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Resumen 

Los motores de cohetes de propulsante sólido de material compuesto se 

almacenan habitualmente durante largos períodos de tiempo. A lo largo de este 

periodo de almacenamiento en el polvorín, los motores sufren diversos proce-

sos de degradación o daño, comúnmente denominados como envejecimiento, 

los cuales suponen el origen de defectos, tales como grietas, en el propulsante. 

Estos envejecimientos que se dan a lo largo de la vida del motor tienen su causa 

en procesos químicos, promovidos por la exposición a altas temperaturas, a 

humedad o a oxidantes atmosférico; y procesos mecánicos, tales como las vi-

braciones en los transportes, las deformaciones inducidas debidas al propio 

peso del grano o a tensiones de origen térmico provocadas por los ciclos día-

noche o las estaciones del año, por ejemplo. 

 Los motores de este tipo de propulsantes utilizados en aplicaciones de 

defensa tienen un tiempo de vida útil recomendado por el fabricante. Sin em-

bargo, debido a su alto coste las naciones se ven incentivadas a optimizar su 

vida útil, de manera que su vida en servicio real se suele alargar al máximo 

posible. Esta optimización requiere un equilibrio delicado entre la rentabilidad 

y la fiabilidad operativa. Para evaluar la idoneidad operativa de un motor, es 

habitual la implementación de un conjunto de pruebas, conocidas, en su con-

junto, como programa de vigilancia.  



 

 

Estos programas de vigilancia definen las pruebas a realizar, las metodo-

logías de análisis de datos y establecen los criterios de decisión. En España, la 

Subdirección de Sistemas Terrestres del Instituto Nacional de Técnica Aero-

espacial (INTA) es la responsable de los ensayos de laboratorio para la vigilan-

cia de motores de propulsante de material compuesto. 

Un aspecto crítico que afecta la vida útil de los motores de propulsante 

sólido es la aparición de grietas en el seno del grano. La geometría del grano se 

diseña para lograr un perfil de empuje predeterminado durante la combustión. 

La presencia de grietas altera la superficie de quemado durante el vuelo del 

cohete, poniendo en peligro su operatividad. Es por ello, por lo que se reconoce 

que la evaluación de la integridad estructural del propulsante del motor es de 

suma importancia. 

Sin embargo, debido al complejo comportamiento mecánico y a fractura 

de este tipo de materiales, actualmente faltan procedimientos estandarizados 

para evaluar su comportamiento en fractura. La razón principal es que aún no 

existe un consenso sobre cuál es el parámetro de control o el enfoque de la 

mecánica de la fractura para evaluar la respuesta mecánica de estos materiales. 

Los propulsantes sólidos de material compuesto están formados por múltiples 

constituyentes con respuestas mecánicas muy diferentes: partículas cerámicas 

oxidantes con comportamiento elástico lineal, combustible metálico con com-

portamiento mecánico elasto-plástico y la matriz elastomérica que actúa como 

aglutinante y con respuesta mecánica hiperviscoelástica. A pesar de esta varie-

dad, generalmente se acepta que el comportamiento mecánico de estos mate-

riales se rige principalmente por la matriz elastomérica, que suele ser el cons-

tituyente minoritario.  

La evaluación del comportamiento a fractura de los propulsantes sólidos 

de material compuesto en España es un área de investigación reciente y aún no 

está  plenamente integrada en los programas de vigilancia actuales. Este hecho, 

sumado a la propia complejidad del problema, genera un área de interés para 

la investigación, de manera que se establece el objetivo de esta tesis en la eva-

luación del comportamiento mecánico y a fractura bajo tres tipos de 



 

 

envejecimientos acelerados (mecánico, térmico y por ozono) de un propul-

sante sólido procedente del motor de aceleración de cohetes de dos etapas. Los 

envejecimientos acelerados realizados cubren todos los procesos de degrada-

ción que sufre el grano de un motor durante su vida útil y que son posibles 

fuentes de generación de defectos y grietas. El material objeto de estudio fue 

un propulsante de alta energía con matriz de polibutadieno carboxiterminal, 

partículas oxidantes de perclorato amónico y aluminio micronizado como com-

bustible. Previo al análisis del efecto del envejecimiento, se determinó la res-

puesta mecánica y a fractura del propulsante a distintas velocidades de defor-

mación para establecer el comportamiento del material virgen. Desde el punto 

de vista metodológico se empleó la mecánica de la fractura viscoelástica desa-

rrollada por Schapery, usando como parámetro de control tanto la integral J, 

como la apertura de la punta de la grieta (CTOD, por sus siglas en inglés). 

Del análisis inicial sobre el efecto de la velocidad de deformación en el 

comportamiento mecánico y a fractura se determinó el marcado comporta-

miento viscoelástico del propulsante analizado, es decir, su importante depen-

dencia del tiempo. Esto se tradujo en un material más rígido y que soportaba 

mayores cargas y deformaciones a mayores velocidades de deformación. Ade-

más, se identificó que la principal causa por la que crecen las grietas es el des-

garro de la matriz. No obstante, para velocidades de deformación suficiente-

mente elevadas, la energía aportada en el proceso de carga es capaz de romper 

la intercara que une las partículas oxidantes de perclorato amónico con la ma-

triz elastomérica. Respecto al comportamiento a fractura, los valores de inicia-

ción y propagación tanto de la integral J, como de la apertura de la punta de la 

grieta han sido mayores cuanto mayor era la velocidad de deformación, eviden-

ciando la dependencia de los fenómenos viscosos en el comportamiento a frac-

tura del propulsante. 

