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Abstract 
 
Solid rocket motor propulsion is used for missiles, spacecrafts, space launch vehicles and 
gas-generators whenever high thrust, impulse and/or energy are needed in combination with 
a compact volume, high reliability and instantaneous readiness over a long service life. 
 
Solid rocket motors propellant charges for missiles are designed to withstand significant 
thermal and mechanical loads. Structural failure modes related to the charge are almost 
invariably catastrophic due to the large energy released by propellant combustion. 
 
Unfortunately, solid rocket motors have a finite life: propellant ageing due to chemical 
effects or mechanical damage limits their useful life. The complexity and hazard related to 
replacing the solid rocket motor, together with the cost of the motor itself, makes it a key 
factor in the life-cycle cost of tactical and strategic missiles. 
Motor ageing is driven by usage: chemical ageing occurs faster at higher temperature, 
mechanical damage depends on real load exposure. As a result, the condition of individual 
motors in the stockpile can be very different. 
 
In-service surveillance procedures during service life involve expensive destructive tests on a 
small number of motors. Extending few results to the entire missile stockpile involves the use 
of safety factors. In many cases, assets are disposed prematurely. 
Consequently, high-performance missiles procurement and maintenance involves a high 
yearly life-cycle cost because motors are disposed or replaced prematurely. 
 
This paper shows the feasibility of a new-non-destructive ageing state determination test for 
solid propellant charges, the first of its kind for this application. The method relies on stress 
and temperature sensors embedded in the propellant charge. It allows measuring the ageing 
state of the propellant charge, determining its safe remaining life, and measuring life 
consumption after a period of time during life.    
 
The economic and operational benefits for users seem significant. 
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1. INTRODUCTION 

Solid rocket motor propulsion is used for missiles, spacecrafts, space launch vehicles and 
gas-generators whenever high thrust, impulse and/or energy are needed in combination with a 
compact volume, high reliability and instantaneous readiness over a long service life. 

Solid rocket motors for missiles are designed to withstand significant thermal and mechanical 
loads, including environmental loads and operational pressure after ignition. Available 
volume and environmental loads are set by the specific application of the motor, typically by 
platform-related constraints. For example, air-launched missiles are exposed to a wide 
temperature interval, driven by the temperature of the atmosphere during high altitude flights, 
hot conditions on the runway or the recovery temperature of the airflow at high-speed flight. 
The available volume is limited by the launcher, the aircraft aerodynamics and the space 
envelope under the aircraft wings, fuselage or an internal weapons bay. 

In terms of performance, the total impulse provided by the motor increases with propellant 
volumetric loading. On the other hand, given a load and an available volume, the stress and 
deformation experienced at critical areas of the propellant charge increases (parabolically) 
with propellant volumetric loading (eq.3, Figure 3). 
Structural failure modes related to the rocket motor charge are almost invariably catastrophic 
[2], due to the large energy released by propellant combustion. 

Motor sizing is therefore typically a trade-off optimization process between performance and 
structural margin of safety, given some constraints such as volume envelope and worst-case 
loads (related to usage environment, operation, etc.). 

 
1.1 Solid Rocket Motor Life 

 
To make matters more complex, solid propellant ageing due to chemical effects or 
mechanical damage limits motor life. In particular, different chemical reactions alter 
propellant mechanical properties, thereby changing the structural margin of safety (or 
probability of failure) against failure caused by structural loads. Changes affect both 
constitutive properties, like the stiffness of the propellant, and failure properties (limit stress 
conditions or limit deformation). Limitations on minimum safety margins or maximum 
allowable probability of structural failure exist by design standards [1,2] and/or as technical 
requirement. Life may therefore be driven by propellant ageing: as soon as ageing is such that 
critical mechanical property limits are reached, the motor violates safety requirements and 
should no longer be used, or can be used only at an increasing risk. 

On the other hand, ageing is driven by usage: chemical ageing occurs faster at higher 
temperature because high temperature increases the rate of the reactions driving chemical 
ageing or drives ageing suddenly through different reaction paths. Changes in reaction types 
may well occur in the usage temperature range, above 60 °C [3]. Mechanical damage 
depends on real load exposure, both on exposure duration and on worst-case condition (e.g. 
minimum temperature during a thermal cycle) [6]. As a result, the condition of individual 
motors in a stockpile, and in particular its safe remaining life, can be very different due to 
cumulative differences in environmental exposure. Differences in mechanical properties are 
present in any case because of batch-to-batch variability but increase with service life due to 
exposure differences. 
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1.2 Safety 
 
Solid rocket motor life is in many cases driving missile life and availability. This is a 
consequence of the fact that:  

• Failure modes related to the motor are invariably catastrophic hazards; 

• Replacing the solid rocket motor is complex, hazardous and therefore expensive 
operation, normally carried out at special facilities subjected to legal provisions on 
explosive material handling and disposal. Such sites are few, they are required to have 
appropriate equipment and trained staff, and buildings and infrastructure where 
replacements are carried out are built for the purpose [7]. 

