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ABSTRACT: The glass-transition temperature (T,) and
modulus (E) of graded material in a plastic-elastomer sys-
tem prepared with layer-by-layer casting in connection with
microwave curing were studied. Epoxy (EP) resin and poly-
urethane (PU) were selected as the plastic and elastomer
components, respectively. The structure of the functionally
graded material (FGM) was such that EP (E = 3.2 GPa, and
T, = 162°C) and PU (E = 0.069 GPa and T, = —54°C) were
both surfaces, with a stepwise gradient in EP and PU content
existing between the two over a thickness of 9 mm. Fourier
transform infrared spectroscopy and scanning electron mi-

croscopy were used to investigate the PU content and the
morphologies of the FGMs separately. Finite element anal-
ysis (FEA) was used to simulate the temperature and ther-
mal stress distribution along the graded direction under a
steady-state, nonuniform temperature field. The results of
FEA showed that the temperature and thermal stress distri-
bution decreased along the graded direction. © 2004 Wiley
Periodicals, Inc. ] Appl Polym Sci 94: 994-999, 2004
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INTRODUCTION

Functionally graded materials (FGMs) are designed to
reduce thermal stress and maintain high heat resis-
tance and ductility. They possess a continuous con-
centration change of one or more components from
the surface to the bottom. Metallic and ceramic FGMs
have been actively developed as ultra-high-tempera-
ture-resistant materials for aircraft, space vehicles, and
other engineering applications. However, there have
been fewer studies on polymer FGMs. Among the few
reports on polymer FGMs, most are related to biomed-
ical'* or optical purposes.>” There are hardly any
reports concerning thermal protection systems. In fact,
synthetic polymers have great potential for thermal
barrier material production because of their heat insu-
lation. Some plastics, for example, epoxy resin (EP),
have excellent high chemical and corrosion resistance
and mechanical and thermal properties and outstand-
ing adhesion to various substrates. Elastomers, such as
polyurethane (PU), made from polyether and isocya-
nate, have good abrasion resistance and toughness,
even at tens of degrees below zero centigrade. How-
ever, EP becomes very brittle at low temperatures, and
PUs lose elasticity and decompose at higher tempera-
tures. Both can be used only in a temperature range of
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tens of degrees. Thermal barrier materials, for exam-
ple, hot-substance transport pipes and other thermal
protection systems, often work in nonuniform temper-
ature fields; in this condition, the temperatures of the
one surface and the other generally span from above
120°C to below —50°C. Neither EP nor PU can satisfy
this demand. If an EP/PU elastomer FGM were pro-
cessed, the problem would be resolved. The face of EP
to high temperatures could provide heat and corro-
sion resistance, and the opposite face of PU to low
temperatures would offer freeze resistance and tough-
ness.

On the basis of the design of a metal/ceramic
FGMs, EP and PU were selected as components of a
FGM, with the addition of diaminodiphenyl meth-
ane (DDM) as crosslinking agent, both EP and iso-
cynate in PU could react with amino groups in
DDM. However, the isocynate reacted with amino
groups much faster than the epoxy ring, which is an
inconvenience during processing. To slow down the
reaction rate of the isocynate with amino groups,
the isocynate group in the urethane prepolymer was
blocked with phenol; at a temperature of about
120°C, the amino group reacted with isocynate by
replacing the phenol.

Common steps for the production of metal/ceramic
FGMs include two stages: first, a gradient structure is
formed by methods such as vapor deposition, layer-
by-layer casting, or powder metallurgy, and then, the
green compacts are hot-pressed at a high temperature.
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Each layer is processed at the same temperature and
for the same heating time.

The previous method is not suitable for the produc-
tion of an EP/PU FGM. The viscosity of EP and PU
decrease quickly with increasing temperature, and the
graded structure would be destroyed before the cur-
ing of system because of the flowing of the compo-
nents. A practical route for the fabrication of an
EP/PU FGM is the following: a mixture of EP/PU/
DDM is cast, followed by curing. Then, the cured film
is submitted for the next casting. When the FGM is
cured with conventional heating, the sample cast first
is always exposed to high temperatures and suffers a
longer heating time than those cast subsequently. It is
well known that the properties of the polymer are
related closely to the curing time; if the different parts
in the FGM have different heating times, the mechan-
ical properties of the FGM are affected by the diverse
curing time.

However, this problem is prevented when the
EP/PU FGM is processed by microwave irradiation.
The microwave absorption of the polymer depends on
the dieletric constant itself; when the first layer is cast
and cured, the dielectric constant of the sample is
reduced. The microwaves used to irradiate subse-
quent layers has little effect on it, so every layer in the
FGM has equal microwave absorption. In addition,
reports on the microwave curing of EP*~** and PU"*
have proven that microwaves can enhance the curing
rate greatly and improve the mechanical properties of
the samples; this will be of great benefit by shortening
the processing time and improving the properties of
the FGM.

