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ABSTRACT: To improve the tensile strength, the bond
strength, and the ablation resistant properties as well as
the elongation at break of the short aramid fibers rein-
forced EPDM-based thermal insulation composites, two
kinds of boron-containing phenolic resin, thermoplastic
(TPBPR) and thermosetting (TSBPR), were added into the
composites with a series of weight ratio of TPBPR and
TSBPR, such as 0 : 20, 5 : 15, 10 : 10, 15 : 5, and 20 : 0. The
effects of TPBPR and TSBPR weight ratio on the mechani-
cal, bonding, and ablative properties of the composites
were investigated systematically, respectively. The results
showed that the crosslink density, the tensile strength, the
bond strength, and the ablation resistant abilities of the

composites decrease continuously with the increasing
weight ratio, which confirms that the mechanical reinforce-
ment and the ablation resistant abilities of TSBPR are
higher than that of TPBPR. However, the elongation
increases sharply with TPBPR and TSBPR weight ratio
increasing. Therefore, the optimal weight ratio of TPBPR
and TSBPR should be 10 : 10 to obtain the very thermal
insulation composites with the excellent comprehensive
properties. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 118:
266–274, 2010
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INTRODUCTION

The thermal insulating composites, located between
the solid propellant and the metallic chamber, are
the high-performance subsidiary component of the
rocket motor. During the motor flying, the compo-
sites have to undergo the violent thermochemical
ablation and thermomechanical erosion from the
combustion gas with the temperature of above
3000�C and the speed of about 5 Mach,1,2 which
requires the thermal insulation composites must
own excellent ablation resistant properties. In addi-
tion, huge dimension deformation of the chamber
and the solid propellant happens inevitably during
the motor charging, transporting, storing, and flying.
Thus, a big elongation at break is especially required
to release this deformation, too.3 In other words, the
ablative rates and the elongation at break are two
key indexes for these composites to evaluate their
properties.4–6

Phenolic resin with short aramid fibers or short
polyacrylonitrile (PAN) fibers has been introduced
into the rubber matrix successfully to improve the
ablation resistant properties of the thermal insulation
composites since 1972 for its good thermal stability,
excellent flame resistance, and outstanding mechani-
cal properties.7,8 However, with the quick develop-
ment of advanced rocket motor, the thermomechani-
cal erosion and thermochemical ablation of the
combustion gas flow on the phenolic resin rein-
forced rubber composites become more and more
violent. As a result, the thermal and flame resistan-
ces of phenolic resin become too poor to meet the
advanced rocket motor.9 Therefore, a series of modi-
fied phenolic resin has been reported by introducing
boron element,10–12 molybdenum element,13,14 or ar-
omatic ring,15 etc., in the molecule of phenolic resin
to improve its thermal stability and flame resistance.
Unfortunately, only the thermosetting boron modi-
fied phenolic resin (TSBPR) has been used widely in
the thermal insulation composites or C/C compo-
sites for its higher thermal stability, higher carbon
residue, and lower cost than other modified phenolic
resins. In addition, our previous studies indicated
when the content of TSBPR was 20 phr, the ablation
resistant properties of short aramid fibers/ethylene-
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propylene-diene-terpolymer (EPDM) composites
became very excellent.16,17 The elongation at break
of the composites was affected badly by the resin
dosage. Furthermore, many studies reveal that the
TSBPR reinforced composites will be further cured
slowly to enhance the crosslink network of the vul-
canized composites even at room temperature. As a
result, the elongation of the composites reduces so
sharply that it hardly meets the need of advanced
rocket motor after being stored more than one
year.16 Obviously, it is very disadvantage for the
application of the very insulation composites on the
advanced rocket motor.

Recently, Zhang9 added the thermoplastic boron-
containing phenolic resin (TPBPR) into the pure ac-
rylonitrile-butadiene rubber matrix. Dramatically, his
results indicated that the elongation of the rubber
hardly reduces with the dosage of TPBPR increasing.
This promotes us to add this resin into the insula-
tion composites to obtain huge elongation instead of
reducing their ablation resistant abilities.

Therefore, in this research, TPBPR and TSBPR
were both added into the short aramid fiber rein-
forced EPDM-based thermal insulating composites
with the different weight ratio, such as 0 : 20, 5 : 15,
10 : 10, 15 : 5, and 20 : 0. The effects of TPBPR and
TSBPR weight ratio on the mechanical, bonding, and
ablative properties of the composites were investi-
gated completely.