• If the motor needs to be replaced, the missile needs to be put out of the inventory and 
stays out of the inventory for some months due to the nature of the operation. 
Transportation to and from refurbishment can be expensive, and even prevent 
refurbishment altogether if local infrastructure is not available and the missiles are 
stored very far, in an operational context. 

 
Service life safety is guaranteed by in-service surveillance procedures [8], involving 
expensive destructive tests: motors are separated from the missile, dissected, charge 
specimens extracted by milling and cutting, and chemical and mechanical analysis of the 
specimens is performed to determine the ageing state of the material and compare it to 
limiting values derived from qualification and structural analysis. A key issue is how to 
extend the results obtained on a small number of motors to the entire missile stockpile: 
individual missiles are exposed to a very different environment. In many cases, assets are 
disposed prematurely because the tests are carried out on the most exposed items but most 
items are stored under benign conditions, or had better initial properties. 

Another issue with current surveillance practices is related to the fact that they are slow: 
missiles are taken out of the inventory, transported to a dedicated special facility, motors are 
separated from the missile, dissected and tested, data is analyzed and finally a safe remaining 
life statement is issued on the entire stockpile.  

Last but not least, results may even be accurate…for the motor that was dissected. Results are 
evaluated following statistical procedures to issue a safety statement for the entire stockpile, 
following the assumption that a statistical margin applied to data obtained on few items is 
sufficient to safely extrapolate to the rest of the stockpile. This is valid if the dissected items 
have been selected among those with worse initial properties and the harshest environmental 
conditions (fleet leaders).  

Applying margins and using analysis is a necessity: typically, the probability of catastrophic 
events is limited to values like one in a million for the system [1], therefore even less for 
rocket motors. The amount of motors to be used for a safe remaining life assessment is very 
small if the missile is large and/or expensive and the stockpile size small. In many cases, less 
than 10 units are dissected over the entire life, 1-2 units every few years, and a statement on 
whether the probability of failure is less than one in a million needs to cover a stockpile of a 
few hundred missiles exposed to different environmental conditions.  
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1.3 Life Cycle Cost 
 
In addition, solid rocket motor life drives life cycle cost, logistics and in-service support. Life 
cycle costs are driven by the fact that disposal and replacement of a motor is expensive for 
the reason stated above and because the motor is typically an expensive part of the missile 
itself. On the other hand, when a missile is procured because the user requires an operational 
capability, the user goes to the limit of a limited procurement budget; this initial spending 
depreciates over the life of the missile. If life is estimated to be short by a risk-averse user, 
initial spending is spread over a short life: this drives up the yearly life cycle cost. 
 
As a consequence, high-performance missiles procurement and maintenance involves not 
only a large initial spending to cover the costs of development and production, but also a high 
yearly life-cycle cost because motors are disposed or replaced prematurely and the logistic 
support related to in-service surveillance is complex and expensive. 
 

1.4 Need for a Non-destructive and built-in test 
 
A non-destructive and built-in test would greatly improve if not eradicate the problems 
described in sections 1.2, 1.3. 
 
If a non-destructive test method to determine the ageing state of the propellant existed, the 
only issues related to availability, logistics and yearly life cycle cost would be the time and 
cost required to transport the missile to a facility operating the test, issue a statement and 
bring the missile back to its service location. 
 
If such a test was “built-in”, the information on safe remaining life would be at virtually no 
cost and would be issued immediately. This is the case of expensive or safety-critical 
electronic components: like solid rocket motors they age depending on usage, mainly due to 
temperature, vibrations and shock acceleration. Non-destructive, built-in test exist which 
make the information immediately available. Safety is less a concern because the electronics 
is not an explosive material and is designed to keep the missile safe in case of failure. The 
entire logistic support is therefore limited to a replacement effort, operated near the real end 
of life, having a forecast about when replacement is likely to be needed, and keeping spare 
parts in benign storage conditions for replacement. 
 
Notice that if a test was non-destructive and built-in, surveillance would also increase in 
accuracy at no consequence on safety: many tests could be taken during life, expanding the 
database on safe remaining life data to a sensible size. 
 
This defines the requirements for a useful structural health monitoring test for the solid rocket 
motor charge: it needs to be a non-destructive test, operated quickly.  

