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Solid propellants are treated as composites with high volume fraction of
particles embedded in the polymeric binder. A micromechanics model
is developed to establish the link between the microscopic behavior of
particle/binder interfaces and the macroscopic constitutive information.
This model is then used to determine the tension/shearing coupled inter-
face cohesive law of a redesigned solid rocket motor propellant, based on
the experimental data of the stress strain and dilatation strain curves
for the material under slow rate uniaxial tension.

NOMENCLATURE

a particle radius

E Young£s modulus

f particle volume fraction

K bulk modulus

Pn Legendre polynomial of mode n
U strain energy density

[u] radial displacement jump

[v] tangential displacement jump

γint total interface cohesive energy per unit area

– volume dilatation

δopen critical opening displacement of the interface

δslide critical sliding displacement of the interface

ε macroscopic axial strain

θ angle from axial direction

λ combined measure of interface displacement jump

λe linear coe©cient in interface cohesive energy

μ shear modulus
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ν Poisson£s ratio

σ macroscopic tensile stress

φ interfacial cohesive energy per unit area

1 INTRODUCTION

Modern solid propellants consist of very high volume fraction of particles of

di¨erent sizes in polymeric binder. The speci¦c surface (i. e., high interface

area per unit volume of solid propellant) is very high such that the behavior of

particle/binder interfaces may signi¦cantly in§uence the macroscopic behavior of

composite materials [1]. The interfacial debonding in a solid propellant governs

the damage behavior such as fracture. It was observed that the macroscopic crack

propagation is mainly along the particles/binder interface in solid propellants [2 

4]. The debonding of the interfaces close to the burning surface can cause sudden

transition from surface to volumetric burning, thus triggering de§agration-to-

detonation transition.

Behavior of particle/binder interfaces a¨ects the sensitivity, and thus safety

related issues, of solid propellants. Obtaining a constitutive law of the solid

propellant that accounts for nonlinear interface debonding is crucial in whole-

system computational simulation of solid rockets to predict safety and reliability.

While it is di©cult to directly measure the particle/binder interface cohesion

with loading applied to a plastic bonded energetic material, indirect method

using macroscopic experimental data was developed [5]. This research aims at

determining the interfaces cohesive law in a solid propellant based on macroscopic

constitutive information obtained experimentally.

Experimental data for macroscopic constitutive behavior of solid propellants

are available. Figure 1 shows the stress strain and volume dilatation strain

relations for a redesigned space-shuttle solid rocket motor (RSRM) propellant

subject to uniaxial tension at a low strain rate [6]. The RSRM propellant con-

sists of ammonium perchlorate (69.7%(wt.)), aluminum (16%(wt.)), iron ox-

ide (0.3%(wt.)), poly(butadiene-acrylonitrile) (PBAN) polymer (12.04%(wt.)),

and epoxy curing agent (1.96%(wt.)). Particle/binder interface debonding is the

major damage mechanism that causes yielding in Fig. 1a and volume dilatation

increase in Fig. 1b.

The objective of this paper is to determine the interface cohesive law using the

RSRM propellant constitutive data. In section 2, the tension shearing coupled

interface cohesive law is proposed with four parameters to be determined. In

section 3, a micromechanics model, extended Mori Tanaka method accounting

for interface debonding, is used to link the microscopic interface jumps with the

macroscopic stress strain and dilatation strain information during a uniaxial

tensile test. Using the model, the values of the four interface parameters are

obtained from the constitutive experimental data, as presented in section 4.