A continuación, se evaluaron los efectos de tres tipos de envejecimiento 

acelerado sobre el comportamiento mecánico y a fractura del propulsante ana-

lizado. Los envejecimientos propuestos fueron: mecánico, imponiendo una 

precarga en la dirección del ensayo hasta alcanzar una deformación del 15% y 



 

 

del 30%; térmico, introduciendo las probetas de propulsante en un horno a una 

temperatura constante de 80 ºC durante 24 y 36 días; y con ozono, exponiendo 

al propulsante a una concentración constante de aproximadamente 160 ppm 

durante 14, 21, 32 y 42 días. En este caso, también se realizó la caracterización 

a fractura a través de la aproximación de la mecánica de la fractura viscoelástica 

propuesta por R. Schapery. Los ensayos llevados a cabo fueron, igualmente, 

ensayos de relajación, tracción uniaxial y fractura. En esta campaña experimen-

tal, todos los ensayos se realizaron a la misma velocidad de desplazamiento de 

5 mm/min. Asimismo, se realizó un análisis fractográfico de las superficies de 

fractura para observar los mecanismos de propagación de las grietas. Además, 

se llevó a cabo una caracterización química para determinar la densidad de en-

trecruzamiento de la matriz del propulsante para todos los envejecimientos es-

tudiados.  

De los resultados obtenidos se determinó que: 

➢ El envejecimiento mecánico se relaciona con la decohesión entre las 

partículas oxidantes de perclorato amónico y la matriz elastomérica, 

además de apreciarse un ligero endurecimiento de ésta, sin dar lugar a 

cambios en la densidad de entrecruzamiento. El comportamiento a re-

lajación no se vio alterado por este envejecimiento y el comporta-

miento a tracción mostró un marcado efecto Mullins. El comporta-

miento a la fractura tampoco se vio significativamente afectado, de ma-

nera que el proceso de propagación de la grieta requirió ligeramente 

menos de energía en el propulsante más envejecido. Esta variación de 

la energía de fractura se asoció a la energía para producir la decohesión 

de parte de las partículas oxidantes de la matriz, ya que ésta no expe-

rimenta cambios significativos de la densidad de entrecruzamiento. 

➢ El envejecimiento térmico se ha asociado con un aumento en la densi-

dad de entrecruzamiento y correlacionado con un drástico aumento en 

la rigidez y resistencia del propulsante, reduciendo significativamente 

su capacidad de deformación. En este caso, el comportamiento a frac-

tura del material envejecido resultó en un proceso de propagación de 

grieta más estable, directamente relacionado con los cambios en las 



 

 

capacidades mecánicas de la matriz elastomérica y el hecho de que el 

proceso de fractura se produce principalmente a través del desgarro de 

la misma. 

➢ El envejecimiento por ozono se ha empleado con éxito para simular el 

envejecimiento producido por la exposición al ambiente atmosférico y 

a la humedad. Las reacciones de ozonólisis afectaron la matriz elasto-

mérica reduciendo su densidad de entrecruzamiento. Esto resultó en 

una disminución de la rigidez, la capacidad de carga y el desempeño 

en fractura. Las grietas en el propulsante envejecido comenzaron a 

crecer con menores energías de fractura, implicando una propagación 

menos resistente y estable en comparación con el material no enveje-

cido, lo que se relaciona directamente con la ruptura de las cadenas 

poliméricas, ya que el progreso de la fractura ocurre fundamental-

mente a través del desgarro de la matriz. 

Asimismo, teniendo como referencia para la aplicación de la aproximación 

de la mecánica de la fractura viscoelástica el material en el instante inicial antes 

de iniciar la relajación, las energías de fracturas y el CTOD determinados re-

ducen su valor alrededor del 70% respecto a los determinados sin tener en 

cuenta el efecto de los procesos viscosos. Se observó que, para las altas veloci-

dades de deformación, cuando el propulsante no tiene tiempo para relajar dar 

lugar a los fenómenos disipativos, los valores de energía de fractura y el CTOD 

apenas se veían modificados, resaltando la necesidad de la aplicación de la me-

cánica de la fractura viscoelástica. 

Con relación a la aplicación de esta aproximación de la mecánica de la 

fractura viscoelástica en la caracterización a fractura de los propulsantes sólidos 

de material compuesto, se ha de tener en cuenta que los parámetros de fractura 

obtenidos a través de dicha metodología resultan depender de una constante 

arbitraria. No obstante, se ha podido determinar que la tensión cohesiva en la 

punta de la grieta es independiente de dicha arbitrariedad y, por tanto, supone 

un parámetro de fractura con una mayor aplicabilidad. 



 

 

Los envejecimientos han producido diversos cambios en el propulsante de 

partida, lo cual se ha visto reflejado en las diferentes propiedades determinadas 

durante la caracterización, observándose diferentes tendencias para cada una 

en función del tipo de envejecimiento. Para salvar la problemática de identifi-

car el daño soportado por el propulsante según el tipo y grado de envejeci-

miento que predomina sobre el material, se ha empleado de manera satisfacto-

ria el análisis por componentes principales, permitiendo identificar de manera 

clara aquellos materiales envejecidos en unas condiciones concretas respecto 

de las demás. 

 

 



 

 

Abstract 

The work summarised in this thesis comprises an extensive experimental 

campaign focused on the evaluation of the structural integrity of an ageing 

composite solid propellant (CSP) coming from booster stage of a two-stage 

rocket motor. This propellant was a high energy carboxyl-terminated polybuta-

diene (CTPB) based binder matrix with ammonium perchlorate (AP) oxidiser 

and aluminium (Al) powder fuel. The experimental campaign was divided into 

two parts: a preliminary characterisation centred on the starting material and 

a second characterisation focused on the evaluation of the behaviour of the 

propellant under several ageing conditions. In both characterisation stages, the 

time-dependent behaviour of the CSP has been assessed through relaxation, 

uniaxial tensile and fracture tests. Fracture characterisation was performed us-

ing the viscoelastic fracture mechanics approach developed by R. Schapery 

(Schapery, 1984), due to the remarkable viscous nature of the studied CSP. 

 During the preliminary characterisation, the strain rate effect on mechan-

ical and fracture behaviours. It was observed that increasing the strain rate 

translated to a stiffer, more resistant material with unusual higher straining 

capability at the same time. The primary mechanism responsible for the growth 

of defects was the matrix tearing. Nevertheless, it was found that strain rate 



 

 

may influence this primary fracture mechanism by increasing the strain rate, 

producing not only the matrix tearing, but also the decohesion between the 

greater oxidiser particles and the matrix, phenomenon called dewetting. This 

well-known damage in CSP was also detected by dilatation phenomenon and 

Poisson’s ratio reduction. Determined fracture energies presented a depend-

ency on the strain rate, being required more energy to initiate crack growth 

and propagate the crack when higher strain rates are applied, even when the 

viscoelastic fracture mechanics was applied. 