2. PROPELLANT LOADS, PROPERTIES AND AGEING 

A non-destructive test method for solid rocket motors able to deliver quick information on 
the safe remaining life of motors was developed and validated at MBDA Bayern-Chemie 
during the last decade. The method works with case-bonded motor charges (Figure 1). Such 
charges are very common of high-performance designs [5]. They can be described through a 
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cylindrical frame of reference, with radial, axial and circumferential coordinates (r, φ, x). The 
axis of revolution of the charge is aligned longitudinally (in ‘x’). 
 
To illustrate how the method works, and for the sake of simplicity, we consider only thermal 
cooldown as driving structural load. Because the propellant material is subjected to higher 
thermal shrinkage and expansion than the rocket motor airframe material (the “case”), 
thermal cool down generates [4,6]: 

• A tension at the case-charge interface (bonded), directed radially and inwards; 

• Shear stress at the charge bondline terminations; 

• Tensile deformation in hoop and radial contraction, mostly at the central perforation. 
 
More specifically, thermal cooling forces a volumetric contraction of the propellant relative 
to the case. Therefore: 

• Since the charge cannot move away from the case inner surface due to the bond, a 
tensile stress normal to the bonded surface (radial) is generated over the length of the 
charge and decreases at the ends of the bondline. Notice that the radial stress is zero at 
the central perforation (free standing). 

• Volumetric contraction occurs therefore at the free-standing surface of the central 
perforation; the propellant shrinks inwards, increasing the diameter of the perforation 
and therefore its circumference. This tensile deformation results in a non-uniform 
hoop strain distribution in the charge, peaking at the bore surface, where the initial 
diameter is small. 

Shear deformation and stress occurs at the bondline termination, because the charge tries to 
contract longitudinally but is prevented in doing so by the bond. Longitudinal displacements 
are zero at the bondline terminations (r=ra, Figure 3) but increase fast further inwards (r<ra), 
over the head and aft ends of the charge.  

 
The charge geometry is regular at curing temperature, and assumes a “barrel shape” at any 
temperature lower than cure conditions (curing is typically around 50-60°C for a composite 
propellant based on AP and inert binder, currently the most used propellant formulation). 
 
A Typical tensile hoop strain distribution is shown in the following figure (Figure 1) for 
thermal cooling from cure to cold temperature. 
 
This structural problem has been studied extensively. The difficulty lies in the fact that the 
propellant material exhibits the following properties: 

• It is viscoelastic: stress relaxes in time. Therefore, its stiffness depends on the rate of 
deformation. 

• Constitutive properties depend significantly on temperature: the stiffness of the 
propellant is high close to glass transition, i.e. at the lowest temperature of usage, and 
very low at the highest usage temperature. Using a modulus to describe the stiffness, 
at fixed rate of deformation the modulus may vary between a few GPa to a few MPa 
between -50°C and +70°C. Conversely, the rate of stress relaxation is very low at cold 
temperature and very fast at high temperature. 
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Figure 1: Typical strain hoop distribution in a solid rocket motor charge for thermal cooldown: yellow is 
highest, blue is lowest) 

• Rupture properties depend on temperature: the strain capability is low to intermediate 
at high temperature (a few 10 %) and/or low rate of deformation, very low close to 
glass transition and/or high rate of deformation (a few %) and peaks in between. The 
strength is small at high temperature and/or low rate of deformation (less than 1 MPa 
depending on binder cross-link density) and increases (non-linearly) with decreasing 
temperature and/or increasing rate of deformation (roughly by a factor of 10 
compared to high temperature and low rate of deformation conditions). 

• It exhibits Mullins’ effect [9], a “memory effect” characterized by: a) cyclic softening, 
exponentially decreasing in magnitude with the number of cycles, if it is stretched to a 
given strain, and b): recovery of the initial stiffness if it is stretched beyond the 
previously achieved maximum strain level. Cyclic softening is recovered if the 
propellant is stored for some time at zero deformation, recovery being faster at 
increasing temperature. The thermo-kinetics of this phenomenon is driven by 
Brownian motion and polymer chain reptation [10]. 

• It exhibits stiffness non-linearity due to several causes which are not discussed herein 
[11,12]. 

• Whilst the propellant is normally nearly incompressible, irreversible damage occurs if 
it is stretched to a point where micro-cracks are formed and expand. Damage onset 
depends on the specific propellant formulation, in particular on whether and how 
effective a bonding agent promoting the cohesion between oxidizer particles and 
binder is in the formulation, and on the cross-link density of the binder. A high cross-
link density results in a stiffer material with lower strain capability. References 
describing and modelling this process are, for instance, [13,14,16]. 

 
A very accurate set of non-linear, thermo-viscoelastic material models are in [14]. Continuum 
mechanics and thermodynamics are used to formulate a set of constitutive equations, where a 
strain energy density function depends on internal variables describing the above phenomena. 

