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The failure of the high silica/phenolic resin insulation layer under extreme thermal conditions has become an important reason
for the trouble of solid rocket motors. A great number of studies have shown that the arrangement of reinforcement ﬁbers is a
signiﬁcant factor in the failure of ﬁber-reinforced plastic. In this paper, the thermal and mechanical properties of the high
silica/phenolic resin insulation layer with diﬀerent arrangements were analyzed, and the causal relationship between the failure
of the insulation layer and the arrangement of reinforcement ﬁbers was given. Two types of heat-insulating layers with strong
arrangement and weak arrangement were designed. After the SRM ﬁring test, it is concluded that the essential reason for the
failure of the insulation layer is the strength anisotropy caused by the weak arrangement of reinforcement ﬁbers. Besides, the
reinforcement ﬁbers of strong arrangement are distributed in all directions, which compensates for the axial strength defects of
the weakly arranged insulation layer.

1. Introduction
High silica glass ﬁber/phenolic resin composites have the
characteristics of ablation resistance and good thermal insulation performance; thus, they are often used in the heatinsulating system of the tail-pipe nozzle. During the working
process of a solid rocket motor (SRM), the insulation layer is
always exposed to the combustion gas at high temperature
and needs to be subjected to the severe ordeal of heat transfer and thermal stress. The design of the insulation layer
directly aﬀects the working reliability of the nozzle, which
greatly inﬂuences the overall performance of the SRM
[1–3]. Therefore, it is very important to analyze the failure
mechanism and optimize the design of the SRM thermal
insulation material.
Studying the heat exchange and temperature distribution
of the high silica/phenolic resin insulation is the major
approach to analyze the failure mechanism of the tail-pipe
nozzle. The heat transmission of the nozzle is a complex
process of coupling heat transfer of conduction, convection,