In the following characterisation, the CSP was subjected to three types of 

accelerated ageing: mechanical, thermal and ozone. These accelerated ageing 

sources were chosen to represent the main ageing phenomena that a CSP 

rocket motor might experience during its lifetime. Measurements of crosslink-

ing density of the CSP were done to relate it to the variations of the mechanical 

and fracture responses. 

The accelerated mechanical ageing, as an applied preload, was manifested 

as a dewetting promotion inducing a mechanical behaviour affected by 

Mullin’s effect. The fracture behaviour was not significantly modified by this 

type of ageing where fracture energy was slightly less demanding. Crosslinking 

density measurements did not show a change with the ageing. Therefore, the 

conclusion was that the small changes in the fracture energy are related to the 

generated dewetted surface during the preload, while the matrix tearing pro-

cess, which is more significant, was unaltered.  

Thermal accelerated ageing, which consisted in isothermal ageing, signif-

icantly changed the mechanical response of the CSP, severely increasing its 

stiffness and strength, while drastically reducing the straining capability. The 

fracture behaviour was determined to be more energetically demanding after 

the ageing. These changes were connected to the increase of the crosslinking 

density, resulting in higher energies required to tear the stiffer and more cross-

linked matrix. 

The ozone accelerated ageing, which is a novel procedure proposed in this 

thesis, also produced significant alterations of the mechanical and fracture 



 

 

behaviours. It was observed a relevant decrease of the stiffness and load bear-

ing capacity of the CSP, as well as less demanding crack growth initiation and 

propagation. The induced ozonolysis reactions produced the rupture of the 

polymeric chains, decreasing the crosslinking density. Thus, the matrix tearing 

process required lower energy. 

Following the strip yield models, the fracture process zone (FPZ) models 

assume a region around the crack tip where the material is not fully damaged 

and there exist stresses holding the sides of the crack. This closure or cohesive 

stress was determined as the one of the best fracture parameters to characterise 

the fracture of the CSP using the viscoelastic fracture mechanics approach. It 

was found that this closure or cohesive stress at the failure zone at the crack tip 

is related to the dewetting stress determined through the uniaxial tensile be-

haviour. 

Reported parameters during the characterisation are numerous and each 

of them follows a different trend for the different ageing source. To handle all 

this information, the principal component analysis (PCA) statistical multivar-

iate method was successfully employed to reduce the number of variables in-

volved and identify the material that has been subjected to a specific type and 

grade of ageing. 
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I 

Acronyms and symbols 

Acronym 
 

Symbol Description 
  

𝑇⃗ 0  Surface tractions vector 

𝑓𝐶(𝑝)  Laplace-Carson transformed function 

𝑚̇𝑏  Mass flow rate of combustion gases 

𝑚̇𝑒  Exit mass flow rate 

𝑢⃗ 0  Applied displacements on the boundary 

𝑥̅𝑗  Mean value of the 𝑗𝑡ℎ variable 

Γ∗  Contour surrounding a crack tip section 

Π𝐹  Body forces energy 

Π𝑇  Work done by tractions 

Π𝑇𝑜  Total energy 

Π𝑠  Stored deformation energy 

𝐴∗  Area surrounding a crack tip section 

𝐴𝑏  Burning surface area 

𝐴𝑡  Area of the nozzle’s throat 

𝐶1  Power law constant for J-resistance curves 

𝐶1
′  Power law constant for CTOD-resistance curves 

𝐶2  Power law exponent for J-resistance curves 



 

II 

Acronym 
 

Symbol Description 
  

𝐶2
′  Power law exponent for CTOD-resistance curves 

𝐶𝑅  Flexibility of the elastic reference material 

𝐷𝑅  Reference compliance or compliance of the reference elastic mate-

rial 

𝐸̅(𝑡)  Normalised relaxation function 

𝐸0  Instantaneous or glassy modulus 

𝐸∞  Equilibrium modulus 

𝐸𝑅  Reference modulus or elastic modulus of the reference elastic mate-

rial 

𝐸𝑅  Apparent elastic modulus from stress, 𝜎, versus pseudo strain, 𝜀𝑅, 

curve 

𝐸𝑎  Apparent activation energy 

𝐸𝑖  Modulus of the spring of a 𝑖𝑡ℎ Maxwell element 

𝐺𝑅  Shear modulus of the elastic reference material 

𝐼𝑠𝑝  Specific impulse 

𝐽𝐼𝑐  Critical J integral for mode I 

𝐽𝑅  Pseudo J integral or viscoelastic J integral 

𝐽𝑐  Critical J integral 

𝐽𝑝𝑙  Plastic J integral 

𝐾𝑅  Bulk modulus of the elastic reference material 

𝑅2  Coefficient of determination 

𝑆∗  Surface contour surrounding a crack tip 

𝑆0  Initial cross-section 

𝑆𝑖𝑗   Separation parameter 

𝑇⃗   Tractions vector 

𝑇𝑎  Accelerated ageing temperature 

𝑇𝑔  Glass transition temperature 

𝑇𝑖   Tractions vector 

𝑇𝑖
𝑅  Pseudo tractions vector 

𝑇𝑠  Storage temperature 

𝑈𝑅  Energy under the load versus pseudo displacement curve 

𝑈𝑒𝑙   Elastic energy under load versus displacement curve 



 