Quantitative, practical use of the model for service life prediction is limited by the following 
factors: 
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• Batch-to-batch variability caused by differences in prime chemicals (particularly the 
binder pre-polymers), mixing and curing; 

• Chemical ageing greatly changes constitutive and failure properties.  
 
Typical ageing mechanisms are: 

• Oxidative ageing, whereby molecular oxygen is adsorbed at the free-surface, diffuses 
in the propellant and reacts with the binder through a chain of chemical reactions 
[17,18]. The matter is complicated by the presence of anti-oxidants, which offer 
protection from oxidative ageing by binding radicals but do so with a different 
thermo-kinetics compared to binder oxidation [3]. If the motor is properly sealed, or 
fabricated filling the internal volume with inert gas, ageing is limited by the rate of 
diffusion of oxygen inside the motor, across seals. 

• Migration of volatile chemicals (e.g. plasticizer, curing agent), for example between 
case thermal protection and liner at bonded surfaces, inside the propellant. 

• Softening, either spontaneous, due to binder chain scission (if the binder itself of the 
cross-links generated during curing are weak enough) or the influence of humidity 
(water). 

• Post-cure, occurring if (some of) the curing reactions are slow and continue after 
fabrication. 

 
All of the above processes occur progressively in time and are accelerated by increasing 
temperature. Oxidative ageing, for instance, is an energy-activated process [15] and its 
temperature dependence is therefore typically exponential. This means that the rate of ageing 
at a temperature higher than a reference temperature increases exponentially; conversely, the 
“material lifetime” elapses faster at higher temperature. One may use models, such as the 
Arrhenius equation [3,4,17] or Van’t Hoff [25] to scale storage time as a function of 
temperature: 

 ������� = exp 
−�� �1
� − 1

������ 
 

�� = ����� ∙ �
−�� �1�− 1������ = ����� ∙ ������� 

 

(1) 

�� = ���� ∙ ���−����∆�� �
 

 
(2) 

In (1), aT is the time scaling factor at temperature T (in K), vs. reference temperature Tref 
(time scaling factor aTref, normally set to 1), Ea is an activation energy and R is the universal 
gas constant. If T > Tref, aT > 1 and tT > tTref at the same calendar duration.  

In (2), tT is a duration at temperature T, F is a (reaction rate) change factor within a 
temperature interval and ΔTF is the corresponding temperature interval comprising T and Tref 
(all in °C). 
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The same amount of our “calendar” time at a reference temperature Tref is longer if the motor 
is stored at T>Tref, shorter if T<Tref. 
 
Besides models, look-up table of duration acceleration factors measured during laboratory 
studies are a practical and accurate option. 
An important point is that Arrhenius or any other model describes the dependence of ageing 
rates on temperature. The knock-on effect on mechanical properties used to predict structural 
safety is an entirely different matter, not to be described with chemical reactions but, rather, 
with propellant state equations based on chemical parameters (such as binder cross-link 
density) or empirical curves depending on a reference (or material) time. A thermo-kinetics 
model for ageing consists therefore typically of two sets of equations: 

• A chemical model, like (1), or a look-up table, describing how ageing rates depend on 
temperature, i.e. correlating the dependence of material time elapse on temperature; 

• A model describing the change of all key mechanical properties with time, at a 
reference temperature. This change will be non-linear and can be linearized only in a 
time range. Non-linear evolutions may be caused by oxygen depletion, anti-oxidant 
effects, post cure, and saturation (when a weakly-cross linked propellant increases in 
cross-link density, the strength might increase linearly for a while and then peak, or 
even decrease if the binder becomes excessively stiff and even brittle due to excessive 
cross-link density). 

 
Changes due to oxidative ageing for a medium-elongation, weakly cross-linked composite 
propellant based on AP and cross-linked HTPB as inert binder could be: 
 

Property Change with respect to initial value 

Modulus (slow rate of deformation, high 
temperature) 

+200% 

Strength (maximum corrected stress) +80% 

Strain capability (strain at maximum corrected 
stress) 

-50% 

 

Table 1: Typical changes in propellant mechanical properties due to ageing over life 

Changes are specific to a particular formulation. A fully cross-linked propellant, for example, 
would exhibit different changes. 

3. MOTOR CHARGE AGEING SIMULATIONS 

3.1 Complexity and sensitivity 

The problem of simulating rocket motor charge ageing is arbitrarily complex. A full set of 
equations modelling the phenomenon could include: 

• Equilibrium equations for the charge [4,5,6] (driven by a load history rather than a 
static load); In case of vibrations, dynamic equilibrium. 
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• Thermal energy transfer equations at the motor case (including convection effects), in 
the propellant and in the atmosphere inside the bore; in case of vibrations, thermal 
energy generated at every material point by vibrations and material viscosity. 

