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Thermal insulation layer in solid rocket motors is a vital component during the
rocket flight. Many factors can affect the performance of this insulation layer.
Bonding property between rocket propellant and the thermal insulation layer
are examined in this study. Hydroxyl terminated polybutadiene (HTPB) and
isophorone diisocyanate (IPDI) as a curative was chosen as the most common
type of rocket propellant. The effect of two types of polymeric insulation layer
such as nitrile butadiene rubber (NBR) and ethylene-propylene-diene monomer
(EPDM), on the bonding performance at the interface between (HTPB/IPDI)
propellant and the respective insulation layer has been investigated. Results
revealed that both types of insulation layer considerably decreased the
interfacial bonding performance of the (HTPB/IPDI) propellant. NBR was
proven to be more severe on weakening the adhesion strength than that of the
EPDM. We further investigated the effects of the thickness and water content of
NBR on the bonding performance, and proved that bonding strength was
inversely proportional to the thickness and the water content.
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Introduction

Experimental

Rocket motor mainly consists of shell,
thermal insulating layer, liner and propellant as
shown in Figure 1. Liner is a kind of special
adhesive, bonding the thermal insulation layer,
shell, and the propellant. The main function of
the liner is to prevent the unexpected increase
of burning surface of the propellant when the
motor is working [1]. The manufacturing
process of the combustion chamber consists of
the following steps: first mold the insulating
layer into shape, second spray or brush the liner
slurry on the insulation layer, third cast
propellant slurry when the liner is curing to a
certain extent or semi-curing state.
The function of the liner and the
manufacturing process of combustion chamber
make the interface of liner between propellant
and insulation layer the weakest interface
where problems arise [4]. It was found that,
many factors affect the interfacial bonding
property between liner and propellant [5].
Among those factors, heat insulation layer is the
major factor effecting the bonding property [6].
The insulation layer contains active groups,
such as hydroxyl groups that can adsorb water
molecules and at the same time can absorb
isocyanate compounds [7,8]. Therefore, the
effect of the water in the insulating layer on
bonding property has attracted a considerable
attention. However, the following factors
influencing the bonding interface such as the
types, thickness, and water removal conditions
of insulation layer, have not been publicly
reported in any research study.

Materials

Figure1. Solid rocket
motor scheme and then
wait for the propellant
solidification molding
[2,3]

NBR insulation layer is a kind of rubber filled
with precipitated silica and asbestos fiber which
is vulcanized by sulfur. EPDM is a kind of rubber
filled with precipitated silica and organic fiber,
which is vulcanized by peroxide. The
vulcanizing condition of the two kinds of
insulation specimen is determined as follows:
the molding temperature is 160 ℃, the molding
pressure is 10 MPa, and the molding time is 40
min [9]. The solid content of HTPB propellant
(the sum of AP, Al and RDX) is 88% cured by
isophorone diiscyanate (IPDI) [10]. The curing
condition is chosen to be at 60 ℃ for 8 days.
HTPB liner is reinforced by precipitated silica
and cured by polyisocyanate. The curing
condition is the same as HTPB/IPDI propellant.
Specimen and test
The dumbbell shaped specimens of the
propellant were prepared according to the
ASTM D412 C standard [11]. The tensile
strength test condition was determined as
follows: the test temperature of 25 ℃ and the
stretching speed of 100 mm/min. The structure
of the rectangular bonding specimen containing
insulating layer is shown in Figure 2. The
thickness of the insulation was 2 mm. The
bonding test condition determined as follows:
the test temperature of 25 ℃ and the stretching
speed of 20 mm/min.
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Figure 2. Structure and
size of the rectangular
bonding specimen

1. Debonding site
2. Propellant
3. Liner
4. Insulation layer
5. Steel specimen
Table 1. Effect of insulation layer on bonding property
Sample No.
1

Type of insulation layer σbond (Mpa)
1.27

2
3
4

EPDM

0.97

-

1.01

NBR

0.85

-

0.83

NBR

0.67

-

0.91

NBR

0.72

The tensile strength for the propellant and the
rectangular adhesive specimen was tested using
the universal material experiment machine
(INSTRON 4301).
Results and Discussion
Effect of insulation layers on bonding property
The influence of the insulation layer on the
liner/propellant interface bonding property is
shown in Table 1. Compared with the specimen
without EPDM or NBR insulation layer, the
bonding strength of the specimen with insulation
layer is obviously lower. The failure mode was