III 

Acronym 
 

Symbol Description 
  

𝑈𝑝𝑙  Plastic energy under load versus displacement curve 

𝑈𝑝𝑙  Energy under the load versus plastic displacement 

𝑉0  Initial volume 

𝑊𝐹  Work of fracture 

𝑊𝑆  Work needed to produce new surface 

𝑊𝑓  Final propellant mass 

𝑊𝑖  Initial propellant mass 

𝑏⃗   Body forces 

𝑐𝐹  Thrust coefficient 

𝑒𝑚𝑎𝑥  Engineering strain at maximum of uniaxial stress vs strain curve 

𝑓𝑡  Maximum stress in a cohesive linear softening function 

𝑝𝑐  Combustion chamber’s pressure 

𝑟̇  Burning rate 

𝑠𝑗  Standard deviation of the 𝑗𝑡ℎ variable 

𝑠𝑚𝑎𝑥  Engineering stress at maximum of uniaxial stress vs strain curve 

𝑡1  Time to reach the applied strain in a relaxation test 

𝑡25  Equivalent storage time at 25 ºC  

𝑡𝑎  Accelerated ageing time 

𝑡𝑠  Storage time 

𝑢⃗   Displacement vector 

𝑢̇  Displacement rate 

𝑢𝑅  Applied pseudo displacement in fracture test 

𝑢𝑐  Crack tip displacement to complete failure of a cohesive linear sof-

tening function  

𝑢𝑖   Displacements vector 

𝑢𝑖
𝑅  Pseudo displacements vector 

𝑢𝑛𝑙
𝑅   Non-linear displacement of the reference elastic body 

𝑢𝑝𝑙  Plastic displacement 

𝑥𝑖𝑗   Value of the 𝑗𝑡ℎ variable corresponding to the 𝑖𝑡ℎ observation 

𝑧𝑖𝑗   Standardised value of the 𝑗𝑡ℎ variable corresponding to the 𝑖𝑡ℎ ob-

servation 

𝛿𝑅  Pseudo crack tip opening displacement  



 

IV 

Acronym 
 

Symbol Description 
  

𝜀0  Applied strain in uniaxial extension configuration 

𝜀11  Longitudinal strain in direction 1 

𝜀𝑅  Strain in the reference elastic body or pseudo strain 

𝜀𝑑𝑒𝑤  Dewetting strain 

𝜀𝑑𝑒𝑤
𝑅   Dewetting strain of the reference elastic material 

𝜀𝑖𝑗  Second-rank strain tensor 

𝜀𝑙  Longitudinal strain 

𝜀𝑚𝑎𝑥  True strain at maximum of uniaxial stress vs strain curve 

𝜀𝑡  Transverse strain 

𝜂𝑒𝑙  Elastic constraint or calibration factor 

𝜂𝑝𝑙  Plastic constraint or calibration factor 

𝜈0  Initial Poisson’s ratio 

𝜈0
𝑅  Initial Poisson’s ratio of the reference elastic material 

𝜈𝑅  Poisson’s ratio of the reference elastic material 

𝜌𝑝  Density of the propellant 

𝜎0  Applied stress in uniaxial stress configuration 

𝜎11  Normal stress in direction 1 

𝜎𝑌  Yield stress 

𝜎𝑑𝑒𝑤   Dewetting stress 

𝜎𝑖𝑗  Second-rank stress tensor 

𝜎𝑚  Closure or cohesive stress 

𝜎𝑚𝑎𝑥   True stress at maximum of uniaxial stress vs strain curve 

𝜏𝑖  Relaxation time of the dashpot of a 𝑖𝑡ℎ Maxwell element 

𝜔𝐹
𝑅  Pseudo body forces energy density 

𝜔𝑠
𝑅  Pseudo strain energy density 

𝜺̇  Second-rank strain rate tensor 

𝜺𝟎  Second-rank initial strain tensor 

∆𝑎  Crack extension 

ADN Ammonium dinitramide 

AK Potassium nitrate 

AN Ammonium nitrate 

AP Ammonium perchlorate 



 

V 

Acronym 
 

Symbol Description 
  

BTTN Butane-1,2,4-triol trinitrate 

CLD Crosslinking density 

CMOD Crack mouth opening displacement 

CSP Composite solid propellant 

CT Compact tension configuration 

CTOD Crack tip opening displacement 

CTPB Carboxyl-terminated polybutadiene 

DIC Digital image correlation 

DMA Dynamic mechanical análisis 

DMP Dimethyl phthalate 

DOA Dioctyl adipate 

DOP Dioctyl phthalate 

DSC Differential scanning calorimetry 

FA Factor analysis 

FDM Fused deposition modelling 

GAP Glycidyl azide polymer 

GC Gas chromatography 

HMDI Hexamethylene diisocyanide 

HPLC High-performance liquid chromatography 

HTPB Hydroxyl-terminated polybutadiene 

IDP Isodecyl pelargonate 

INTA Instituto Nacional de Técnica Aeroespacial 

IPDI Isophorone diisocyanate 

KP Potassium perchlorate 

MAPO Methyl aziridinyl phosphine oxide 

MD Molecular dynamics 

MTN Metriol trinitrate 

NC Nitrocellylose 

NG Nitroglicerine 

PBAA Polybutadiene acrylic acid 

PBAN Polybutadieneacrylic acid acrylonitrile 

PC Principal component 



 

VI 

Acronym 
 

Symbol Description 
  

PCA Principal component analysis 

PLA Polylactic acid 

PSAN Phase-stabilised ammonium nitrate 

ROI Region of interest 

SEM Scanning electron microscopy 

SENB Single-edge-notched-bending configuration 

SENT Single-edge-notched-tension configuration 

SVD Singular value decomposition 

TDI Toluene-2,4-diisocyanate 

TEGDN Triethylene glycol dinitrate 

TGA Termogravimetric análisis 

TMETN Trimethylol ethane trinitrate 

TMP Trimethylol propane 

Π  Potential energy 

𝐴  Crack surface 

𝐵  Thickness 

𝐷(𝑡)  Uniaxial creep compliance function 

𝐸  Apparent elastic modulus 

𝐸(𝑡)  Uniaxial tensile relaxation function or relaxation modulus 

𝐹  Thrust 

𝐺  Energy release rate 

𝐺(𝑡)  Shear modulus or deviatoric relaxation function 

𝐻  Deformation function 

𝐻(𝑡 − 𝑡0)  Heaviside step function 

𝐽  J integral 

𝐾  Factor loading matrix 

𝐾(𝑡)  Bulk modulus or volumetric relaxation function 

𝑃  Load 

𝑃  Factor scores matrix 

𝑄  Proportionality constant between separation parameter, 𝑆𝑖𝑗 , and the 

geometric function, 𝑔 

𝑅  Ideal gas constant 



 