EXPERIMENTAL PART

Materials and specimen preparation

TPBPR (pink powder, sieved with 200 meshes, Mn:
1100–1200) and TSBPR (yellow massive solid, Mn:
about 400) used in this study were provided by
Xi’an Taihang Fire Retardant Plant. The weight
ratios of TPBPR and TSBPR are 0 : 20, 5 : 15, 10 : 10,
15 : 5, and 20 : 0, respectively, with a total weight of
20 phr. Then the boron phenolic resins mixture and
short aramid fibers (Twaron1001, Akzo Co., Hol-
land) with 12 lm in diameter and 5 mm in length
were added into EPDM matrix (EPDM4045, Jilin

chemical Co., China) by blending fumed silica, flame
retardants (chloroparaffin and antimony trioxide),
and vulcanization agent (dicumyl peroxide (DCP,
Shanghai Fangruida Co., China)) in a two-roll mill.
The detailed formula was listed in Table I. Except
EPDM and aramid fiber belonging to commercial
grade, other additives used in this study are all
chemical grade.
After all the additives and short fibers were well

dispersed in the rubber matrix on an usual two-roll
mill for about 20 min, the unvulcanized composites
were made into the tensile samples with 2 mm in
thickness, the bonding samples with 4 mm in thick-
ness and 25 mm in diameter, and the cylindrical
ablation samples with 7 mm in thickness and 30 mm
in diameter along the direction of machine rolling,
respectively. Moreover, to study the effects of
TPBPR and TSBPR weight ratio on the mechanical,
bonding, and ablative properties of the EPDM-based
thermal insulating composites, all the samples were
vulcanized at 160�C and 15 MPa for 50 min while
their vulcanization times (t90) are different each
other.

Measurements

Infra-red analysis and vulcanization behavior

A Fourier transform infra-red (FTIR) spectrometer
was used to analyze the structure difference of
TPBPR and TSBPR.
After boron phenolic resins and other additives

were well dispersed in the EPDM matrix, the mix-
ture was made into cylindrical sample with 40 mm
in diameter and 4 mm in thickness and then was
put into the cavity of MDR-2000 Rotorless Cure-
meter (Shanghai D&G measure instrument Co.) con-
trolled by a computer to measure the vulcanization
behavior at 160�C and 5 MPa according to ASTM
D5289-07. At high temperature and high pressure,
peroxide (DCP) could initiate the crosslinking of
rubber compound to make the crosslink network
and the viscosity of rubber mixture improved gradu-
ally. Accordingly, the cavity torque will increase

TABLE I
The Detailed Formula of the Composites (phr)

Components C0/20 C5/15 C10/10 C15/5 C20/0

EPDM 100 100 100 100 100
DCP 4 4 4 4 4
Chloroparaffin 10 10 10 10 10
Antimony trioxide 5 5 5 5 5
Fumed silica 20 20 20 20 20
Aramid fiber (5 mm long) 8 8 8 8 8
TPBPR 0 5 10 15 20
TSBPR 20 15 10 5 0

phr is the parts by weight per 100 parts by weight of rubber.

EFFECT OF WEIGHT RATIO OF TPBPR AND TSBPR 267

Journal of Applied Polymer Science DOI 10.1002/app



gradually with the vulcanization time increasing
until the vulcanization process completes. The tor-
ques, including that at the vulcanization initial stage
(ML) and that at the maximum values (MH), are
detected by a computer. As a result, the vulcaniza-
tion time (t90) where its torque amounts to 0.9
(MH � ML) can be calculated quickly.

Thermal analysis

The thermogravimetric analysis (TG) and the differ-
ential thermogravimetric curves (DTG) of TSBPR
and TPBPR were conducted on a thermogravimetric
analyzer (Q1000DSCþLNCSþFACS Q600SDT, TA
Co., America) from 20 to 800�C at 20�C/min in
nitrogen atmosphere with N2 flow rate of 40 mL/
min. Moreover, the differential scanning calorimeter
(DSC) was conducted from 20 to 200�C at 20�C/min
in nitrogen atmosphere.