• A set of constitutive equations for the propellant, formulated within the assumptions 
of continuum solid mechanics and thermodynamics, such as the models by Ozüpek 
[14]. This set of equations should be able to describe nonlinear, thermos-viscoelastic 
behavior, the Mullins’ effect, strain non-linearity, compressibility and cumulative 
damage at higher strain. 

• The equations of adsorption and diffusion of oxygen and other volatile species inside 
the propellant (e.g. Fick’s equation). 

• An ageing model including: 

o A set of chemical reactions describing binder ageing, including oxidation, and 
how each reaction step depends on temperature, for example like in section 2 
or the scheme proposed in [3,18]. 

o A set of equations describing the effect of the above reactions on propellant 
chemical properties (like the cross-link density) and 

o An equation relating chemical properties to the mechanical properties defined 
within and used by the constitutive equations. 

All would be interrelated: ageing reactions will depend on the concentration of oxygen. Their 
evolution will drive cross-link density, thereby affecting constitutive properties like the 
relaxation modulus, which will determine the level of stress in the propellant at any instant, 
etc. 

The model just described is complex and very sensitive on many of the underlying properties. 
A model could therefore only be calibrated and validated by several experiments and inverse 
analysis, which requires stress sensors and information on bore displacements as a function 
of temperature, for example by radiography or tomography.  

The model is very sensitive on ageing model parameters. Just as an example, we model the 
temperature dependence of ageing with the Arrhenius equation and use the 70 kJ/mol; 100 
kJ/mol activation energy. At 70°C (hot conditions scenario), the reaction rate predicted by the 
model is 147 times faster than at 12°C (storage conditions) with the first parameter and 1247 
with the second value. Assuming that the modulus changes by +200% within one year at 
60°C, starting from 5 MPa, the difference in prediction after five years at 20°C would be 6.59 
MPa vs. 5.36 MPa. Assuming now that sensors measuring the case temperature were 
available and they are in error by +/- 2°C and this error generates a similar error in terms of 
propellant temperature at the bore by a very accurate thermal energy transfer model, the 
difference in prediction would be 6.3 vs. 6.9 MPa after 5 years at 20°C for the first activation 
energy. 

Notice that everything would be made even more complex by differences from motor batch 
to motor batch and from motor to motor (e.g. a slightly different thermal insulation thickness 
caused by tooling tolerances, mounting, insulation mix, etc.). 
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3.2 Bypassing difficulties 

If the only task is to monitor ageing evolution and its effect on structural integrity through a 
non-destructive ageing test, the difficulties mentioned in the previous section can be by-
passed. Sensible simplifications consist in eliminating all effects which are not due to ageing 
and measuring propellant stiffness changes by setting the test described in the next section. 

4. NON-DESTRUCTIVE AGEING TEST 

4.1 Which state property? 

If the ageing test is to be used for the purpose of structural integrity, it should be based on the 
measurement of a structural property to avoid relying on a correlation between another 
property type and properties used for structural assessment. By definition, a non-destructive 
method cannot rely on measuring propellant rupture properties. The main property which: 

• Correlates to the chemical state of the binder (through the binder cross-link density) 

• Correlates to propellant strength and its strain capability1 

• Is sensitive to ageing 

• Can be measured repeatedly without damaging the charge even at comparatively low 
strain (unlike rupture properties, which require breaking a specimen) 

is the stiffness, which expresses how much mechanical energy is stored in the material if the 
material is subjected to deformation by external work or energy input. If the measure of 
stiffness was repeated at the same conditions, and removing the Mullins’ effect, changes 
would be produced by ageing only and measurements, even for a complex material like the 
propellant, can be described as an equivalent modulus related to the specific temperature and 
strain rate conditions of the test. 
To measure the stiffness of a material, one can, by definition, apply a known force to a 
specimen and measure the displacement or apply a displacement and measure the force 
reacted by the material at a fixture. In case of a viscoelastic material, the force would be a 
force history (e.g. a Heaviside step at some force level) and the response would be a 
displacement history (in which case a creep compliance would be obtained). Dually, the 
displacement would be a displacement history (a displacement step or strain rate impulse) 
and the reacted force would be a force history (in which case a relaxation modulus would be 
obtained). 

 
4.2 The test 

The implementation of this in the case of motors is carried out by the following set-up: 

• Dual Bond Stress and Temperature sensors (DBST) are applied to the inner side of 
the rocket motor case, as described in [11], [19] and [20].  

• The motor case is insulated and the response of DBST sensors in the insulated case is 
measured by applying a known temperature history to the sealed motor in a climatic 

                                                 
1 Through a formulation-specific correlation at conditions where viscosity does not bias results 
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chamber having a known convection power and internal aerodynamics. The sensors 
will record stress because they are bonded to the case and the insulation will behave 
similarly to the propellant, even if the thickness of the insulation layer is very small 
compared to the web of the motor charge. 