60



SOLID ROCKET PROPULSION

Figure 1 Stress strain and dilatation strain curves for an RSRM propellant subject
to uniaxial tensile load at strain rate 0.0714/min [6]: (a) tensile stress vs. axial strain;

and (b) dilatation vs. axial strain

2 INTERFACE COHESIVE MODEL

At the particle/binder interface, there are radial displacement jumps [u] and tan-
gential displacement jump [ν]. The interfacial cohesive energy per unit area, φ,
depends on a combined measure of interface displacement jump:

λ =

√(
[u]

δopen

)2
+

(
[v]

δslide

)2

where δopen and δslide are the critical opening and sliding displacements of the
interface, respectively, and λ = 1 corresponds to complete interface debonding.
For pure interface opening ([v] = 0), [u] = δslide is the start of complete debond-
ing. For pure interface sliding, ([u] = 0), [v] = δslide is the start of complete
debonding. The energy φ is assumed to depend on λ only [7], φ = φ(λ).
Similar to the expression of particle/binder interface cohesive energy as a

function of λ for a plastic bonded explosive [8], φ(λ) for RSRM propellant is
assumed to take the form

φ(λ) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

(
λ

λe

)2
γint if λ < λe ;[

1− (1− λ)2

1− λe

]
γint if λe ≤ λ ≤ 1 ;

γint if λ > 1

where γint is the total interface cohesive energy per unit area, and λe is the linear

coe©cient.
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3 MICROMECHANICS MODEL
LINKING INTERFACE BEHAVIOR
WITH CONSTITUTIVE INFORMATION

Consider a representative volume element (RVE) of solid propellant material

consisting of spherical particles of di¨erent radius aI (with volume fraction fI),

and subject to uniaxial tension of axial strain ε. Each particle is embedded
in a homogenized media subject to uniaxial tension, thus the distribution of

interface displacement jump can be approximated as axisymmetric. Therefore,

the opening displacement jump [uI ] and tangential displacement jump [vI ] can

be expanded in Legendre polynomial series as

[
uI

]
=

∞∑
n=0

[uI
n]Pn(cos θ) ;

[
vI

]
=

∞∑
n=2

[vI
n]

dPn(cos θ)

dθ

where θ = 0 and θ = π are along the axial direction; [uI
n] and [v

I
n] are the mode-n

Legendre polynomial coe©cients; and the summation, here and thereafter, is for

even numbers only.

The extended Mori Tanaka method accounting for nonlinear interface

debonding in a composite subject to ¦xed tensile strain ε gives the strain energy
density of the RVE as [9]:

U =
σ 2

2E0
− 3e0ε

2
0

2Mu
0

− 3e2ε
2
2

4 (Mu
2 + 3M

v
2 )
+
3

2

∑
I

fI

aI

⎛
⎝φŸI +

π∫
0

φI sin θ dθ

⎞
⎠ (1)

where φI is the cohesive energy of interfaces around a particle of radius aI ,

and φŸI is de¦ned as

φŸI =

∞∑
n=0

(Mu
n +Mv

n) [u
I
n]
2 − 2n(n+ 1)Mv

n [u
I
n][v

I
n] + n(n+ 1)Mu

n [v
I
n]
2

(2n+ 1) [Mu
n + (n+ 1)M

v
n] (M

u
n − nMv

n) aI

where Mu
n and Mv

n are the mode-n material properties related to mode-n Leg-
endre polynomial coe©cients [9], the mode-0 and mode-2 interfacial strains are

de¦ned as

ε0 =
∑

I

fI
[uI
0]

aI
; (2)

ε2 =
∑

I

fI

2
(
[uI
2] + 3[v

I
2 ]

)
5aI

, (3)
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respectively. Mode-0 and mode-2 coe©cients are de¦ned as

e0 =
M0

(1− f)Muσ
0 + fM0

;

e2 =
M2

(1− f) (Muσ
2 + 3M

vσ
2 ) + fM2

where f =
∑
I

fI is the total volume fraction of particles, and

M0 =
1

3Kb
+
1

4μb
;

M2 =
15(1− νb)

2(7− 5νb)μb

where Kb, μb and νb are the bulk modulus, shear modulus, and Poisson£s ratio,

respectively, of the binder during slow loading. The macroscopic tensile stress σ
relates to the macroscopic axial strain ε, mode-0 and mode-2 interfacial strains
through

σ = Eperf(ε− e0ε0 − e2ε2) . (4)

Here, Eperf is the Young£s modulus for the same composite with perfect interfaces
(without bonding):

Eperf =

(
1

Eb
+

f

3

{(
1

3Kp
− 1

3Kb

)
e0 +

(
1

μp
− 1

μb

)
e2

})−1

where Eb is the Young£s modulus of the binder; and Kp and μp are the bulk and

shear moduli of particles, respectively.