and radiation. The actual temperature distribution is closely
related to these factors, such as the structure of the nozzle
and the material of the insulation layer. Many researchers
have carried out a lot of researches on the thermal and
mechanical properties of carbon ﬁber and high silica ﬁberreinforced composites. Cecen et al. [4] conducted axial tensile, transverse tensile, bending, and short beam shear tests
on unidirectional and biaxial carbon ﬁbers reinforced with
epoxy resin matrix composites. There is a signiﬁcant diﬀerence in the ultimate tensile strength of the material that is
parallel to the ﬁber arrangement direction and perpendicular
to it, which fully proves the anisotropy of ﬁber-reinforced
phenolic resin composites on the mechanical properties.
Bartoli et al. [5] studied the mechanical properties of spherical and cylindrical rod-shaped carbon ﬁber-reinforced
epoxy resin composites. The experimental results show that
there is an obvious diﬀerence in the ultimate tensile strength
and maximum elongation of epoxy resin composites with
diﬀerent carbon ﬁber microstructures, which conﬁrms that
the microstructure of reinforcement ﬁbers has a signiﬁcant
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inﬂuence on the mechanical properties of the composite.
Yao et al. [6] developed a method to improve the interface
properties of composite materials by adjusting the ﬁbermatrix interphase structure and proved that the interlayer
shear strength and bending strength of the composites signiﬁcantly depend on the dispersion state and content of
the carbon nanotubes in the interface region. Surendra
Kumar et al. [7] compared the mechanical properties of
composites at low temperature and normal temperature
and studied the tensile and interlaminar shear failure mechanisms of carbon/epoxy composites at cryogenic temperature. Guo et al. [8] analyzed the stress-strain behavior of
multiwalled carbon nanotubes/epoxy composites through
tensile tests, using a scanning electron microscope (SEM),
high-resolution transmission electron microscope, and Xray diﬀraction to study the relationship between the microstructure and mechanical properties of the composites. Cui
et al. [9] used the ﬁeld emission scanning electron microscope
(FE-SEM) to observe the microstructure and interfacial structure of the GF/Cu-Mo composite in the experiment, analyzed
the distribution of elements by energy-dispersive spectroscopy
(EDS) connected to the FE-SEM, and described the interfacial
conﬁguration and constitution of the composites using transmission electron microscopy. In conclusion, what it is mentioned above fully demonstrates that the arrangement of
reinforcement ﬁbers has great relation to the mechanical properties of materials. However, these researches are the results of
mechanical tests under normal temperature and pressure conditions, which do not take into account that the high silica/
phenolic resin insulation layer is in a harsh working environment of up to 3000 K in the actual working process. This problem needs to be solved urgently.
In order to study the performance changes of high silica/
phenolic resins under high temperature environment, several methods have been developed to construct high temperature experimental environments. Patra et al. [10] utilized a
platinum-rhodium furnace to heat the sample from normal
temperature to 1250°C in nitrogen to simulate a hightemperature environment and adopted a combination of
SEM and EDS to study the microstructure and thermal
properties of ultrahigh-temperature ceramic-inﬁltrated carbon ﬁber composites at diﬀerent temperatures. Kilic et al.
[11] introduced the Nose-Hover thermostat to achieve
temperature control, making it increase from 300 K to
900 K, and studied the energy, dynamic, thermal, and
mechanical stability of TH-carbon. Torres-Herrador [12]
developed a test methodology for determining the heat
capacity and required heat of pyrolysis for carbon composites, which heated the carbon composite sample from
normal temperature to 1100 K in an inert argon atmosphere by the platinum furnace. The heating devices commonly used at present can provide a high-temperature
environment well and achieve precise temperature control.
What should be pointed out is that these high-temperature
test methods do not consider either that the insulation
layer would be exposed to high temperature during the
working process, or the high-speed continuous erosion to
the insulation layer by the combustion gas at high temperature of about 3000 K.
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All in all, the arrangement of reinforcement ﬁbers has a
great inﬂuence on the mechanical properties of the high silica/phenolic resin insulation layer. However, the actual
working environment of the insulation layer evidently diﬀers
in these test methods. Therefore, the method of the solid
rocket motor ﬁring test must be adopted in order to accurately predict the thermal load of the insulation layer. This
method not only is more consistent with the real working
conditions but also makes detailed measurement and analysis of the pressure and temperature of the combustion chamber, the type of solid propellant, and combustion products.
In order to correctly analyze the failure of the nozzle thermal
insulation during operation, the microstructure of the thermal insulation layer composite material must be carefully
observed so that researchers could summarize the characteristics of the microscopic arrangement of the ﬁbers in the
composite material and set up a comparison experiment by
changing the microstructure method to research the eﬀect
of reinforcement ﬁber arrangements on the thermal and
mechanical properties of composites. At present, this aspect
has not gotten enough attention from scholars.
Two types of heat-insulating layer with strong arrangement and weak arrangement were designed, and SRM ﬁring
tests were carried out. It is shown that the main reason for
the failure of the insulation layer is the weak arrangement
of reinforcement ﬁbers by the analysis comparative studies
of the solid rocket motor ﬁring test, SEM, and EDS.

2. Experiments
2.1. Insulation Layer Preparation. The thermal insulation
layer of the nozzle was required to have both ablation resistance and good thermal insulation properties. Due to the
long working time of more than ten seconds, the thermal
protection layer is divided into two layers: the inner layer
is an ablation resistant layer to resist thermal shock, chemical, and mechanical erosion, generally adopting carbon/phenolic, high silica/phenolic, and asbestos/phenolic to ensure
that the size of the inner surface of nozzle, especially the size
of the throat, remains unchanged; the outer layer is a heat
insulation layer to reduce the heat transferred to the shell,
usually using nitrile rubber ﬁlled with asbestos and silica
ﬁbers or high silica/phenolic and asbestos/phenolic. Considering the small size and short working time (about 2 seconds) of the SRM used in this paper, the thermal
protection layer of the tail-pipe nozzle adopted a high silica/phenolic material, which serves as both ablation resistance and a heat insulation layer. Compared with resin
composites reinforced by carbon and Kevlar reinforcement
ﬁbers, the advantages of this thermal protection scheme
were low price, short production cycle, and no need for curing agents and catalysts in the curing and molding process.
In the process of chopped ﬁber molding, related parameters were determined according to the curing characteristics
of the phenolic resin. More speciﬁcally, the viscous ﬂow
stage was 90°C to 110°C, the semicuring stage was 110°C to
130°C, and the hard curing stage is 130°C to 170°C. Firstly,
the high silica reinforcement ﬁbers of about 30 to 50 mm
were premixed with the phenolic resin at 90°C to 110°C,
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Figure 1: The original photograph of high silica/phenolic resin: (a) weak arrangement and (b) strong arrangement.