• Propellant is then cast and cured in the insulated case. The temperature cycle as with 
the insulated case is repeated and the stress recorded after cure completion. If the 
response of the insulated case is subtracted, the stress measured at the sensors is due 
to the propellant only. The effect of changes of temperature and strain rate of the 
insulation between the two configurations can be neglected. The previous cycle is 
therefore a calibration cycle. 

• The modulus is finally obtained from stress data by inverse analysis. 

  

Figure 2: Dual Bond Stress and Temperature Sensor and motors with sensors from 2005 
testing 

The more complex way to derive the modulus would be to derive a relaxation modulus from 
an initial guess obtained by material laboratory characterization (e.g. through relaxation tests 
[21]), iterating finite element analysis by varying the relaxation modulus constants until the 
measured stress is matched within accuracy. A more simplistic, but equally effective way 
would be to use a closed-form solution like in [5,6], using an infinitely long cylindrical 
charge (plane strain), mapped by radial coordinates (r, φ; with displacements u, v) and 
assuming a (equivalent) linear elastic, homogeneous material, stationary conditions and static 
equilibrium. The radial stress for plane strain condition is then: 
 

��� = �
�1 � ���1 − 2��  �1 − ��!�� � �	!## − �1 � ��$ΔT' 

 
The radial stress for free internal boundary, fixed external boundary is: 
 

��� = − $	ΔT	�	�()��) − �*)��)+�1 − 2���() � �*),			�� - ½� 
 
Assuming that the propellant deforms without volume change, we take the limit value for 
incompressibility: 
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lim2→½ ��� = $	ΔT	�	�()	� 1
�) − 1

�*)� (3) 

 
Which shows that if the tension tr = σrr  ·nr (direction unit vector normal to the case) is  
measured with a DBST sensor at ra and the temperature reduction ∆T is set in the experiment, 
the modulus is immediately determined.  

In this setup we measure the modulus by forcing a displacement field, mostly at the bore, 
through a known temperature change and we measure the tension at the bondline. If the 
temperature change is the same because the experiment is repeated in the same climatic 
chamber and the chamber is loaded and driven in the same way, then viscoelastic effects 
during stress build-up while cooling down will be the same. To suppress viscoelastic effects, 
it is sufficient to take the stress measurement after the same time (e.g. at peak stress).  
 
 
 
 
 
 
 
 
 

 

 

 

Figure 3: Motor charge section geometry and effect of thermal cooldown 

If the measure of stiffness was repeated at the same conditions, and removing the Mullins’ 
effect, changes would be produced by ageing only. The method was applied successfully by 
Mußbach and Tussiwand during the M.Sc. thesis of G. Mußbach [22]. Buswell et al. [19] 
proved conclusively that bondline tension measurements are a measure of modulus by 
carrying out the same test with motors filled with the same propellant but different 
volumetric filling: this generated different stresses at the same temperature. Taking into 
account the known and different geometry with closed-form solution equations they obtained 
the same value of the modulus to a few % difference (negligible) caused by the slightly 
different strain rate occurring in motors with different volumetric filling exposed to the same 
cooling power. What was measured was therefore a propellant material property. 

Measurements, even for a complex material like propellant, would be describable as an 
equivalent modulus related to the specific temperature and strain rate conditions of the test. 
More specifically, and using the viscoelastic material model, the stiffness would be a spatial 
average of the relaxation modulus of the material layer which deforms appreciably building 
up mechanical energy (stress and strain), averaged in time over the strain rate and 
temperature histories of that material layer at the conditions of measurement.  

Using the principle of equivalence between a linearly-elastic material and a viscoelastic 
material for a set strain history [23], we can equate this average with an equivalent modulus 

r 

ra ri 
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at a representative propellant temperature and constant strain rate. This modulus could be 
measured in a conventional tensile test [24] at constant, representative strain rate and 
temperature: if so, the stress at the deformation level of the bore would be the same for the 
tensile test and the modulus measured in the test is equivalent to the above average. 
From Figure 1 we observe that the material layer deforming appreciably is a small layer at 
the grain bore. The effects caused by the outer material layer at the bondline should matter 
less, as observed by [20]. 

 

4.3 Observability 
 
The proposed test is only useable if the effect of ageing is either uniform in the entire 
propellant or occurs in a way that is well captured by the DBST sensor. 
Uniform effects could occur in the case of bulk post curing. Oxidative ageing, or humidity-
driven softening, would produce opposite effects mainly in a zone at the bore, right where 
most of the strain caused by thermal cooldown is generated. A finite element model similar to 
the one in [20] has been used to investigate ageing observability if ageing was: 
 
a) only at the inner bore, uniform, and limited to 10% of the web fraction of the charge. 
b) only at the bondline, uniform, and limited to 10% of the web fraction. 
c) at both places at the same time and in the same measure.  
 