Fixing the axial strain ε, the strain energy density U of the RVE is a func-
tion of Legendre polynomial coe©cients [uI

n] and [v
I
n] given by Eqs. (1) to (4).

By minimizing the strain energy density U(uI
n, vI

n), fraction-balanced interface

displacement jumps can be found.

After uI
n and vI

n are determined, the tensile stress σ can be obtained from
Eq. (4). The volume dilatation can be calculated from

– =
σ

3Kperf
+ 3e0ε0

where Kperf is the bulk modulus for the same composite with perfect interfaces,

Kperf =

(
1

Kb
+ fe0

(
1

Kp
− 1

Kb

))−1

.
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4 DETERMINING INTERFACE PROPERTIES
OF REDESIGNED SOLID ROCKET MOTOR
PROPELLANTS

The ammonium perchlorate particles have a bimodal size distribution in the

RSRM propellants. The volume fraction of coarse particles (size 200 μm) is 56%,
and that of ¦ne particles (size 20 μm) is 14%. The mechanical behavior of
solid propellant depends on its microstructural properties. E¨ects of chemical

properties, such as that of bonding agent, are re§ected in the current model

through the interface bonding parameters. Compared with the binder, particles

are very hard and can be treated as rigid. During slow loading, the binder can

be treated as linear elastic, with Young£s modulus Eb = 2.4 MPa and Poisson£s
ratio νb = 0.4995.

Figure 1 gives a set of experimental data of axial strain εtesti , tensile stress

σtesti , and volume dilatation –testi , where i runs from 1 to Ntest (Ntest is the
total number of test data). The error between the model prediction (based on

the four interface properties, δopen, δslide, γint, and λe) and experimental data is

de¦ned as

Err(δopen, δslide, γint, λe)

=
1〈

σtest
〉

√√√√ 1

Ntest

Ntest∑
i=1

[
σtesti − σpredict(εtesti )

]2

+
1〈
–test

〉
√√√√ 1

Ntest

Ntest∑
i=1

[
–testi −–predict(εtesti )

]2

where σpredict(εtesti ) and –predict(εtesti ) are the model predictions of the tensile

stress and volume dilatation at axial strain εtesti , respectively; 〈σtest〉
= 1/Ntest

∑
i

σtesti , and 〈–test〉 = 1/Ntest
∑
i

–testi .

Interface properties are obtained by minimizing the error function Err(δopen,
δslide, γint, λe) which gives the critical interface opening δopen = 66 μm, the crit-
ical interface sliding δslide = 0.79 mm, the total cohesive energy γint = 33 J/m

2,

and the linear coe©cient λe = 2.3%.

Figure 2 shows the stress strain and the dilatation strain curves with both

model prediction and experimental data. The good matches between the pre-

dicted curves and the experimental data demonstrate that the interface cohesive

law approximated using a combined measure λ and a bilinear form of φ(λ) is
appropriate for solid rocket propellants.
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Figure 2 Calibration for interface parameters: (a) relation between the engineering
stress and strain; and (b) volume dilatation strain relation (signs ¡ experimental data

and curves ¡ model prediction). The calibration of the interface parameters are:

δopen = 66 μm, δslide = 0.79 mm, γint = 33 J/m
2, and λe = 2.3%

5 CONCLUDING REMARKS

Using the micromechanics model that link the microscopic interface debonding

with the macroscopic constitutive relations, the cohesive law for particle/binder

interfaces in a reusable solid rocket motor propellant is determined based on

the experiment data for the macroscopic stress strain and dilation strain re-

lationships. The critical interface opening and sliding displacements are δopen
= 66 μm and δslide = 0.79 mm, respectively. The interface cohesive energy is
γint = 33 J/m

2, and the linear coe©cient λe = 2.3%.
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