and the mass ratio of the ﬁbers to resin is 55 to 45. Then, the
phenolic resin pressing and curing process must be experienced in the process of preparing high silica/phenolic resin
composites. The pressing temperature is about 110°C, the
heating rate is 30°C/h, the curing temperature is
165°C~180°C, and the curing time is 3 min~5 min/mm. As
shown in Figure 1, diﬀerent uniformities can be achieved
by controlling the stirring time during the process of premixing reinforcement ﬁbers and the resin, and the surface
morphologies of the weak arrangement and the strong
arrangement are very diﬀerent. It is obvious that some ﬁbers
gathered into layered ﬁber bundles on the surface of the
weak arrangement. On the contrary, ﬁbers were arranged
compactly and exhibit good uniformity after removing the
oxide layer on the surface of the strong arrangement
material.
2.2. Ground Firing Test System. In order to explore the inﬂuence of the arrangement of reinforcement ﬁbers on the thermal and mechanical properties of the high silica/phenolic
resin insulation layer, a solid rocket motor ﬁring test was
designed. The ground ﬁring test system consists of experimental SRM, bench, data acquisition, ignition control, monitoring system, and other components, as shown in Figure 2.
The experimental SRM was installed on the bench before the
ﬁring test, and the data acquisition module including pressure and thrust sensors and signal processors was used to
obtain the pressure and thrust during work. The importance
of the monitoring system was to record audio signals in dangerous environments accompanied by noise and high temperature, which could ensure the safety of testers. The
engine started to work after the ignition control module sent
a command, and the pressure, thrust, and audio data during
engine operation were recorded for subsequent analysis. In
addition, the nozzle assembly of SRM is shown in Figure 3.
It was composed of a 30CrMnSiA shell, tungsten copperinﬁltrated throat, and high silica/phenolic resin insulation
layer. The thermal insulation layer was bonded on the inside
of the shell. The internal burning star grain was used in the

Ignition controller

Monitoring system

Testing solid rocket motor

Bench

Data acquisition

Figure 2: Ground ﬁring test system.
1

2

3

Figure 3: Schematic of the tail-pipe nozzle. 1: shell; 2: throat lining;
3: insulation layer.

solid rocket motor. The SRM was loaded with a composite
propellant composed of 5 wt% aluminum powder and chemical fuel with assumed formula of C9.5H38.9O24N6Cl6.
2.3. Test Project of Weak Arrangement. The thermal insulation layer used in the SRMα adopted the weak arrangement
composites. Before the ﬁring test, it is very necessary to
observe the microstructure of the weak arrangement insulation layer to summarize the law of reinforcement ﬁbers. The
preparation process for SEM analysis cannot be ignored.
First, we should determine the sampling location on the bulk
raw material shown in Figure 1 and then obtain the surface
with a large number of reinforcement ﬁbers inside the
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Figure 4: SEM microstructure of weak arrangement: (a) observation area, (b) 2.00 mm, and (c) 200 μm.