VII 

Acronym 
 

Symbol Description 
  

𝑅  Correlation matrix 

𝑆  Soluble fraction 

𝑆  Sol fraction 

𝑆  Cross-section 

𝑆  Scaling diagonal matrix whose values correspond to the square root 

of 𝑅𝑅𝑇 

𝑇  Temperature of the combustion chamber 

𝑈  Energy under load versus displacement curve 

𝑈  Rotation matrix whose columns are the eigenvectors of 𝑅𝑅𝑇 

𝑉  Volume 

𝑉  Crack mouth opening displacement 

𝑉  Rotation matrix who rows are the eigenvectors of 𝑅𝑇𝑅 

𝑊  Width 

𝑍  Standardised variables matrix 

𝑎  Crack length 

𝑏  Ligament 

𝑒  Engineering strain 

𝑓(𝑡)  Function in the time domain 

𝑔  Gravitational constant 

𝑔  Geometric function 

𝑘  Function for the determination of the burning rate 

𝑚  Power law exponent of the geometric function 𝑔  

𝑚  Crack tip triaxiality dimensionless constant 

𝑛  Exponent for the determination of the burning rate 

𝑛  Number of observations 

𝑝  Complex variable of the Laplace-Carson domain 

𝑟  Rotation factor 

𝑠  Engineering stress 

𝑢  Applied displacement in fracture test 

𝕃  Fourth-rank linear operator 

𝛼  Empirical constant used to determine the accelerated thermal age-

ing times 



 

VIII 

Acronym 
 

Symbol Description 
  

𝛾  Specific heats ratio 

𝛿  Crack tip opening displacement 

𝜀  True strain 

𝜂  Constraint or calibration factor 

𝜈  Poisson’s ratio 

𝜌  Density 

𝜎  True stress 

𝜏  Time 

𝜔  Elastic energy density 

𝜺  Second-rank strain tensor 

𝝈  Second-rank stress tensor 
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Composite solid rocket propellant (CSP) motors can be designed to its 

direct use after manufacture, which could be the case of some specific applica-

tions, but motors are usually stored for large periods of time. Over the storage 

time, these motors undergo several degradation processes, usually termed as 

ageing or damaging processes, that are one of the sources of defects/crack gen-

eration and can be caused mainly by: 

➢ The exposition to high temperatures or humid atmospheres, promot-

ing oxidation reactions during shelf life. 

➢ Vibrations during transport, handling of the motors, gravity and peri-

odic rotations (used to lessen weight induced strains) and thermal var-

iations during storage and transport. 

The more direct strategy to evaluate the degradation phenomena during 

a lifecycle of CSP is through accelerated ageing procedures. Accelerate ageing 

permits the evaluation of aged CSP properties in a reasonable time span. CSP 

motors utilised in defence applications typically possess a service life expec-

tancy, as designated by the manufacturer. However, disposal decisions are not 

solely based on this timeframe and may consider degradation in various motor 

components (Reeling Brouwer et al., 2005). To assess a motor's continued op-

erational suitability, a comprehensive suite of tests, collectively known as a sur-

veillance program, is implemented (Torry et al., 2001). High lifecycle costs of 

rocket motors incentivise nations to optimise their service life. This optimisa-

tion necessitates a delicate balance between cost-effectiveness and operational 

reliability (Bennet, 1997). Surveillance programs serve as a cornerstone in this 

endeavour, ensuring the safety of munitions while maximising their usable 

lifespan. Consequently, the selection of tests employed within the surveillance 

program, the data analysis methodologies utilised and the established decision 

criteria all hold paramount importance. 

International surveillance programs for CSP motors vary due to the des-

ignation of responsible institutions by individual nations. The selected institu-

tions rule their individual test selections, data analysis methodologies and 
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decision criteria. In Spain, the National Institute of Aerospace Technology (In-

stituto Nacional de Técnica Aeroespacial, INTA) manages CSP motor surveil-

lance through its Subdirectorate of Terrestrial Systems. 

A critical aspect impacting CSP motor lifespan is propellant grain aging. 

Established surveillance programs typically employ the following chemical and 

mechanical tests (STANAG 4581, 2022): 

➢ High-performance liquid chromatography (HPLC) to determine re-

maining antioxidant. 

➢ Sol-gel measurements to determine the soluble fraction or crosslink-

ing density. 

➢ Gas chromatography (GC) to calculate the content of plasticiser. 

➢ Uniaxial tensile tests to evaluate the mechanical performance. 

➢ Dynamic mechanical analysis (DMA) used to evaluate the viscoelastic 

capability of the propellant. 

➢ Shore A Hardness. 

Despite exhibiting excellent chemical stability during extended storage 

and transportation, CSP reliability is primarily challenged by crack develop-

ment within the propellant grain. Grain geometry is specifically designed to 

achieve a predetermined thrust profile during combustion. The presence of 

cracks alters the combustion surface area throughout rocket flight, jeopardising 

motor performance.  Therefore, structural integrity assessment of the propel-

lant grain holds paramount importance (Tussiwand et al., 2009). 

However, due to the complex mechanical and fracture behaviour of CSP 

materials, standardised procedures for evaluating their fracture performance 

are currently lacking (NATO-AOP-46, 2022). The reason is that there is not 

even yet a consensus on which is the control parameter or the fracture mechan-

ics approach to evaluate the mechanical response of these materials.  CSP are 

formed by multiple constituents with very different mechanical responses: ce-

ramic oxidiser particles with linear elastic behaviour, metallic fuel with elasto-

plastic mechanical performance and the elastomeric matrix acting as binder 
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and with hyper-viscoelastic mechanical response. Despite this miscellany, it is 

generally accepted that the mechanical performance of these CSP is mainly 

governed by the elastomeric binder, which is usually the minor principal con-

stituent. Consequently, for a proper fracture characterisation, the use of the 

viscoelastic fracture mechanics is mandatory to account for the time-depend-

ent behaviour of the elastomeric matrix. In this work, approach developed by 

Schapery (Schapery, 1984) has been employed. The underlying problem is that 

the methodology under this fracture approach still presents some open ques-

tions which prevents its widespread application. 