The objective of this research was to apply micro-
wave irradiation to the curing of an EP/PU FGM with
layer-by-layer casting. The structure and the proper-
ties, including modulus (E), glass-transition tempera-
ture (T,), and tensile strength throughout the FGM
were investigated. Under a steady-state temperature
filed, the temperature distribution and thermal stress
along the gradient direction were simulated.

EXPERIMENTAL
Materials

The initial materials consisted of bisphenol A and
diglycidyl ether epoxy resin (E-51, with an epoxy
equivalent of 185-210, Yueyang Resin Plant, Yueyang,
China). Toluene diisocynate (TDI; 80:20 an mixture of
the 2,4 and 2,6 isomers) and trifunctional poly(ox pro-
pylene) glycol (PPG 330; number-average molecular
weight = 3000) were purchased from Shanghai Re-
agent Co. (Shanghai, China). EP and PPG 330 were
degassed at 80°C and 10 mmHg for 3 h to remove any
absorbed water before use. The TDI (an 80:20 mixture
of the 2,4 and 2,6 isomers) and DDM used in this study
were standard laboratory reagents.
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Preparation of phenol end-capped PU prepolymer

TDI was charged to a flame-dried, 500-mL, three-
necked, round-bottom flask, equipped with a water-
cooled condenser with a CaCl, drying tube, a N, inlet,
a 200-mL addition funnel, and a mechanical stirrer,
which was placed into an oil bath. PPG was added
dropwise to the TDI (NCO/OH = 2:1) under a nitro-
gen atmosphere. The mixtures was stirred and held at
80°C for 3 h; then, phenol was added (OH/NCO = 1:
1). The reaction temperature was raised to 110°C and
maintained for 6 h.

Curing of EP/PU/DDM

Different mass ratios of EP and PU and a stoichiomet-
ric amount of DDM were mixed and stirred at 100°C
until the mixture became uniform; the mixture was
then poured onto the polytetrafluoroethylene (PTFE)
mold. Microwave curing was conducted inside a mul-
timode stainless steel cavity with dimension 302 X 221
X 318 mm connected by a wave guide to a 2.45-GHz
magnetron powered by a variable power direct cur-
rent. The PTFE mold was always placed in the center
of the cavity to guarantee the same field strength
every time. The thermal curing was conducted at
120°C.

Procedure for the preparation of the EP/PU FGM

Different mass ratios of EP and PU were mixed with a
stoichiometric amount of DDM and dissolved in the
dimethylchloride. A solution containing 65 wt % of
the EP/PU/DDM mixture was poured on to the PTFE
mold and was then irradiated at 200 W of microwave
power for 20 min. The film was submitted for the next
casting. Except for the bottom and top layers the
amount of solution of every layer was same. After
each layer was poured in, the layered sample was
successively irradiated at 400 W for 30 min.

Measurements

Fourier transform infrared (FTIR) spectroscopy was
recorded with a Testscan Shimadzu 8000 FTIR spec-
trometer (Shimadzu Ins., Kyoto, Japan). The morphol-
ogy of the sample was taken with a Hitachi S-570 SEM
scanning electron microscope (Hitachi Ins., Tokyo, Ja-
pan). The T, values of the EP/PU/DDM system were
determined with a PerkinElmer DSC-7 differential
scanning calorimeter (Perkin-Elmer Co., Boston, MA,
USA) at a heating rate of 20°C min. The midpoint of
the change in slope of the heat capacity plot of the
second scan was taken as the value of the T,. The
mechanical properties (tensile strength and E) of the
system were measured by an Instron tensile tester
(model 4204) (Instron Co., Canton, MA, USA). The
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Figure 1 Boundary heat conditions in the FGM.

specimen gauge was set for 20 mm. The test were run
at room temperature at a strain rate of 2 mm/min; E
was reported at 0.1% strain. Five measurements were
taken for each specimen.

Poisson’s ratio (v) was evaluated from the longitu-
dinal and transverse strains in uniaxial loading. Trans-
verse strain was measured with strain gage (YJB.1A;
Dongnon Instrument Inc., Shanghai, China). The ther-
mal expansion coefficient («) was obtained with PZ-2
thermal expansion measurements (Shanghai, China).
Thermal conductivity (A) was measured with a tran-
sient thermal conductivity tester (KDR-I, Mingda In-
strument Inc., Hefei, China).