sample by breaking the outer resin, and ﬁnally vacuum coat
the observation surface. To be speciﬁc, the Au wire was
heated and evaporated by a large current in a vacuum environment and deposited on the surface of the sample. The
thickness of the Au ﬁlm is about 20-50 nm, which can not
only reduce the damage of the electron beam to the sample
but also increase the generation rate of the secondary electron and obtain good quality images.
The SEM observation area is shown in Figure 4(a), and
the reinforcement ﬁbers and phenolic resin matrix inside
the composites can be directly observed. From the observation results of the insulation layer in Figures 4(b) and 4(c),
it can be clearly seen that a large number of reinforcement
ﬁbers were distributed along the transverse and longitudinal
directions in the observation area. However, there was a lack
of reinforcement ﬁbers that penetrate the plane of the observation area. According to the above rules, the yellow and
green slender cylinders were used to represent the transverse
and longitudinal ﬁbers in the schematic diagram of Figure 5,
which can clearly and accurately characterize the arrangement of reinforcement ﬁbers in the weak arrangement
heat-insulating layer, and can predict the strength defects
in the direction perpendicular to the observation plane.
2.4. Improved Test Project of Strong Arrangement. The control experiment using the strong arrangement insulation

Transverse fibers

Longitudinal fibers

Figure 5: Schematic of weak arrangement.

layer was designed to solve the strength defects caused by
inhomogeneous arrangement of reinforcement ﬁbers. As
mentioned in Section 2.1, the mixture must be fully stirred
to mix the reinforcing ﬁbers and the resin well during the
preparation of the premix to ensure the uniformity of high
silica ﬁbers in all directions. Moreover, it is necessary to
put up control experiments as much as possible to verify
the eﬀectiveness of the improvement. The improved SRMβ
adopted strong arrangement high silica/phenolic resin composites produced as the thermal insulation layer, and other
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Figure 6: SEM microstructure of strong arrangement.
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Figure 7: Schematic of strong arrangement.

Shell

Crack section
Insulation surface bonded to throat

design parameters of SRMβ were consistent with SRMα. The
SEM microstructure observation was performed on the
strong arrangement insulation before the ﬁring test. As
shown in Figure 6, there are a large number of reinforcing
ﬁbers parallel to the observation plane, and many axial ﬁbers
perpendicular to the observation plane cannot be ignored,
which has formed a sharp contrast with the weak arrangement test in Figure 4. According to the above, regular,
slender cylinders arranged in the axial, radial, and circumferential directions were used to represent reinforcement
ﬁbers in the strong arrangement heat-insulating layer in
Figure 7, which means the reinforcement ﬁbers were uniformly distributed in all directions, and there was no obvious
strength defect.

3. Results and Discussion
3.1. Results of Weak Arrangement. Experiment data are
shown in Figure 8. The ignition duration was 1.79 s, SRM
work time was 1.12 s, the maximum pressure was
10.26 MPa, and the average pressure was 7.73 MPa. It is
noticeable that the ignition pressure curve was normal without any abnormal ﬂuctuations and the structure of the test
SRM was complete. In order to study the structural change
of the heat-insulating layer during the working process, the
tail-pipe nozzle of the test SRMα was cut along the axis, as
shown in Figure 9. The following details can be observed:
(1) The ablation of the insulation layer was roughly uniform,
and there was still a certain amount of ablation margin after

Figure 9: Sectional view of tail-pipe nozzle.

experiment; (2) After removing the tungsten copperinﬁltrated throat, it can be clearly observed that there were
annular cracks appearing in the weakly arranged insulation
layer. And the corresponding 30CrMnSiA shell had a complete structure without any structural failure. (3) The axial
distance between annular cracks and the front face of throat
was about 4 mm, and the width of crack was about 1 mm.
The microscopic surface of the crack was shown in
Figure 10. And it is clear that some small cracks of diﬀerent
sizes can be seen scattered around the large cracks. Obviously, both the large cracks and the small ones presented
the same tearing microstructural features that resin matrix
on both sides of the crack had a tendency to expand along
the axis of the nozzle. In addition, there were a small amount
of shed ﬁbers between the cracks, and there were no evident
signs of mechanical damage near the crack area.
3.2. Analysis of Weak Arrangement Test Results
3.2.1. Analysis of Sediment. In this chapter, the chemical
compositions of combustion products were calculated, and
the energy-dispersive spectrometer (EDS) results of the insulation layer before and after the experiment were compared
to analyze the elements change during the working process
of the SRMα, which will provide a scientiﬁc basis to infer
the failure mechanism of the heat-insulating layer. In this
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Figure 10: Insulation crack.
Table 1: Compositions of combustion products in the combustion
chamber.
Species
CO (g)
H2 (g)
H2O (g)
HCl (g)
N2 (g)
CO2 (g)
Al2O3 (g)