Failure mode

Cohesive failure of propellant

cohesive failure of propellant.
Either EPDM or NBR, contains the reinforcing
agent of precipitated silica. There is a large
amount of hydroxyl on the surface of
precipitated silica [12]. The hydroxyl groups
of precipitated silica not only can form
hydrogen bond with water molecular to cause
the insulation layer to have a certain water
absorption property, but also can react with
the isocyanate, enabling the curing agent at
the interface to be additionally consumed. The
water absorption of EPDM and NBR both with
the thickness equals 2 mm at different
humidity conditions is depicted in Figure 3
and Figure 4, respectively.
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Figure 3. Water absorption of NBR
(thickness=2 mm) vs time at
different humidity conditions (20 ℃)

Figure 4. Water absorption of
EPDM (thickness = 2 mm) vs time at
different humidity conditions (20
℃)

The results indicated that as the humidity
enhanced and the moisture absorption time
extended, the water absorption of the
insulation layer increased. Therefore, it can be
concluded that, the -OH group in the
insulation layer and the absorbed water may
consume the -NCO group at the interface,
which results in reducing the ratio of the
curing agent of propellant. As a result, the
bonding
strength
of
steel/insulation
layer/liner/propellant specimen is obviously
lower than the steel/liner/propellant
specimen.

phenomenon can be summarized as the
differences in absorption characteristics of
IPDI. To verify the conjecture, the absorption
property for IPDI of insulation layer was
studied. As shown in Figure 5, the weight
gains rates of NBR (2 mm) immersed in IPDI
is obvious higher than EPDM (2 mm).
The relationship between the weight gain
of insulation layer immersed in IPDI and the
diffusion coefficient is as follows:

Effect of insulation layer types on bonding
property

In Eq. 1:
m: Weight of insulation layer after absorbing
IPDI (g)
mo: Initial weight of insulation layer, (g)
w1: The weight of IPDI absorbed by the
insulation layer, (g)
A: Area of insulation layer, (m2)
ρ: The density of IPDI, 1.06 E+3 kg·m -3
t1: Absorption time, (s)
D: diffusion coefficient, (m2·s -1)
According to the formula: 𝑚𝑜 = 𝐴𝑑𝑖 𝜌𝑖

Under the uniform conditions (the same
propellant, the same liner, the same insulation
layer thickness and the same water removal
condition), the effect of EDPM and NBR on
bonding property is shown in Table 2.
Compared with EPDM, the weakening of
bonding property for NBR is more obvious.
The reason for the above experimental

m
mo

=

wi + mo
mo

w

o

1

Aρ D t1 2
]

o

= mi + 1 = m [

+1

(Eq. 1)
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Where (di, the thickness of insulation layer; ρi,

the density of insulation layer).

Table 2. The effect of type of insulation layer on adhesive property
σbond (Mpa)

Sample no.
4

EPDM
0.94

NBR
0.81

5

1.10

1.01

6

0.78

0.63

Failure mode

Cohesive failure of propellant

Figure 5. Weight gain rate
of insulation layer (2 mm
thick) immersed in IPDI (20
℃)

Equation 1 can be transformed into
Equation 2:
𝑚 𝜌 𝐴𝑖 𝑑𝑖
=
𝑚𝑜 𝑚𝑜 𝑑𝑖

1

[

𝐷 𝑡1 2
]


+1=

𝜌 𝐴𝑖
𝜌𝑖 𝑑𝑖

1

[

𝐷 𝑡1 2
]


+ 1 (Eq. 2)

Plot the weight increasing rate of
insulation layer and square root of time, the
relationship between slope (k) and diffusion
coefficient is as follows:
𝐾=

𝑑

𝑚
⌊ ⌋
𝑑 √𝑡 𝑚𝑜

=

𝜌
𝜌𝑖 𝑑𝑖

1

𝐷 2
⌊⌋

(Eq. 3)

The diffusion coefficient can be calculated
by formula 4:
𝐷=

𝐾2 𝜌𝑖 2 𝑑𝑖 2 
𝜌2

(Eq. 4)

In Equation 4:
k: Slope, (s-1/2 )
di: The thickness of insulation layer, (m)
ρ i : The density of insulation layer