Crosslinking density of the vulcanization

The crosslinking density was determined by the
equilibrium swelling. After vulcanized, the insula-
tion samples with a dimension of 10 mm � 10 mm �
2 mm were swollen in toluene at 25�C for 96 h until
the specimen weight did not change anymore. The
weight of the samples was measured after fully swol-
len. Then the samples were dried in a vacuum oven
at 90�C for 36 h and reweighed. The volume fraction
of rubber swollen in the gel, Vr, which was used to
represent the crosslink density of the vulcanizates,
was determined by the following equation:

Vr ¼ m0uð1� aÞq�1
r

m0/ð1� aÞq�1
r þ ðm1 �m2Þq�1

s

(1)

where m0 is the sample mass before swollen, m1 and
m2 are the swollen sample masses before and after
dried, respectively, u is the mass fraction of EPDM
rubber in the vulcanizates, a is the mass loss of the
vulcanizates after swollen, and qr and qs are the rub-
ber and solvent density, respectively.

Mechanical and bonding properties test

The mechanical properties tests were carried out on
a CMT6503 tensile electron machine at a crosshead
speed of 100 mm/min along the machine rolling
direction according to ASTM D3039. Then the frac-
ture morphology was observed on a scanning elec-
tron microscope (SEM, JSM-7600F, Japan).

Before carrying out the bonding property test, the
unvulcanized composites were cut into test pieces
about 25 mm in diameter and 4 mm in thickness.
Then the test piece was placed into two 1045 plates
pretreated with 120 sand papers and acetone and

then covered with the chemlok-205 adhesive (Load
chemical Co., America). After vulcanized at 160�C
and 15 MPa for 55 min, the bonding samples were
disjoined on the CMT6503 tensile electron machine
with the crosshead speed of 50 mm/min according
to ASTM D2919-01.

Ablative properties test

To evaluate the ablative properties of the insulation
composites, an oxyacetylene flame test was carried
out according to ASTM E285-80 (2002) in this
research. The erosion velocity of the hot combustion
gas was controlled by the flow rate and pressure of
acetylene (1116 L/h and 0.095 MPa) and oxygen
(1512 L/h and 0.4 MPa), respectively. The vulcan-
ized sample was fastened on a plate and the oxya-
cetylene flame was burst onto the center of the cylin-
drical specimen surface. The distance between the
specimen surface and the flame nozzle was 10 mm,
and the test time was 20 s. After exposed to the vio-
lent oxyacetylene flame, the ablative rates, including
the erosion rate (RL) and the mass loss rate (Rm),
were calculated according to the following equation.

RL ¼ L� La
t

(2)

Rm ¼ m�ma

t
(3)

where, L and m were the thickness and mass of the
ablative sample before ablated, respectively. La and
ma were the thickness and mass of the insulation
sample after ablated, respectively. In addition, t was
the ablation time, which was 20 s in this work.

RESULTS AND DISCUSSION

Structure of TPBPR and TSBPR

The chemical structure and FTIR spectrums of
TPBPR and TSBPR were shown in Scheme 1 and
Figure 1, respectively. It can be seen that there are a
lot of methylol groups (ACH2AOH) in TSBPR but
not in TPBPR, which had been confirmed by Zhang.9

What is more, both the resins also present the same
absorption bands except a methylol group absorp-
tion band at 1017 cm�1. In addition, the slight
absorption bands at 1381 cm�1 implies there are
some BAO linkage from the reaction of boric acid
and phenol in the two kinds of resins.18 Moreover,
the absorption bands at 756 cm�1 are much stronger
than that at 826 cm�1, which indicates that the reac-
tions between phenol borate and formaldehyde
mainly happen at the ortho position of the benzene
ring when the resins are synthesized.19 Generally,
the molar ratio of phenol and formaldehyde was
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controlled severely more than 1.0 when the TPBPR
was synthesized. As a result, the methylol groups
generated are reacted by redundant phenol com-
pletely. However, when the TSBPR was synthesized,
the molar ratio was less than 1.0. Thus, the redun-
dant formaldehyde will further react mainly at the
ortho position of the benzene ring to form some
active methylol groups.9 Finally, the absorption
band of methylol group at 1017 cm�1 is observed
only in the TSBPR, which implies that the TSBPR
will be cured further once it is heated to a higher
temperature.20

