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Propellant Failure: A Fracture-Mechanics Approach
A.J. Kinloch* and R.A. Gledhill*
Ministry of Defence, Essex, U.K.

Values of the stress-intensity factor Kc at the onset of crack growth have been measured for a
nitrocellulose/nitroglycerine propellant. The value of Kc increases as the temperature decreases or as the rate
increases, and these effects may be interrelated to yield a single master curve by using the Williams-Landel-Ferry
relation for viscoelastic materials. The value of Kc is also dependent upon the thickness of the specimen. The
micromechanisms of crack propagation are discussed and correlations established between the propellant's
fracture behavior and its viscoelastic and plastic-flow behavior.

Nomenclature
a = crack length
aT = shift factor
fy = a function
r = polar coordinate
ry2 = plane-stress plastic-zone radius at crack tip
t =time
E = Young's modulus
F(R,T) = a function
Gc — fracture energy at onset of crack growth
Gcl = value of Gc for a state of plane strain
Gc2 = value of Gc for a state of plane stress
G' = storage shear modulus
G " — loss shear modulus
H = thickness of specimen
K = stress-intensity factor
Kc = stress-intensity factor at onset of crack

propagation
Kcl = value of Kc for a state of plane strain
Kc2 = value of Kc for a state of plane stress
Pc = load at onset of crack propagation
T = temperature
Tg = glass transition temperature
Tr = reference temperature
Ud = energy dissipated
Us = energy stored
W — width of specimen as defined in Fig. 1
Q = geometry shape factor
dD = phase angle between the stress and strain
v =Poisson's ratio
oc = applied stress at onset of crack propagation
ay = components of the stress tensor
00 = applied stress
oy = uniaxial tensile yield stress
6 = polar coordinate
3 0 = intrinsic fracture energy

Introduction

THE basic tenet of continuum fracture-mechanics
theory1-2 is that the strength of most real solids is

governed by the presence of flaws, and the theory enables the
manner in which they propagate under stress to be analyzed
mathematically. In this paper, the application of fracture
mechanics to crack growth in a nitrocellulose/nitroglycerine
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colloidal propellant is discussed, and correlations are
established between the propellant's fracture behavior and its
viscoelastic and plastic-flow behavior, as ascertained from
independent dynamic-mechanical and uniaxial-tensile tests.

Theoretical
For a sharp crack in a uniformly stressed, infinite lamina,

and assuming Hookean behavior and infinitesimal strains,
Westergaard3 has shown that

oij = a0(a/2r)I/>fij(e) (1)

where o0 is the applied stress, o^ are the components of the
stress tensor at a point, r and 8 are the polar coordinates of the
point—taking the crack tip as origin, and 2a is the length of
the crack. Irwin4 modified this solution to give

ou=K/(2*r)»fu(0) (2)

The parameter K is the stress-intensity factor and relates the
magnitude of the stress-intensity local to the crack in terms of
the applied loadings and geometry of the plate in which the
crack is located. For a crack in a body subjected to tensile
forces, values of A'may be calculated from

K=Q°o<*'/2 (3)

where Q is a factor dependent upon the exact geometry of the
specimen involved. At the onset of crack propagation, a0 = oc
andK=Kc,so

Kc = Qoca'/2 (4)

The power of this approach is that the value of the stress-
intensity factor should be independent of the crack length and
geometry of the specimen, and the condition for the onset of
crack growth is simply that Kc <K. In practice, however, two
further aspects need to be considered.

First, the high strains experienced in a zone of material
ahead of the crack tip usually result in viscoelastic and plastic
energy-dissipative processes occurring in this region, even in
the most brittle of material. The radius ry2 of this zone under
plane-stress conditions is given by

ry2=(l/2*)(Kc2/ay)< (5)

where oy is the uniaxial yield stress and Kc2 is the stress-
intensity factor in plane-stress fracture. For ry2<a, Eqs. (3)
and (4) are still valid, but the viscoelastic and plastic energy-
dissipative mechanisms result in the value of Kc being
dependent upon the test temperature and rate.