Fracture assessment for these materials in Spain is a recent area of inves-

tigation and is not yet integrated into established surveillance programs. This 

thesis contributes to INTA's efforts towards enhancing its surveillance capa-

bilities by focusing on the fracture behaviour of a CSP based on carboxyl-ter-

minated polybutadiene (CTPB) binder system, coming from the booster stage 

of a two-stage rocket, under three distinct (accelerated) ageing conditions. The 

degradation conditions selected were mechanical ageing, thermal ageing and 

ozone ageing, thus covering all natural degradations a CSP can experience dur-

ing its lifetime. 

Finally, the potential of principal component analysis (PCA) as a decision-

making tool for surveillance programs is explored. Implementation of PCA 

could potentially optimise the number of tests and data analysis procedures, 

leading to reduced surveillance costs for CSP motors. 
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2.1. SOLID PROPELLANTS.  DESCRIPTION AND 

PERFORMANCE CHARACTERISTICS  

From horses to rockets, propulsion systems have been one of the corner-

stones of the development of the human society. These systems have helped us 

to evolve technologies such as vehicles, railways, ships or aircrafts. Their de-

velopment has shaped our present and will define our future. The context of 

this thesis is framed under the rocket propulsion technologies. A graphic rep-

resentation of the state-of-the-art propulsion technologies is given in Fig. 1, 

where it can be appreciated the wideness of the rocket propulsion field. Alt-

hough new propulsion systems are being explored, only chemical, electrostatic 

and electrothermal technologies are commercially available. Indeed, chemical 

propulsion systems represent the unique solution to access to space due to the 

power density and achieved vehicle acceleration, despite the modest specific 

impulse. Solid rocket propulsion is one of the chemical rocket technologies. 

 

Fig. 1. Propulsion technologies’ state of the art by NASA. From (DeLuca et al., 2017c). 

The solid propulsion systems are based on solid fuels to power the motor of 

aircrafts or missiles in civil or military applications, such as air-to-air missiles 
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(Sutton et al., 2017). Amongst the nonmilitary applications, it stands out the 

space launches and safety devices in the automotive and aviation industries 

such as inflators and airbags. Other applications are gas generators suited for 

fire suppression, emergency surfacing of submarines, ships or sinking objects 

(Bozic et al., 2017).   

Solid propellants are known for their high energy density, long storage 

times, high reliability, manufacturability and low cost, amongst others 

(DeLuca et al., 2013; Singh, 2017). Due to these characteristics, solid propel-

lant motors have been and still are one of the most popular technologies em-

ployed on rocket propulsion (Humble, 1995). Solid propellant technology has 

come a long way since its inception and continues to evolve to improve perfor-

mance, safety and environmental impact (DeLuca, 2016; Trache et al., 2017). 

The development of solid propellants is somehow hidden or difficult to 

track (Hunley, 1999), perhaps due to the fact that this development is closely 

related to defence and military matters. The early days of these propellants are 

believed to begin centuries ago, around 1000-220 B.C. (DeLuca et al., 2017b; 

Krishnamurthy et al., 2017; Sutton et al., 2017), in the ancient China where 

they used a kind of “black powder” for leisure (pyrotechnics) and defence (fir-

ing and flying arrows) (Geisler et al., 2010; DeLuca et al., 2017b). The first 

steps towards todays rocket launchers were made by the Chinese Wan Hoo 

around 1500 A.D., sadly unsuccessfully (Krishnamurthy et al., 2017). That 

technology advanced to the first castable composite solid propellant which was 

developed by John W. Parsons around 1942 (Hunley, 1999). This was the ear-

liest application to jet-assisted take-off (JATO) units, whose principal compo-

sition was potassium perchlorate within a pourable asphalt binder (Sforza, 

2016). It was the II World War the principal driving force for the development 

of composite solid propellants in the missiles field, which until then had been 

only used in gas generators and guns (Krishnamurthy et al., 2017; Sforza, 

2016). 
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A summary of the developments of different solid propellants is displayed 

in Fig. 2. As cited before, motivated by the II World War during the 1950s-

1970s, there was high interest in the production of improved materials. A re-

markable manufacturer was Thiokol company, responsible for the invention of 

PBAN (used for large motors) and, later, they introduced CTPB (Hunley, 

1999). Those were the most popular until the 1970s (Klager, 1984), when 

HTPB gained its place, although it was first developed in the earlies 1960s 

(Quagliano Amado et al., 2022). 

 

Fig. 2. Historical development of some significant solid rocket propellants technologies. Adapted 

from (DeLuca et al., 2017b). 

Although the military use has been the great motivation of these materials, 

the aerospace industry gain weight in the development and use of solid rocket 

motors. The propellant mass employed in missile motors can range in the order 

of magnitude of tens or hundreds of kilograms (Jain, 2002). Nevertheless, solid 

stages in space launches can reach the impressive figures of approximately half 

a million kilograms as shown in Fig. 3. Such importance could be devised 

through the fact that several nations have developed their own solid propellant 

motors (as first-stage) for launch vehicles, e. g., Scout, Delta, Titan, Atlas, Peg-

asus and Space Shuttle (U.S.), Ariane (France), H-2 (Japan) or Long March 

CZ-2E (China) (Humble, 1995). 
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Fig. 3. Propellant mass fraction versus total mass of propellant for various solid stage motors. Adapted 

from (Humble, 1995). 

Although composite solid propellant materials must gather a large list of 

characteristics to be used in missile and rocket motors, the thrust profile pro-

vided to the motor is always the final aim. The specific impulse, 𝐼𝑠𝑝, is a meas-

ure of the efficiency of the motor to convert the propellant’s energy into thrust, 

𝐹, (Sforza, 2016).  

 

Fig. 4. Specific impulse versus mass density chart for different composite solid propellant technolo-

gies. From (Davenas, 2003). 
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Specific impulse is proportional to the thrust as described in (1), whose 

relation depends on the exit mass flow rate 𝑚̇𝑒 and gravitational constant 𝑔. As 

it can be seen in Fig. 4, the specific impulse, that is, the thrust of a composite 

solid propellant rocket motor supplied by the propellant is strongly dependent 

on the propellant’s composition. For this reason, the pursuit of more energetic 

compositions is constant (Singh, 2017).  