Thermal analysis in the steady state

The 11-layer FGM plate was subjected to a steady-
state, nonuniform heating, the pure EP surface of the
FGM plate was kept at 120°C, the pure PU surface was
subjected to a temperature of —40°C, the side surfaces
were insulated, and the mechanical conditions were
stress-free, as shown in Figure 1.

The temperature and the thermal stress distribution
along the FGM plate were analyzed by two-dimen-
sional finite element analysis (FEA) with a finite ele-
ment package (ANSYS Inc., Canonsburg, PA, USA).
The finite elements used in FEA were 4-node-isopara-
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Figure 2 Specimen temperatures versus cure time during
microwave and thermal curing for the EP/PU/DDM system
(EP/PU = 10/10 w/w). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

metric elements. Material properties for analysis in-
cluded A, v, E, and «, as listed in Table I. The layers
were assumed to be isotropic and linear elastic; v and
E were assumed to be unchanged with temperature in
calculation.

RESULTS AND DISCUSSION

Thermal behaviors and mechanical properties of
EP/PU/DDM cured by microwave irradiation and
conventional heating

The microwave curing of the EP/PU/DDM system
investigated in detail in our laboratory. The specimen
temperatures during microwave curing and conven-
tional heating are shown in Figure 2.

When the sample was cured by microwave irradia-
tion, the temperature increased to a maximum and

TABLE 1
Relevant Properties of Specimens for FEA of EP/PU FGM
@ (1076/°C)

PU/EP (w/w) E (Gpa) v A (W/mk) —10°C 20°C 60°C 80°C 120°C
10/0 0.069 0.487° 0.099 6.13 6.50 6.60 7.14 12.02
10/2 0.078 0.467 0.105 6.27 6.52 6.81 6.93 10.43
10/4 0.245 0.438 0.108 5.61 9.74 11.42 10.39
10/6 0.86 0.432 0.112 6.59 10.07 11.11 10.24
10/8 0.99 0.427 0.115 8.38 11.56 11.94 10.31
10/10 1.01 0.425 0.117 7.45 11.56 11.74 10.85
8/10 1.438 0.423 0.120 6.94 11.61 11.81 10.87
6/10 1.585 0.418 0.121 6.65 11.40 10.67 10.65
4/10 2.62 0.394 0.123 6.27 9.60 9.96 10.06
2/10 272 0.372 0.128 6.23 8.13 8.39 8.91
0/10 3.2 0.36 0.132 5.54 5.58 6.55 7.08

Microwave curing cycle: 200 W/20 min + 400 W /30 min.
2 Evaluated.
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TABLE 1I
Mechanical Properties of the EP/PU/DDM System cured
with Microwave Irradiation and Conventional Heating

Tensile  Tensile
strength  strain
Curing cycle E (MPa) (MPa) (%)
Microwave
200 W/40 min 782 19.2 43
200 W/60 min 783 194 44
200 W /120 min 782 19.3 4.3
200 W/20 + 400 W /30 min 1011 25.8 8.08
200 W/20 + 400 W/60 min 1013 252 8.06
Heating: 120°C/360 min 972 249 6.53

EP/PU = 10/10 w/w.

then dropped greatly within several minutes; com-
pared to microwave curing, after the temperature of
the sample cured with conventional heating reached a
maximum, it decreased slowly and then stayed at
120°C.

The mechanical properties, including E, tensile
strength, and tensile strain at fracture of the sample
cured at different conditions, are listed in Table II.

The data in Table II indicate that the properties of
the sample were only related to the microwave power
setting; prolonging the irradiation time did not influ-
ence the properties. Compared to the sample cured
with conventional heating at 120°C for 360 min, the
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samples cure by microwave irradiation at 200 W for 20
min and at 400 W for 30 min had higher mechanical
properties and shorter curing times. This indicated
microwave irradiation was very efficient for curing
the EP/PU/DDM system.

Structure and morphologies of the FGM produced
by microwave irradiation

By adjusting the ratio of EP to PU, one can control the
gradient profiles. In this study, the FGM had 11 layers,
and the EP/PU mass ratio changed piecewise linearly
from 10/0 to 0/10 through the thickness. The mass
discrepancy of the components in adjacent layers was
2/10. The PU content variation could be determined
with FTIR by analysis of the carbonyl groups in it.
Figure 3 shows the FTIR spectra of the medial layers in
the FGM. The mass ratio of the EP/PU ordered in
layers was 4/10, 6/10, 10/10, 10/6, and 10/4. The
characteristic peaks of the IR spectrum of carbonyl
were at 1732 cm™'; when the content of the PU de-
creased, the absorption at 1732 cm ™' decreased corre-
spondingly.