Second, the value of Kc may vary with the specimen
thickness, over a certain range of thicknesses. This arises
because the state of stress near the crack tip varies from plane
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stress in a very thin plate to plane strain near the center of a
thick plate. The value of the stress-intensity factor in plane
strain, Kcl, is usually less than that in plane stress, Kc2,
because the stress at which a material yields is greater in a
triaxial stress field (plane strain) than in a biaxial one (plane
stress). Thus, in the plane strain, a more limited degree of
plasticity develops at the crack tip. This is reflected in a lower
value of Kcl compared to Kc2. In the surface skin of a plate
the depth that is in a state of plane stress is ry2, and it has
therefore been shown that5'6

(6)

LOAD, P,

where H is the thickness of the plate. Obviously, in a very thin
plate, 2ry2 acts over the total thickness H and Kc becomes
equal to Kc2, while in a very thick plate H> 2ry2 and Kc ^Kcl.
Substituting for ry2 from Eq. (5) into Eq. (6) gives

Kc =KC1 +K2
2 (KC2 -Kcl (7)

Thus, measuring values of Kc at two different thicknesses
enables simultaneous equations based upon Eq. (7) to be
established and solved to yield values of Kcl and Kc2.

The stress-intensity factor approach is extremely useful for
stress-controlled fracture events, but if a critical strain or
energy requirement must be met then the alternative ap-
proach, an energy-balance argument, is probably more ap-
propriate. The energy criterion supposes that fracture occurs
when sufficient energy is released (from the stress field) by
growth of the crack to supply the requirements of the fracture
surfaces. The energy released comes from stored elastic or
potential energy of the loading system and can, in principle,
be calculated for any type of test specimen. Therefore, this
approach provides a measure of the enregy required to extend
a crack over unit area; this is termed the fracture-energy or
strain-energy release rate and is denoted by Gc. The value of
Gc may be represented by7

usually F(R,T)>30 (8)

In Eq. (8), 30 is the intrinsic fracture energy required for bond
breakage and F(R, T) is a loss function reflecting the energy
dissipated viscoelastically and plastically at the crack tip and
is, therefore, dependent upon rate R and temperature T. The
values of the fracture energy in plane strain and plane stress,
Gc/, and Gc2, are related to stress-intensity factors by

Gcl=K2
cl(l-v2)/E (9)

GC2=K2
C2/E (10)

where E is Young's modulus and v is Poisson's ratio.

Experimental
The Material

The propellant employed in these studies was a double-base
rocket propellant. It was a high-energy boost propellant
having the following composition: nitrocellulose (wood,
12.2% nitrogen), 53.0%; nitroglycerine, 42.2%; dibutyl
phthalate plasticizer, 2.8%; stabilizers and ballistic modifiers,
2.0%.

Uniaxial Tensile Tests
The uniaxial tensile properties of the propellant were

ascertained employing an Instron tensile testing machine
equipped with an environmental chamber capable of
maintaining the set temperature within ±0.5°C. The test
temperature was varied between +20 and -60°C and the
strain rate was 10 ~5 s"1. Loads and strains were recorded
electronically and tests were conducted on extruded rods of
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Fig. 1 Compact-tension specimen.

0.8

0.6

0.4

0.2

- 5 0 5 1 0 15
LOG1 0(t /dT) (s)

Fig. 2 Measured stress-intensity factor Kc vs Iog10 (t/aT).

the propellant, approximately 3.8 mm in diameter and 140
mm long between gripping points. An Instron extensometer
was used to accurately measure strains over a central 25-mm
portion of the rod.