TG and DSC of TPBPR and TSBPR

The TG, DTG, and DSC curves of two kinds of res-
ins were measured and shown in Figure 2(a–c),
respectively. It can be seen that both the resins pres-
ent the similar TG and DTG results under the pro-
tection of nitrogen. However, the carbon residue of
TPBPR is slightly lower than that of TSBPR,
although the degradation temperature of the former
(154.9�C) is gently higher than that of the latter
(149.5�C) at 800�C. That means the thermal stability
of TPBPR is gently higher than that of TSBPR mainly
due to the molecular weight of the former is much
higher than that of the latter. However, some six-
membered ring structures containing B / O coordi-
nation bond are formed in TSBPR (not in TPBPR) af-
ter TSBPR is cured at high temperature to improve
the carbon residue of TSBPR.18,21 Furthermore, Fig-
ure 2(c) shows that there are two endothermic peaks
and one strong exothermic peak in the DSC curves
of TSPBR. The first endothermic peak confirms
TSBPR will be melted at 139.5�C. The second endo-
thermic peak at 161.9�C may be attributed to its
quick thermal degradation.9 Moreover, the strong
exothermic peak at 155.5�C indicates that TSPBR
will be cured further because there are some active
methylol groups in TSBPR molecular structure.
However, TPBPR is hardly melted until the tempera-
ture is over 171.8�C mainly due to its much higher
molecular weight than TSBPR. Obviously, the melt-
ing temperature of TSBPT is not only lower than
that of TPBPR but also lower than the vulcanization

Scheme 1 Molecular structure of TPBPR and TSBPR. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 1 FTIR of TPBPR and TSBPR. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]
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temperature (160�C in this research). Therefore,
TSBPR can be dispersed homogeneously in the
EPDM matrix when vulcanized at 160�C.

Vulcanization behavior of the composites

Usually, the vulcanization time (t90) of the rubber-
based composites must be measured to evaluate
their vulcanization behavior before they are vulcan-
ized. Some studies had indicated that the vulcaniza-
tion behavior of those composites was affected

greatly when TSBPR was introduced.9,10 Therefore,
in this study, the effects of TPBPR and TSBPR
weight ratio on the vulcanization behavior of the
EPDM-based composites are shown in Table. II.
Apparently, the t90 of the composites decreases grad-
ually with TPBPR content increasing and TSBPR
content decreasing. In other words, TSBPR will pro-
long the vulcanization time of the composites heav-
ily but TPBPR will not, presumably due to the meth-
ylol group of TSBPR weakening the vulcanization
ability of the dicumyl peroxide. Furthermore, the
torques at the vulcanization initial stage (ML) and at
the maximum values (MH) of the composites are
both decreasing continuously with the TPBPR and
TSBPR weight ratio increasing, which implies that
the weight ratio apparently affects the crosslink den-
sity of the composites.
As shown in Figure 3, the crosslink density of the

composites decreases gradually via increasing
TPBPR and TSBPR weight ratio. That confirms
strongly that the lower molecular weight thermoset-
ting boron phenolic resin will enhance the crosslink
network severely for its curing reaction during the
composites being vulcanized.

Effect of TPBPR and TSBPR weight ratio on
mechanical properties of the composites

During the rocket motor charging, transporting, cur-
ing, and flying, the insulation composites have to

Figure 2 (a) TG, (b) DTG, and (c) DSC curves of TPBPR
and TSBPR under nitrogen at a heating rate of 20�C/min.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

TABLE II
Influence of TPBPR and TSBPR Weight Ratio on the

Vulcanization Behavior of the Composites

Samples t90 (min) ML (Nm) MH (Nm)

C0/20 31.67 0.097 1.026
C5/15 30.66 0.095 0.879
C10/10 29.28 0.094 0.794
C15/5 27.00 0.092 0.652
C20/0 22.62 0.091 0.501

Figure 3 Effect of TSBPR and TPBPR weight ratio on
crosslink density of the composites.
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undergo a huge dimension deformation. Therefore,
it is very necessary for these thermal insulation com-
posites with strong tensile strength and big elonga-
tion to match the advanced rocket motor.17 As
shown in Figure 4, with TPBPR and TSBPR weight
ratio increasing, the strain range of the composites
becomes wider and wider but their yield strength
becomes smaller and smaller. As well known, the
TSBPR has some active methylol groups in its mole-
cule structure. It will be cured together with the
EPDM matrix to enlarge the crosslink density of the
composites during the composites being vulcaniz-
ated at 160�C.11 Consequently, the segment move-
ment of the final TSBPR/EPDM product is restricted
greatly. However, to TPBPR, there are not any active
methylol groups in its molecule structure. It will not
react with EPDM rubber and still keeps its linear
molecule structure during the vulcanization of the
composites. The yield strength of the composites
gradually decreases with TPBPR and TSBPR weight
ratio increasing.