Mole fraction (%)
27.461
25.791
19.413
14.630
7.482
3.139
2.084

paper, the equilibrium compositions of the propellant combustion products were calculated by the Chemical Equilibrium with Application Code, which is a free software for
calculating chemical equilibrium products based on the
free-energy-minimization principle. The estimated chamber
pressure (7.73 MPa) was used to calculate the chemical equilibrium state. The calculation results show that the combustion products in the combustion chamber were composed of
diﬀerent types, as shown in Table 1. An energy-dispersive
spectrometer was used to qualitatively and quantitatively
analyze the element distribution in the microscopic area of
the insulation layer. The EDS micrographs of the insulation
layer are shown in Figure 11, and the EDS results of the weak
arrangement insulation layer before and after the ﬁring test
are shown in Tables 2 and 3.
It can be found that the C content was signiﬁcantly
reduced by 22.48 percent and the Si content was obviously
increased by 16.43 percent when comparing the EDS analysis results of the insulation surface bonded to the throat
before and after the experiment. In particular, there was a
slight increase by 0.52 percent in the Al content on the insulation surface bonded to the throat. Moreover, the results
show that the Al elements inside the crack of the insulation
layer also had no apparent change compared with the raw
material before the experiment as shown in Table 3. According to the thermal insulating mechanism of the high silica/
phenolic resin composites [13, 14], the phenolic resin of
the insulation layer began to pyrolyze and decompose into
low molecular hydrocarbons and gases diﬃcult to ignite
when the pyrolysis temperature of the resin was reached.
As the temperature further rose, the stable carbonized layer
was formed, and the reinforcement ﬁbers inside the heat-

insulating layer were exposed. The main component of the
high silica ﬁbers was SiO2 while C was an important element
of resin, which causes signiﬁcant changes of the C and Si
after the test.
In addition, the throat and the thermal insulation layer
were bonded with epoxy resin adhesive in the production
of the nozzle. There was an apparent discrepancy in the
thickness between the carbonized layer on the surface
bonded to the throat and the area directly aﬀected by a large
amount of combustion gas, as shown in the sectional view of
the nozzle (Figure 9), which was due to the main heat for the
insulation bonded to the throat coming from the conduction
of the throat and the insulation not experiencing long-term
scouring of high-temperature gas. Moreover, the epoxy resin
adhesive between the throat and the insulation will experience the process of scouring because of the nozzle structure.
With a small amount of gas entering the back side of the
throat, the Al2O3 carried by the gas was attached to the insulation layer, which slightly increases the Al content of the
insulation surface bonded to the throat after the test. Combined with the pressure curve and the microstructure of
the insulation layer, the following details are considered:
(1) the crack of the insulation layer did not cause abnormal
ﬂuctuations in the pressure curve; (2) the metal shell structure corresponding to the crack area is complete, and no
serious ablation marks are found on the shell; and (3) the
thermal insulation layer still has enough ablation margin
after the experiment. It is fully proven that the crack section
of the insulation layer has not been scoured for a long time
by combustion gas, and the heat-insulating layer failure
occurs after the ignition duration time, which can exclude
the possibility of the crack being caused by the unqualiﬁed
ablation properties.
3.2.2. Analysis of Crack. In the previous section, the qualitative and quantitative analyses for the element distribution in
the microscopic area of the heat-insulating layer was carried
out, and it was concluded that the failure of the insulation
layer occurred after the end of the SRM work. After the solid
rocket motor ground ﬁring test, the nozzle was still in a high
temperature environment for a long time after the propellant combustion was completed and the components of the
tail-pipe nozzle were heated and expanded. Therefore, there
were still great axial and radial thermal stresses inside the
insulation layer. The thermal stress cannot be eﬀectively
transferred once there were defects inside the insulation
layer, which will cause the insulation layer to fail and be
destroyed. In order to further study the failure mechanism
of the thermal insulation layer, the arrangement of reinforcement ﬁbers was observed by scanning electron
microscope.
In the sectional view of the tail-pipe nozzle (Figure 9),
the cracks caused by the failure of the heat-insulating layer
were called the crack section. Then, the nozzle assembly
was cut along the symmetry axis to form the cut section.
In order to fully and clearly observe the microstructure of
the high silica/phenolic resin composites around the cracks,
the observation method was to select a lower magniﬁcation
to inspect the macroscopic characteristics of the sample
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Figure 11: EDS micrograph of the insulation layer: (a) the surface bonded to the throat before the test, (b) the surface bonded to throat after
the test, (c) the crack before the test, and (d) the crack after the test.
Table 2: EDS results of the surface bonded to the throat.