A case d) used a modulus distribution based on the complementary Error Function erfc(r) of 
the propellant radius between r i and ra, the modulus peaking at the bore and approaching a 
non-aged value E∞ in the bulk depending on a parameter c in the argument. 
 �:= ��6 − �7�	���8+8�� − �*�, � �7 (4) 
 
If c is high, transition to E∞ is fast. This corresponds to a case of diffusion limited	oxidation, 
which occurs during accelerated ageing tests typical of motor qualification; the motor is 
stored at high temperature, typically between 50 and 60°C, to accelerate ageing (oxidation, 
diffusion, etc.). This accelerates pick-up and diffusion of oxygen and binder oxidation up to a 
point where modulus changes decrease quickly. A priori, oxidation, pick-up and diffusion of 
oxygen have a different rate dependence on temperature, so that the end result is not fully 
representative of more realistic cases of long storage under benign conditions combined with 
shorter times in harsh environment. However, focusing on the final state of the charge after 
accelerated ageing, the test generates strong ageing conditions and shows in general whether 
the design and materials are robust.  
 
The error function is a good choice because it is a solution to Fick’s law of diffusion in one 
dimension (D is the diffusivity of oxygen in the propellant):  
 9:)9� = ; 9):)9<)  

 
This would directly relate to the modulus if the modulus changed linearly with exposure time 
and proportionally to the concentration of oxygen at any radial station. 
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Results were computed for a 180 mm diameter geometry with bore diameter 60 mm, linear 
elastic propellant with an effective modulus of about 5 MPa, a thermal protection layer and 
liner, are as expected (Figure 3-Figure 5). 	

	
Figure 4: Tension normal to the bonded surface assuming that: only the external 10% of the 
charge is aged (magenta); only the internal 10% (blue); or both (red)  

A change in the external layer by a factor of 3 causes a bondline stress increase of merely 
6%, whereas the same change at the internal layer causes a change of bondline stress by 50%.  
The sensitivity to changes in the external layer is 3%, 25% to changes in the internal layer: an 
increase in modulus at the external layer of almost 10 times the internal layer would be 
needed to generate the same effect. 

For cases with extreme diffusion-limited oxidation, case d) was modelled with a factor of 3 
increase at the surface, and little increase after 5% of the web (tangent at r=r i  intersecting E∞ 

at 5% of the web). Results show a 25% increase in bondline stress. 

 

4.4 Verification 
 

Recent work by Mußbach applying this method with subscale motors filled with AP-HTPB 
composite solid rocket propellant showed an increase of bondline stress with progressive 
ageing [27, further data to be published soon], (Figure 6, Figure 7).  

Stress increase data obtained after storing the motors at different temperature and durations 
during an ageing study indicated good correlation with the Arrhenius equation with respect to 
temperature dependence, the activation energy being at the low end of the expected range for 
oxidative ageing [25], at 58 kJ/mol with good correlation up to 70°C (Figure 7, Figure 8). 
There was not sufficient data at 80°C but the available data suggests an energy reduction for 
this propellant inside a motor. 

This completes the initial demonstration in [22]. The energy matched quite well with results 
obtained from tensile tests. 

The tests also show that the phenomenology in a motor can be more complex than with 
dogbone specimens, perhaps due to post-cure (Figure 8). Data up to 30 days at at least 50°C 
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storage increased faster than after 30 days. Two stress increase data points at 70°C were 
taken out of the fit to improve the overall linear correlation. A linear fit with data up to 30°C 
would have given a very different modulus increase prediction; having more data from this 
non-destructive test method allowed to obtain more data and notice this change in behaviour. 
The same data from dissections would have been much more expensive and available later in 
time, and altogether confusing near the 30 days at 50°C condition.  

In the same work, methods to neutralise the Mullins’ effect were applied with success (Figure 
6). 

  

	Figure 5: Left: propellant modulus distribution due to DLO, using the complementary error 
fuunction; Right: The corresponding tension normal to the bonded surface 

Notice that the method will work not only with oxidative ageing, but also in case of bulk 
softening, either spontaneous or due to humidity, since a decrease in modulus will produce 
similar but opposite effects. In fact, every ageing mechanism for a composite propellant will 
affect the modulus of the propellant if it is going to have relevant consequences on structural 
integrity. If it does not affect the modulus, it will not be of practical importance: stabilizer 
depletion, like with primary explosives, is not relevant to ageing of AP-inert binder 
propellants. 