The profile of the FGM, the thickness and micro-
structure, were investigated with scanning electron
microscopy (SEM). Figure 4 shows the profile of se-
lected layers of the FGM. The sample was 13.2 mm
thick, and the EP and PU layer was 2 mm thick. The
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Figure 3 FTIR spectra of the FGM. (a) layer of EP/PU=4/10 w/w, (b) layer of EP/PU=6/10 w/w, (c) layer of EP/
PU=10/10 w/w, (d) layer of EP/PU=10/6 w/w, (e) layer of EP/PU=10/4 w/w.
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Figure 4 SEM micrographs of a selected layer in the FGM: (a) layers of EP/PU = 2/10 and 4/10 w/w, (b) layers of EP/PU
= 8/10 and 10/10 w/w, (c) EP/PU = 10/10 w/w, and (d) EP/PU = 8/10 w/w.

other layers, were each approximately 1.0-1.2 mm
thick. An interface was observed between the layers.
The microstructure with individual layers; was uni-
form, and there were no defects at the interlayer
boundaries.

Some property distributions in the direction of the
composition change in FGM are listed in Table III; The
mechanical properties including E, tensile strength,
and T, were varied gradually in the FGM. The top

layer was composed of pure EP; its T,, E, and tensile
strength were 162°C, 3.2 GPa, and 64.8 MPa, respec-
tively. The bottom layer was composed of pure PU; its
T, E, and tensile strength were —54°C, 0.069 GPa, and
4.65 MPa, respectively. The E value of the top layer
was 46 times as much as that of the bottom layer, and
the T, difference between them was about 220°C. A
great discrepancy in T, and E between the top and
bottom layer was the aim of our FGM design.

TABLE III
Properties Along the Thickness Direction in the FGM

Thickness direction in the FGM

Layer 1 2 3 4
PU/EP (w/w) 10/0 10/2 10/4 10/6
Tensile strength (MPa) 4.65 5.84 11.6 15.2
T, (°C) —54 -9.3 254 45.7
E (GPa) 0.069 0.078 0.245 0.86

5 6 7 8 9 10 11
10/8 10/10 8/10 6/10 4/10 2/10 0/10
20.8 25.8 27.4 32.5 45.8 759 64.8
83.2 99 109.2 113.2 139.6 145 162
44.8 60 39.4

0.99 1.01 1.438 1.585 2.62 2.72 3.20

Microwave curing cycle: 200 W/20 min + 400 W /30 min.
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Thermal stress of the EP/PU FGM produced by
microwave irradiation

The variations in temperature and thermal stress dis-
tribution along the graded direction of the FGM ana-
lyzed by FEA are shown in Figures 5 and 6, respec-
tively. The temperature in the FGM was distributed
linearly through thickness; the temperature at the EP
surface was 120°C, and it decreased gradually with
increasing PU content. When we compared the data in
Figure 6 and table III, we found that thermal stress
distribution was consistent to strength change along
the graded direction in the FGM; the layer with higher
tensile strength underwent greater thermal stress. For
example, the maximum thermal stress (27.8 MPa) oc-
curred at the layer where EP/PU = 10/0, which had
the highest tensile strength (64.8 MPa) in the FGM. In
addition, the tensile strength was higher than the ther-
mal stress in the same layer in the FGM. This implied
the FGM could endure the thermal stress arising from
the heating load.

CONCLUSIONS

In this study, a new type of polymer FGM was de-
signed by changing the content of EP and PU. The
FGM possessed a wide variety of T, and E combina-
tions and was expected to be used in nonuniform
temperature field. FEA showed that under a steady-
state, nonuniform temperature field, the thermal stress
decreased from the EP side to the PU side, which
corresponded to the variety of the strength obtained
from the experiment. In addition, the higher strength
than thermal stress in the same layer of the FGM
indicated the FGM could well bear the thermal stress
arising from the heating load.

More importantly, the FGM was produced by mi-
crowave assistance, which involved more uniform
curing, energy saving, and rapid fabrication than ther-
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Figure 5 Temperature (T) distribution along the FGM.
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Figure 6 Thermal stress distribution in the FGM. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

mal processing. The system studied was EP/PU, but
there is no reason why this process route should not
be suitable for a wide variety of polymer/polymer
and mineral filler/polymer combinations. Indeed, a
thermal expansion coefficient graded material com-
posed of SiO, and EP has also been successfully pro-
duced with same method in our laboratory. We envis-
age that a FGM consisting of a polymer component
would probably easier to fabricate, and the problem
arising because of different curing times in different
parts of the FGM by thermal heating would be
avoided.

The authors thank J. Y. Liu for help with for FTIR analysis
and Y. Ch for help with SEM analysis. Special thanks are due
to Q. G. Zh for his valuable comments on the results of this
study.
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