𝐼𝑠𝑝 =
𝐹

𝑚̇𝑒𝑔
 (1) 

 

Nevertheless, this is not the only important characteristic to consider in 

order to provide the required thrust. The geometrical design of the propellant 

grain in the motor is also a vital to deliver the amount of power at the right 

time. Fig. 5 shows a collection of several grain geometries, whose designs are 

intended to develop the burning or combustion surface to produce a specific 

thrust during flight.  

 

Fig. 5. Schematic of various examples of propellant grain geometries. Adapted from (James S. et al., 

1973). 

Several cross-sections together to their typical thrust profile are shown in 

Fig. 6. These thrust profiles can be described depending on the thrust, pressure 

and burning surface area evolution during the flight (El-Sayed, 2016): 
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➢ Neutral burning: thrust, pressure and burning surface are main-

tained constant. 

➢ Progressive burning: an increase in thrust, pressure and burning 

surface are shown during this stage. 

➢ Regressive burning: at this stage the thrust, pressure and burning 

surface area decrease. 

In any case, the design of the cross-sections of the composite solid propel-

lant rocket motors must also consider the structural integrity of the propellant’s 

grain, since stress concentrations can be induced by the geometry, which would 

eventually induce the generation and propagation of cracks that modify the 

initially designed burning surface and in so, altering the profile thrust during 

the flight of the motor. 

 

Fig. 6. Schematic of some examples of different grain sections and the thrust they provide during the 

burning time. From (El-Sayed, 2016). 

2.1.1. Solid propellant types 

Solid propellant motors are classified in diverse ways attending to its ap-

plication, size, composition or thrust action, amongst others (Sutton et al., 

2017). One commonly employed is the classification by their composition. 

This classification divides solid propellants into two great families: homogene-

ous and heterogeneous propellants. 



Introduction
 

 

  15 

2.1.1.1. Homogeneous solid propellants 

Homogeneous solid propellants (double-base) are the earliest kind of 

modern solid propellants and are still in use (Whitehouse et al., 1997), as 

shown in Fig. 2. Usually, they are named with regard to a subclassification: 

single, double and triple-base propellants. Double-based solid propellants are 

the most utilised of their type. 

Double-base solid propellants consist of a colloidal mixture of nitroglyc-

erine (NG) and nitrocellulose (NC), plus additives. The NC is the solid binder 

of the grain and appears in a 30-50 wt%, usually plasticised with NG in 20-50 

wt% (Sutton et al., 2017). Some classifications refer to propellants containing 

NC as nitrocellulose ones, as the one in Fig. 2. The NG is probably the most 

popular reactive plasticiser (liquid and explosive), but it is not the only used. 

Here, the NC serves as a stabiliser for the NG and the NG serves as gelification 

agent for the NC (Sforza, 2016). Amid all the varied additives, one might ex-

pect burning rate modifiers, coolant, opacifiers, stabiliser, antioxidants, visible 

flame suppressants or lubricants (Sutton et al., 2017). 

Stabiliser could be considered vital, since they are responsible for prevent-

ing ageing of the nitrocellulose binder, slowing down its natural intrinsic and 

autocatalytic decomposition (AOP-48, 2008; Bohn, 2017). Regarding this as-

pect, surveillance systems for nitrocellulose munitions make emphasis on these 

reactions and their consequences on impulse and structural integrity of the 

grain. Also, accelerated ageing procedures are developed taking into account 

this fact (AOP-48, 2008). 

2.1.1.2. Heterogeneous solid propellants 

The heterogeneous solid propellants are more often referred to as compo-

site solid propellants, being during the last decades the most utilized technol-

ogy in the industry (Krishnamurthy et al., 2017; Sutton et al., 2017). In these 

energetic materials, the components possess a completely different nature and 

properties. The basic concept of a composite solid propellant is formed by a 
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polymeric binder matrix plus oxidiser solid particles in high wt%, such as am-

monium perchlorate (NH4ClO4), ammonium nitrate (NH4NO3), or potassium 

perchlorate (KClO4) (Sforza, 2016). In the following subsections, the em-

ployed ingredients in composite technology are described. 

Oxidisers 

Oxidisers are typically manifested as ceramic solid particles (crystals). 

The selection of materials for this purpose will require a high oxygen content 

and a high heat of formation (Humble, 1995; Krishnamurthy et al., 2017), 

since they are the greatest contributors to the oxygen supply in the combustion 

reaction. These oxidisers are typically the most abundant ingredient in the 

composite propellant grains, representing a weight percentage of up to 70%, 

approximately (Sutton et al., 2017). 

Table 1. Common inorganic oxidisers in composite solid propellant compositions. Adapted from 

(Klager et al., 1967; Humble, 1995; DeLuca, 2016; Sutton et al., 2017). 

Compound 
Chemical 
formula 

Oxygen content 
total/available 

(wt%) 
Remarks 

Ammonium 
perchlorate 

(AP) 
NH4ClO4 54.5/34.0 Low cost, high performance 

Ammonium 
nitrate 
(AN) 

NH4NO3 60.0/20.0 
Low cost, medium 

performance 

Ammonium 
dinitramide 

(ADN) 
NH4N(NO2)3 51.6/25.8 Moderate cost 

Potassium 
perchlorate 

(KP) 
KClO4 46.2/40.4 Medium performance 

Potassium 
nitrate 
(KN) 

KNO3 47.5/39.5 Low cost 

    

Some of the typical oxidisers used in composite solid propellants are gath-

ered in Table 1. Potassium perchlorate (KP) was one of the first crystalline 

oxidisers to be used in castable composite solid propellant rockets (Pang et al., 
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2023), but it is more frequently found in pyrotechnic mixtures or gas genera-

tors (DeLuca et al., 2017a). During the last five decades, the most frequent 

oxidiser found in current propellant motors is ammonium perchlorate (AP) 

due to a good performance, compatibility with many other ingredients em-

ployed in propellants and its availability on the market (Chaturvedi et al., 

2019). Its properties suit so well that it is considered as a “miracle” for the 

industry (Davenas, 2003; DeLuca, 2016). They are white crystals that are used 

in different sizes: ultrafine 5 μm, fine 5-15 μm, medium 50-200 μm and coarse 

200-600 μm (Sutton et al., 2017). Depending on the hazard, AP is classified in 

explosive levels where the finer configurations are more explosive. 