Density of NBR and EPDM was 1.25 E+3
kg·m -3 and 1.05 E+3 kg·m -3, respectively
[13]. Diffusion coefficient of IPDI in NBR
and EPDM was 1.4454 E-12 m2 ·s-1 and
6.537 E-15 m 2·s -1 , respectively. Diffusion
coefficient of IPDI in NBR is about 200
times higher than that of the EPDM. It is
assumed that the reaction follows the Fick,
s second law, the migration of curing agent
can be described by formula 5.
𝜕𝑐
𝜕𝑡

𝜕

𝜕𝑐

= 𝜕𝑥 (𝐷 𝜕𝑥) − 𝑘𝑐 2

(Eq. 5)

According to the Equation 5, under the
same condition, the slower the curing
reaction rate of propellant is, the greater
the diffusion coefficient D of the curing
agent will be, namely the migration loss of
curing agent is higher. Due to the use of
IPDI curing agent of HTPB propellant cured
at a low speed (the time to reach
vulcanization point at 60 ℃ is 8 days), in

M. E. Awad & M. Nasser

the early curing, the migration of free IPDI
curing agent in the propellant in the
interfacial region can lead to further
weakening of the interface properties of
propellant. The greater the amount of
migration is, the weaker the mechanical
properties of the interface propellant will
be. Compared with EPDM, the diffusion
coefficient of IPDI in the NBR is greater,
which leads to the weakening the
mechanical properties of the interface
propellant by the NBR insulation layer.
Effect of thickness of insulation layer
Because the weakening effect of NBR
insulation layer on interface property is
more obvious and remarkable than EPDM
insulation layer, the NBR insulation layer
was chosen to study the effect of the
thickness of the insulation layer on
interface bonding property (Table 3). To
eliminate the influence of water, the
specimen was pre-baked at 80 ℃ for 2 h. As
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seen in Table 3, the thickness of NBR
insulation layer has a remarkable effect on
the interfacial bonding property of
steel/insulation layer/liner/propellant, to
be more specific, the bonding strength
decreased with the increasing of the
thickness of NBR insulation layer.
Figure 6 depicts that the weight loss rate
of NBR insulation varies with thickness
changing when heated up to 80 ℃.
Obviously, under the same condition with
the increase of the thickness of NBR
insulation, the loss rate decreased,
indicating that the residual water
comparably in thick insulation is higher
under the same heating condition. In
addition, as the thickness of the insulating
layer of NBR increases, the migration loss
of IPDI curing agent in propellant was
enhanced. The interaction of migration of
water and curing agent intensified the
weakening effect of the insulating layer at
the interfacial with the increasing of the
thickness.

Table 3. The effect of thickness of insulation layer on bonding property
Sample No. Thickess (mm)
σbond (Mpa)
Failure mode
2
0.96
7
7
0.77
Cohesive failure of propellant
2
1.07
8
10
0.90

Figure 6. Weight loss rate of
NBR insulation layer vs time
at 80 ℃
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Table 4. The effect of water removal condition on bonding property
Sample No.

Water removal condition
80 ℃×1 h

σbond (Mpa)
0.95

9

80 ℃×3 h

1.07

80 ℃×12 h

1.24

90 ℃×1 h

1.01

90 ℃×3 h

1.12

80 ℃×2 h

0.81

10
11

Effect of water removal condition

Failure mode

Cohesive failure of propellant

During the curing of propellant, the small
molecules containing active hydrogen in the
insulation layer migrate to the heat-insulation
layer/liner/propellant interfacial region as
the concentration difference may cause the
extra consumption of the curing agent in the
interfacial propellant and liner. Thus, the
migration process may decrease the
interfacial propellant strength and bonding
strength of liner/propellant interface. The
active small molecules such as water
molecules in the insulation layer can be driven
out by heating to reduce its adverse influence.
Therefore,
increasing
the
heating
temperature or prolonging the heating time is
beneficial to reduce the influence of the active
small molecules in the insulation layer on the
interfacial bonding property as shown in
Table 4.

effect on the interfacial bonding property
of the HTPB/IPDI propellant, and the
influence of the NBR insulation layer is
greater.
2) The small molecules containing active
proton such as water in the heat-insulation
layer migrate to the liner/propellant
interface and the curing agent in the
interface propellant migrates to the heatinsulation layer, which consumes the
curing agent near the liner/propellant
interface, resulting in the decrease of the
interfacial bonding property. As the
thickness of the heat-insulation layer
enhanced, the weakening of the interfacial
bonding property became more significant.
3) Drying the insulation layer before spraying
or brushing the liner can reduce the
negative influence of the heat-insulation
layer on the bonding property at the
interface.

Conclusions
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