave increase. When PAPI increased to a certain

extent, rigid benzene ring density in matrix increased and the

toughness of polymer chain reduced slightly, and the uniformity

of cell distribution got worse, thus the a value slightly reduced.

PIFS-3 exhibited optimum polymer chain toughness and uni-

form cell distribution, thus the interfacial reflection of between

air and matrix and the intermolecular friction of air molecules

as well as the intermolecular friction of matrix polymer chains

were enhanced, which made the viscosity dissipation of sound

wave increase. As shown in Figure 8(b), PIFS-3-1 out performs

the other samples in the frequency band 50–1650 Hz, which

indicates that a certain content of 3,40-ODA allows an improve-

ment of the sound absorption of PIFSs with increase between

0.04 and 0.16 possibly due to linear thermoplastic structure in

polymer matrix for which the viscosity dissipation of sound

wave increased. However, the addition of 3,40-ODA was found

to reduce the sound absorption coefficients for frequencies

above 1650 Hz mainly attributed to the larger cells and ununi-

form cell distribution. In this case, the viscosity dissipation of

sound wave decreased. In addition, the a value of samples

reduces firstly, and then increases with the increase of 3,40-ODA

due to the sample-to-sample variations of cell structures. As the

cell size increased, and the inter-facial area between the solid

frames decreased, leading to the reducing viscosity dissipation

of sound wave.

It is well known that the density of samples had some influence

on sound absorption property of polyimide foam32. In order to

investigate the effects, according to the combination of PIFS-3–

4, a series of foam sheets with thickness of 0.5 mm varying in

density were fabricated by changing the molding pressure. These

foam sheets were designated as P1, P2, and P3, respectively.

Figure 9 shows the sound absorption coefficients of PIFSs with

different densities as a function of frequency. It is shown that in

the frequency band 50–1750 Hz, the 0.178 g/cm3 foam sheet,

namely P3, out performs P1 at 0.116 g/cm3, but both have

poorer sound absorption performance than P2 at 0.152 g/cm3,

while the a value increases with increasing density at medium

and high frequencies. This can be attributed to the variation of

airflow resistance resulting from the variation of density. When

density is low, air flow resistance is low, and it is easy for sound

to penetrate the sheet, which makes poor acoustic performance.

When the density is high enough to result in high air flow

resistance, thus it is hard for the sound waves to penetrate the

sheet. Hence, porous materials have optimal airflow resistance

which is different in different frequency range.

CONCLUSIONS

In summary, we have developed a facile and fast approach for

fabrication of lightweight PIFSs with millimeter thickness based

on liquid foaming and compression molding technology. The

resulting foam sheets varied in cell morphology, density, tensile

strength, elongation at break, thermal conductivity, and sound

absorption coefficient depending on the content of PAPI and

Figure 8. The sound absorption coefficients of PIFSs with (a) different

PAPI contents and (b) different 3,40-ODA contents. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. The sound absorption coefficients of PIFSs with different den-

sities. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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the content of 3,40-ODA. They exhibited a structure that front

surface displayed closed cells made of damaged cell walls and

membranes, while internal cells were open, and elliptic vacan-

cies were flatted in the thickness direction from cross section.

PIFS-3 displayed relatively homogeneous cell morphology. The

average cellular diameter increased from 100.42 lm to 339.07

lm with increasing PAPI loading. Also the introduction of 3,40-
ODA increased the average cell size of PIFSs. The PIFSs with

thickness of 0.50 mm were flexible and displayed excellent ten-

sile properties and thermal insulation. Furthermore, the appa-

rent density decreased gradually firstly, then increased with

increasing PAPI content, while tensile strength presented con-

trary variation trend. The thermal conductivity increased as the

temperature increased as well as at the same temperature with

increasing PAPI. Also, the addition of specific 3,40-ODA content

was found to improve the toughness, thermal properties, and

sound absorption properties at low frequencies. In addition, the

sound absorption coefficients (a) of samples with different PAPI

increased and then decreased with increasing PAPI content, and

the a increased with increasing density at medium and high fre-

quencies. The well-defined properties potentially make the light-

weight PIFSs to be candidates for MLI of spacecrafts. Dielectric

properties and other characteristics such as thermal conductivity

and sound absorption coefficient for polyimide multilayer are

currently under further investigation. Furthermore, optimizing

PIFSs to improve the sound absorption coefficient at low fre-

quencies between 50 Hz and 1650 Hz will be also our impor-

tant work.
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