Fracture-Mechanics Tests
Values of the stress-intensity factor Kc for the propellant

over a range of test temperatures and rates were obtained
using the compact tension geometry8 shown in Fig. 1.
The sheets were machined and were either 10- or 50-mm thick.
A crack of length a was inserted into the specimen by sawing
into the material and then sharpened using a fresh razor
blade. (This method of crack insertion resulted in a crack tip
sufficiently sharp that the value of Kc deduced did not
decrease as the crack extended and a "natural" tip radius
developed.) The specimen was then mounted in the Instron
tensile testing machine and loaded until crack propagation
occurred. From the associated load-time relation the bulk
linear-elastic behavior of the specimen was established, a
necessary requirement for determining a valid Kc value by the
procedure prescribed in the American Society for Testing and
Materials Standards.8 All the measurements met this
requirement. This was not unexpected since failure in this
relatively brittle propellant occurs at low failure strains,
typically about6 2 to 3% at room temperature. The values of
Kc were calculated from Eq. (11):

c = QPca'/2/HW (H)
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Table 1 Values of Kc for 10- and 50-mm thick specimens

Temperature,
°C

20
0

-30
-60

*c(*
10-mm thick

0.26
0.44
0.72
0.96

rtN-m-3 / 2)
50-mm thick

0.32
0.39
0.50
0.54

where Pc is the load at crack propagation, W is the width of
specimen as defined in Fig. 1, and

Q= [29.6- 185. + 655.1(a/w)2

Dynamic Mechanical Tests
A Rheometrics Mechanical Spectrometer was used to

determine the storage and loss shear moduli of the propellant.
A forced torsion oscillation mode was employed and
measurements were conducted from -90 to 70 °C and at
frequencies of 1 and 10 Hz. Values of the loss factor, tan6D,
were calculated from

(12)

where dD is the phase angle between the stress and strain, G"
is the loss shear modulus, and G' is the storage shear
modulus.

Fractography
After fracture, the failure surfaces were examined using

both optical and scanning electron microscopy. For the latter
technique, a thin layer of gold/palladium was first vapor
deposited onto the surface to prevent excessive charging.

Results and Discussion
Effect of Test Temperature and Rate

The measured value of Kc was dependent upon both the test
temperature and rate—the value of Kc (10-mm thick samples)
increasing as the temperature was decreased or the rate in-
creased. In Fig. 2 the value of Kc is shown to be dependent
upon temperature and rate, and these effects may be in-
terrelated using the Williams-Landel-Ferry relation for
viscoelastic materials. The time / is defined as the time taken
to load the sample for a0 = 0 to o0 = oc. The shift factor aT is
calculated9 from

-\lA(T-Tr)
5l.6+(T-Tr)

(13)

where T is the test temperature and Tr is a reference tem-
perature. The reference temperature was taken to be the log-
temperature tan6D peak at a frequency of 1 Hz (see Fig. 7),
namely -45°C. This temperature is, therefore, implicitly
defined as the glass transition temperature Tg of the material.

Effect of Specimen Thickness
The values of the stress-intensity factor Kc shown in Table 1

demonstrate quite clearly that, at temperatures below 20°C,
the thickness of the specimen has a significant effect,
especially pronounced at the lowest temperatures. The thicker
specimens exhibit a greater extent of plane strain and this
results in the thick specimens possessing a lower value of Kc
for crack propagation.

Values of Kcl and Kc2 determined from Eq. (7) are shown in
Fig. 3. Note that the plane-strain value Kcl is only slightly
dependent upon temperature while the plane-stress value Kc2
becomes increasingly greater in value than Kcl. Cracks in a
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Fig. 3 Values of Kcl and Kc2 as a function of temperature.
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Fig. 4 Kc2 vs yield stress ay.

propellant grain will normally be under plane-strain con-
ditions: Thus the value of Kcl is the relevant parameter for
design and crack-prediction studies.