In addition, the effects of TPBPR and TSBPR
weight ratio on the tensile strength and the elonga-
tion of the composites are shown in Figure 5. Obvi-
ously, besides the yield strength, the tensile strength
of the composites decreases sharply until the weight
ratio is 10 : 10, and then decreases slightly once it is
over 10 : 10. Moreover, the elongation at break of
the composites increases quickly via increasing the
weight ratio of TPBPR and TSBPR. As a result,
though the elongation of the composites added 20
phr TSBPR could not meet the need of the rocket
motor, interestingly, it has been improved heavily
when we add some TPBPR as the substitute of
TSBPR in an equivalent dosage into the EPDM com-
posites. For example, the elongation of the sample
C10/10 exceeds 300% even when the content of

TPBPR is 10 phr, which is big enough to meet the
need of the advanced rocket motor.
As discussed in section TG and DSC of TPBPR

and TSBPR, the melting temperature of TSBPR is
very low and it could be dispersed in the EPDM ma-
trix more easily than TPBPR, which may make the
interface bond strength between the short aramid
fibers and the rubber matrix improved on the one
hand. On the other hand, the polymerization of
those thermosetting boron phenolic resins with the
rubber improves the crosslink network of the com-
posites under a high temperature condition.11 As a
result, the modulus and the tensile strength of the
composites are improved together but the elongation
of the composites is very small for the movement of
polymer molecule chains is inhibited strongly. How-
ever, the glass transition temperature of TPBPR is
higher than that of TSBPR. After blended with
EPDM matrix and others additives, the resin still
keeps grainy structure in the composites. The cross-
link network of the composites could hardly be
enhanced very much because there are not any
active methylol groups in TPBPR. Therefore, the
elongation of the composites becomes higher and
higher with TPBPR and TSBPR weight ratio
increasing.
The fracture morphology of the final composites

also confirms the above conclusion. Therefore, the
SEM pictures of three typical samples, C0/20, C10/
10, and C20/0, are shown in Figure 6 to observe the
dispersion of TPBPR and TSBPR in the vulcaniza-
tions, respectively. Obviously, sample C0/20
presents the best dispersion of TSBPR and sample
C20/0 shows the poorest dispersion of TPBPR in the
rubber mixture. As a result, a lot of big TPBPR par-
ticles agglomerated are observed in the TPBPR/
EPDM composites. Dramatically, when TSBPR and
TPBPR are blended and then added together into

Figure 4 Effect of TPBPR and TSBPR weight ratio on
stress–strain curves of composites. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 5 Effect of TPBPR and TSBPR weight ratio on ten-
sile strength and elongation of the composites. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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the EPDM matrix, the agglomeration of TPBPR is
weaken greatly and their dispersions become very
better in the final composites. As a result, the rein-
forcement of those resins on the composites is
strengthened gradually with the increasing of TSBPR
and the decreasing of TPBPR.

Aging behavior

Previous studies indicate that after the composites
were stored more than 1 year, their elongation will

become smaller and smaller even when the original
elongation is big enough.22 To explore the reasons,
in this research, three typical vulcanized samples,
sample C0/20, sample C10/10, and sample C20/0
were placed in an oven at 120�C for 0–14 h to com-
pare their crosslink density changes. As shown in
Figure 7, if only 20 phr TSBPR is added into EPDM
composites, the crosslink densities of the composites
increase quickly with the aging time protracting.
This confirms that the TSBPR is cured incompletely
when it is vulcanized with EPDM matrix at 160�C.
Therefore, it will further polymerize slowly in the
final vulcanization during the long-term storage even
at room temperature. As a result, the elongation of the
final composites becomes smaller and smaller with the
store time protracting. However, for the sample C20/
0, the crosslink density hardly changes via increasing
the aging time, which means that the TPBPR cannot
polymerize further to reduce the elongation of the
final composites. In addition, the crosslink density of
sample C10/10 increases slightly with the aging time
increasing from 0 phr to 14 phr because 10 phr TSBPR
has been substituted with 10 phr TPBPR. Therefore,
TPBPR is the idea filler to improve the elongation of
the thermal insulation composites.