Table 3: EDS results of the crack.

Species Before the test (%) After the test (%) Change value (%)

Species Before the test (%) After the test (%) Change value (%)

C
O
Si
Al
Mg
Na

C
O
Si
Al
Mg
Na

53.41
34.01
11.08
0.57
0.31
0.63

30.93
39.03
27.51
1.09
0.61
0.82

-22.48
+5.02
+16.43
+0.52
+0.3
+0.19

and then gradually obtain greater magniﬁcation to achieve
the information about direction of reinforcement ﬁbers. As
far as the observation angle was concerned, we look at the
cut section of the crack and carefully record the characteristic information. Then, we break the insulation layer along
the failed crack and observe the microstructure with attention concentrated on the crack section. Plenty of ﬁbers that
vertically penetrate to the cut section can be seen on the left
side of Figure 12(a). At the same time, their circular cross-

53.16
20.84
24.36
0.48
0.39
0.76

31.99
44.92
22.46
0.37
0.27
0

-21.17
+24.08
-1.9
-0.11
-0.12
-0.76

section can also be found on the right side of Figure 12(b),
which shows that there are lots of circumferential ﬁbers in
the thermal insulation layer. It is clear that some ﬁbers on
the cut section were distributed perpendicular to the axis
of SRM, and those gaps among them were ﬁlled by resin
matrix material in Figure 13, which illustrates that there
were abundant radial ﬁbers in the cylindrical heatinsulating layer. What should be noted was that high silica
ﬁbers distributed along the axial direction of the nozzle were
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Figure 12: SEM of the cut section: (a) 2.00 mm and (b) 200 μm.

Radial fibers
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Figure 13: SEM of the crack section: (a) 2.00 mm and (b) 200 μm.

not observed in both the cut section and the crack section.
After summarizing the SEM analysis results, we can ﬁnd that
the weak arrangement insulation layer used in SRMα has
large quantities of circumferential and radial ﬁbers, but lacks
reinforcement ﬁbers distributed along the axial direction of
the nozzle.
3.3. Results of Strong Arrangement. According to the principle of the control experiment, the ground ﬁring test of the
improved SRMβ was carried out under the same external
condition, such as atmospheric pressure and temperature.
The pressure curves of the two experiments were almost
identical, so the pressure curve of SRMβ was not given.
The test results showed that the ignition process of SRMβ
was normal and the appearance structure of the metal shell
was complete. The tail-pipe nozzle of the improved SRMβ
was also cut along the axial direction same as the original
experimental procedure, as shown in Figure 14. The structure of the high silica/phenolic resin insulation layer produced by short ﬁber compression molding was complete
without any destructive crack. It is distinct from the testing
project that the strong arrangement eﬀectively makes up
for the defects of the weak arrangement, and the thermal
and mechanical properties of the insulation layer had been
signiﬁcantly improved.