Micromechanisms of Crack Growth
A possible explanation for the different temperature

dependencies of Kcl compared to Kc2 for the propellant may
depend on the degree of constraint imposed by the test
geometry. Kcl refers to plane-strain conditions; viscoelastic
and plastic energy-dissipative mechanisms, which give rise to
the temperature dependence, may not be as active under these
conditions, i.e., volumetric deformations are not strongly
viscoelastic. Kc2, however, is determined substantially by
shear processes and these would be expected to be governed by
viscoelastic and plastic effects: Therefore, Kc2 will exhibit a
marked dependence upon temperature. Indeed the in-
terrelation between Kc2 and shear mechanisms is clearly
evident from Fig. 4, where Kc2 is plotted against the yield-
stress value oy at the appropriate temperature. Equation (5)
reveals that the linear relation between Kc2 and ay results in a
constant value at failure for the plane-stress plastic-zone size
r 2 = \.3 mm over the entire temperature range. The localized
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Fig. 5 Scanning electron micrographs of the propellant's fracture
surface after failure at 20°C (x 1000).

E
(GPa)

-60 -40 -20 0 20
TEMPERATURE (°C)

Fig. 6 Young's modulus £ as a function of temperature.

plastic deformation that accompanies the crack growth is
clearly evident in Fig. 5, which is a scanning electron
micrograph of the propellant's surface after fracture at 20°C.
Indeed, fibrils presumably of nitrocellulose molecules, have
been drawn out of the propellant's surface.

While the stress-intensity factor approach reflects the load-
bearing capacity of propellant specimens, the energy required
for crack extension is, of course, denoted by the value of the
fracture energy Gc. The Young's modulus of the propellant as
a function of temperature is shown in Fig. 6. The data were
employed in Eqs. (9) and (10) to calculate the plane-strain,
Gcl, and plane-stress, Gc2 values. The values of these
parameters are plotted against temperature in Fig. 7. Note
that the value of Gc2 passes through a maximum at about
-40°C while that of Gcl is relatively insensitive to tem-
perature. Values of tan5D are also shown as a function of
temperature9 at two frequencies which approximately span
the equivalent rate of test in the fracture experiments. The
maxima in the values of tandD and Gc2 occur at about the
same temperature, and the correlation between these
parameters may be seen from Fig. 8, where the value of Gc2 is
plotted against the corresponding value of tan6D (1 and 10
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Fig. 7 Values of Gcl, Gc2, and tan6D as a function of temperature.
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Hz) for the temperature range T (maximum)±20°C. Gc2 is
largely a measure of the viscoelastic and plastic energy losses
[ see Eq. (8)] that occur in the immediate vicinity of the crack
tip. The loss factor tandD also reflects energy losses in the
material and may be expressed9 by

Ud/Us=(ir/2)tandD (14)

where Ud/Us is the ratio of energy dissipated to energy stored
per quarter cycle. It is encouraging that there appears to be a
correlation between the values of Gc2 and tan6D. However,
the changes in Gc2 with temperature are much greater than
observed in the tan6D values. This suggests that either the
energy losses associated with the fracture events are enhanced
at least in part of the specimen—and this is most likely in the
highly strained volume around the crack tip, or that the peaks
result from different mechanisms but derive from the same
basic molecular motions. This correlation is obviously worthy
of further investigation since it implies that the fracture
behavior may be predicted from the molecular relaxation
behavior.

Conclusions
1) A continuum fracture-mechanics approach is applicable

to crack propagation in a nitrocellulose/nitroglycerine based
propellant. The measured value of the stress-intensity factor
Kc increases as the temperature decreases or the rate in-
creases, and these effects may be interrelated using the
Williams-Landel-Ferry relation for viscoelastic materials.

2) The value of Kc is also dependent upon the thickness of
the specimen, over a certain range of thicknesses.
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3) The above effects may be understood and predicted by
modeling the measured value of Kc as the sum of a plane-
strain contribution, which virtually temperature invariant,
and a plane-stress contribution, which is usually greater in
magnitude and highly temperature dependent. This tem-
perature dependence reflects the viscoelastic and plastic
energy-dissipative mechanism that occur at the crack tip.

4) The corresponding values of the fracture energy have
been calculated and a correlation established between the
value of the plane-stress Gc2 contribution and the loss factor
tan6D. The maximum value of Gc2 occurs at approximately
the same temperature as the maximum of tandD. This suggests
that the energy losses reflected in the respective values of these
parameters result from mechanisms that are governed by the
same basic molecular motions.
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