Effect of TPBPR and TSBPR weight ratio on bond
strength of the composites

In fact, all the thermal insulation composites must
be adhered to the metallic wall of the rocket motor
firmly to keep the motor flying safely. Usually, the
chemlock-205 and chemlock-238 are both used to
adhere to the composites to the metallic wall. How-
ever, in this study, the main aim is to evaluate the
bonding properties of the composites reinforced by
TPBPR and TSBPR only via changing the weight ra-
tio of two kinds of resins. Therefore, only the chem-
lock-205 is used here as the adhesive between the

Figure 6 SEM picture of sample (a) C0/20, (b) C10/10,
and (c) C20/0.

Figure 7 Effect of aging time on crosslink density of C20/0,
C10/10, and C0/20. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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composites and 1045 (a carbon steel which contains
about 0.45% carbon by weight according to ASTM
standard). As shown in Figure 8, after chemlock-205
and the composites were vulcanized together
between the double 1045 joints, the bond strength of
the composites to 1045 presents a continuously
decreasing tendency as the weight ratio of TPBPR
and TSBPR increasing. In other words, the TSBPR
can improve the bonding properties of the compo-
sites more heavily than TPBPR. The reason may be
that the TSBPR could disperse easily in the EPDM
rubber to improve the adhesiveness of the composite
to the 1045. However, the molecular weight of
TPBPR is much higher than that of TSBPR. It is very
difficult for TPBPR to dissolve in the rubber matrix.
As a result the TPBPR still keeps fine powder in the
vulcanization. The adhesiveness of the final compo-
sites to 1045 joints becomes poorer and poorer, and
the bond strength of the composites reduces gradu-
ally with the weight ratio of TPBPR and TSBPR
increasing.

Effect of TPBPR and TSBPR weight ratio on
ablative properties of the composites

Besides the big elongation, strong tensile strength,
and strong bond strength, the ablative property is
another important parameter to evaluate the thermal
insulation composites because they have to endure
the violent erosion and ablation of the combustion
gas during the motor flying. Namely, the ablative
rates of the composites should be as low as possi-
ble.23 As shown in Figure 9, the ablative rates of the
composites, including erosion rate and mass loss
rate, are both increasing continuously with the
weight ratio of TPBPR and TSBPR increasing. As
discussed above, the TSBPR could be dispersed in
the EPDM matrix easily but the TPBPR could not for
its bigger molecular weight and higher glass transi-
tion temperature than TSBPR on the one hand. On

the other hand, the further polymerization reactions
of TSBPR in the rubber mixture enhance the total
crosslink network of the final composites heavily
during the vulcanization process because TSBPR
contains a lot of active methylol groups.11,20 As a
result, the thermal stability and the fire resistant
ability of the TSBPR are also higher than that of
TPBPR, which is the main factor to improve the
ablation resistant properties of the thermal insulation
composites.

CONCLUSIONS

The mechanical, bonding, and ablative properties of
the thermal insulation composites were investigated
via changing the weight ratio of TSBPR and TPBPR
resin in the short aramid fiber reinforced EPDM
composites. The results indicate that with the weight
ratio of TPBPR and TSBPR increasing, the elongation
of the composites increases sharply as their crosslink
density, tensile strength, and bond strength decrease
gradually because the TPBPR dose not polymerize
further like the TSBPR during the vulcanization pro-
cess. What is more, the ablation resistant properties
of the composites also decrease continuously with
the weight ratio of TPBPR and TSBPR increasing.
Therefore, to obtain the very thermal insulation com-
posite with the excellent comprehensive properties,
the optimal weight ratio of TPBPR and TSBPR
should be 10 : 10.

The authors would like to appreciate for the kind help from
Wensheng Zhao and Dr. Chonggeng Zhang in the oxyacety-
lene flame test, and Yuzhong Zhang’s help on mixing the
composites. In addition, the kind help from Dr. Tieming Liu
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