 

Figure 6: Example for analog motor stress increase due to ageing and Mullins effect testing 

 
4.5 Limitations  

 
The main limitations of this method are the following: 

• It does not work with cartridge charges, typical of small motors, except if the 
cartridge is retained at either end through bonding and the DBST is placed at this 
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location. 

• It does not work well if the modulus change is small; some effects were observed with 
a motor filled with a propellant cross-linked to 100% of the HTPB hydroxyl groups, 
which changed little during ageing, but the magnitude of stress increase was close to 
the limit of observability. On the other hand, the propellant aged much less (see the 
remark at the end of the previous section). 

• The method requires a climatic chamber or a known temperature history. 

• Unless DBST sensors are wireless, it seems unrealistic to apply the test to every 
rocket motor in service. Practical ways to offer a built-in indication are discussed in 
section 4.7. 

 

Figure 7: Analog motor stress increase at different temperatures and storage durations 

 

Figure 8: Analog motor stress increase at different temperatures and storage durations: 
shifted data 

 
4.6 Unique load history vs. state property? 

 
We observe that there is no unique solution in terms of temperature history determining a 
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measured modulus increase due to ageing. If precise data on environmental exposure is not 
available, the history of exposure cannot be determined through bondline stress 
measurement. On the other hand, modulus correlates with cross-link density and failure 
properties and is therefore indicative of the state of the propellant and how far it has aged. 
This is more important than reconstructing the temperature history of the motor. Moreover, 
modulus increase is directly correlated to the failure scenarios of interest: 

• If it exceeds a limit, the bondline stress is too close to propellant strength and the risk 
of charge debonding will be excessive if the strength increases less than the modulus; 

• If it exceeds a limit, it means that the propellant became stiffer due to oxidative 
ageing, the strain capability at the bore will be too small and the probability of bore 
cracks appearing during thermal cooldown will be excessive. 

Notice that a reference limit stress increase can be established formally during qualification 
by exposing an instrumented unit to the qualification profile and measuring modulus increase 
at the end of qualification. During service life, as long as the modulus remains within the 
increase measured at the end of qualification, ageing would be covered by qualification 
results. 
 

4.7 Practical implementation 
 
Practical implementation options for this non-destructive test method need to bypass issues 
related to infrastructure (the climatic chamber), test method (fixed temperature history 
application to carry out the test), sensors wiring and logging and data analysis. 

For a rocket motor fleet, the authors suggest the following methods: 

Use of “canary rounds” instrumented with DBST, fabricated with the same propellant as the 
delivery units, either subscale or full scale. These units would be stored with the “fleet 
leaders” [8], i.e. the motors which are either representative of the most exposed items of the 
stockpile, or of most of the motors (if only a small number of motors is used in a severe 
environment and most are stored in a benign environment). Occasionally, the most aged 
canary round would be transported to a facility with climatic chamber and subjected to the 
test (e.g. yearly, or after strong exposure). 

Use of “reference” or “companion” rocket motors, i.e. motors which are fabricated with the 
same propellant and at the same time of a delivery batch, or a group of batches produced with 
the same prime chemicals and having therefore similar propellant properties. These motors 
would be all the time at a facility that can carry out the test, and stored and loaded in a similar 
way as fleet leaders. The driving environmental parameters of the fleet leaders would be 
recorded with non-invasive environmental data loggers on board delivery units. In most 
cases, it would be sufficient to store the companion motors under similar conditions as the 
delivery units and actively apply temperature profiles only in case a motor is exposed to a 
harsh environment.  

Notice that these units could be stored at a slightly higher temperature than delivery units to 
issue a qualified forecast of ageing before it occurs. Whilst most specialists agree that 
accelerated ageing at 60 °C is not representative for motors stored at 10-15 °C in a depot, 
ageing at 25-30 °C would be somewhat accelerated but still representative enough, giving a 
good warning time to the end user at the end of a long service life. 
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Implementation could be combined with other sensors along with DBST sensors. For 
example, oxygen sensors like in [26] could be used to detect cases of oxygen depletion, 
leading to a future decrease of the rate of ageing or a temporary stop. 

Furthermore, notice that the ability to determine ageing progress between two moments in 
life allows “servitization” and the implementation of performance-based acquisition of solid 
motors, where the end user pays a regular fee for real life consumption. 

5. CONCLUSIONS 

A new, non-destructive ageing test for structural health monitoring of solid rocket motor was 
proposed. The test method was validated sufficiently by Mußbach and independently. In spite 
of some limitations, it can be readily implemented to monitor new missile stockpiles or even 
existing stockpiles after a re-graining stockpile upgrade if the procuring organization requires 
it. 
The method is particularly appropriate for expensive or very expensive and capable rocket 
motors and is well suited to implement the “fleet leader” surveillance method proposed for 
such type of ammunition by the newest dedicated international standards [8]. 
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