Complete insulation

Insulation surface bonded to throat

Figure 14: Sectional view of improved tail-pipe nozzle.

3.4. Comparison for Two Types of Heat-Insulating Layer. In
order to study the eﬀect of the enhanced ﬁber arrangement
on the thermal and mechanical properties of high silica/phenolic resin composites, two types of heat-insulating layers
with diﬀerent arrangements for reinforcement ﬁbers were
designed in this paper. Combining the results of comparative experiments to summarize the previous SEM and EDS
results, these two types of insulation have the following
diﬀerences:
(1) Arrangement of reinforcement ﬁbers. The weak
arrangement insulation layer used for SRMα has
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Table 4: Performance of high silica/phenolic composites.
Properties
Tensile strength (MPa)
Tensile modulus ×10-3 (MPa)

Testing direction

Weak arrangement

Parallel
Vertical
Parallel
Vertical

82.7
5.0
18.1
3.31

large quantities of circumferential and radial ﬁbers,
but lacks reinforcement ﬁbers distributed along the
axial direction of the nozzle. In contrast, the strong
arrangement ﬁbers were uniformly distributed in
each direction.
(2) Tensile strength. As shown in Table 4, there was a
huge diﬀerence in tensile strength between the parallel direction where the reinforcement ﬁbers were laid
and the vertical direction where the ﬁbers were missing. And the tensile strength of the parallel layer was
signiﬁcantly better. Judging from the structural characteristics of high silica ﬁber phenolic resin composites, there were a great number of short ﬁbers in the
thermal insulation layer produced by the chopped
ﬁber molding. The ability to bear the load was limited to the axial direction of the long ﬁber, while
the radial strength mainly depended on the cohesive
strength of the phenolic resin. There is no doubt that
the tensile strength of high silica ﬁbers is greatly different from phenolic resin, which is the main reason
for the anisotropy of the thermal and mechanical
properties. It should be noted that the reinforcing
ﬁbers and the resin matrix will not be uniformly
mixed if suﬃcient stirring is not experienced during
the premixing process. As shown in Figure 1(a), the
phenomenon that the ﬁbers aggregate into bundles
and are arranged in layers will be inevitable. Under
the action of the external load, the defective material
will be destroyed in the direction perpendicular to
the ﬁber bundle. On the contrary, the reinforcement
ﬁbers are distributed in all directions if the premixing process is fully stirred, and the phenolic resin ﬁlls
the gaps between the ﬁbers. Therefore, the ability of
strong arrangement materials to withstand loads in
all directions is the same. In short, the strong
arrangement insulation layer made up for the lack
of axial strength and solved the problem of composite material performance anisotropy caused by the
weak arrangement of reinforcement ﬁbers.

4. Conclusions
Two types of heat insulation with diﬀerent arrangements of
reinforcement ﬁbers were designed, and the SRM ﬁring test
was carried out to compare their thermal and mechanical
properties. The element composition of the insulation layer
and the arrangement of reinforcement ﬁbers before and after
the test were carefully studied through the method combining EDS and SEM. And the failure mechanism of the insula-

Strong arrangement
61.9
31.7

tion layer was systematically analyzed. Based on the above
experiment and analysis, the following conclusions are
obtained:
(1) The arrangement of reinforcement ﬁbers is a decisive
factor for the thermal and mechanical properties of
the high silica/phenolic resin composites. The weak
arrangement insulation layer lacks reinforcement
ﬁbers distributed along the nozzle axis, which leads
to axial strength defect and causes the insulation
layer to be damaged during the actual application
of the tail-pipe nozzle. And the reinforcement ﬁbers
of strong arrangement are distributed in all directions, which compensates for the axial strength
defects of the weakly arranged insulation layer
(2) It is necessary to ensure the consistency of strength
in every direction to avoid the failure caused by inappropriate arrangement of reinforcement ﬁbers when
the high silica ﬁber-reinforced plastics are used as
the heat-insulating layer for the solid rocket motor
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