Nitrates compounds, ammonium nitrate (AN) and potassium nitrate 

(KN), are also compatible with other solid propellant ingredients (Humble, 

1995). On the downside, they do not present as good performance as AP. How-

ever, they are used in some other different applications due to its lower cost, 

clean and non-toxic exhaust (Chaturvedi et al., 2019). 

For the past three decades, there has been an increase in interest in the 

development of new formulations to reduce costs, improve performance and 

minimize the environmental impact. The latter represents a concern for the 

society, involving many industries, as it is solid propellants’. Some of the envi-

ronmental issues are related to ground water contamination, depletion of the 

ozone layer, acid rain or toxic impact on humans, amongst others (Trache et 

al., 2017). These effects are bound to the presence of AP in the ingredients, so 

new formulations are focused on replacing AP by other oxidisers such as phase-

stabilised ammonium nitrate (PSAN) or ammonium dinitramide (ADN), alt-

hough there is no substitute yet (Gohardani et al., 2014; Trache et al., 2017; 

Lysien et al., 2021).  

Fuels 

Most of the high energy composite propellants includes metal fuels in 

their ingredient list. They are mainly used to increase the specific impulse and 

density of the solid propellant through the enhancement of the heat of 
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combustion (Krishnamurthy et al., 2017), being present in up to 30 wt%, 

mostly around 16-20 wt%. Elements such as aluminium (Al), boron (B), be-

ryllium (Be), iron (Fe), lithium (Li), magnesium (Mg), nickel (Ni) or zirco-

nium (Zr), amongst others, have been under study to its use as fuels in propel-

lants (Gorman et al., 1970; Lempert et al., 2011; Whittaker et al., 2012; Reid 

et al., 2014; Pang et al., 2021). Nevertheless, Al, B, Be, Mg and Zr have been 

of major interest (DeLuca et al., 2017a). Some of these metals, their common 

oxides and the heat of combustion, ∆𝒉𝑐, are collected in Table 2. 

Table 2. Fuels for composite propellants, common oxides and heat of combustion, ∆ℎ𝑐. 

Adapted from (Bondarchuk et al., 2018). 

Metals Common oxides 
∆𝒉𝑐  

(kJ/g) 

Al Al2O3 31.4 

B B2O3 57.2 

Mg MgO 25.1 

Ti TiO2 15.7 

Zr ZrO2 12.0 

 Amid the aforementioned metals, beryllium has proved to be great in im-

proving the specific impulse (Krishnamurthy et al., 2017), but its combustion 

products are heavily toxic for humans and animals (Gorman et al., 1970; IARC 

monographs on the evaluation of carcinogenic risks to humans, 1993). Mag-

nesium represents also one of the most employed metallic fuels. Although it 

has a lower performance compared to the aluminium, it is used in clean exhaust 

motors and as igniter for other metals (Doll et al., 1992; J. Mills et al., 1965; 

Krishnamurthy et al., 2017). Boron presents a similar performance in both 

gravimetric and volumetric terms as beryllium (Hashim et al., 2019), therefore 

boron and borides are one of the most popular fuels giving place to high energy 

technologies for diverse applications (Pang et al., 2019). Despite their good 

performance, the inefficiency of combustion constrains their use, so large re-

search campaigns are developed to overcome this issue (Pang et al., 2011; 

Whittaker et al., 2012; Pang et al., 2019). 
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The addition of aluminium in the composition to improve the perfor-

mance of composite motors is known and used for decades (Davis, 1963). Alt-

hough the use of aluminium presents some problems such as agglomerations 

during combustion or a smoky exhaust (Geisler, 2002; Sutton et al., 2017), it 

is the most used metal fuel in composite propellants by far. It is considered as 

a standard in the industry  given that aluminized propellants exhibit enough 

specific impulse, combustion stability and long storage periods at a fair cost 

(Geisler, 2002; DeLuca et al., 2017c). Its presence in the propellant’s compo-

sition is usually about 14 wt% - 20 wt% in the form of small particles ranging 

from nano to micro sizes. As a matter of fact, today’s research is focused on the 

development of nano-sized metallic powders (Pang et al., 2021) due to an en-

hancement of the combustion through changes in the combustion process. 

Binders 

The primary constituents of the composite solid propellant are particulate 

oxidisers and fuels. A binder is essential to consolidate the material and impart 

a specific geometry to the grain, which should be maintained during storage 

and flying conditions. They are intended to keep the structural integrity of the 

propellant grain while using the minimum quantity, which is up to 15 wt% 

approximately (Sutton et al., 2017). 

Since the beginning of the first castable composite solid propellant in 1942 

by J. W. Parsons, who used asphalt pitch as binder (Pang et al., 2023), the 

development of new binder systems has never stopped in the pursue of a better 

performance, improved ageing behaviour, reductions in costs of materials and 

manufacturing and more sustainable and safe technologies. Binders are also 

called fuels since they are also oxidised during the combustion process and, 

attending to the combustion energy that they can supply, binders can be clas-

sified as inert (lower energy) or energetic (higher energy) binders. The prin-

cipal components of binder systems are polymers, curing agents or cross link-

ers and plasticiser. Some of the most common binder polymers are summarised 

in Table 3. 
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Table 3. Common binder polymers in composite solid propellant technologies. Adapted from 

(Badgujar et al., 2017; Sforza, 2016). 

Binder 
energetics 

Type Pre-polymer 

Inert 

Polybutadiene 

CTPB: carboxyl-terminated polybutadiene 

HTPB: hydroxyl-terminated polybutadiene 

PBAA: polybutadiene acrylic acid 

PBAN: polybutadiene acrylonitrile acrylic acid 

Polyether/ 
Polyester 

HTPE: hydroxyl-terminated polyether 

PCP: polycaprolactone polyol 

PEG: polyethylene glycol 

PGA: polyglycol adipate 

PPG: polypropylene glycol 

PU: polyurethane 

Energetic  

AMMO (monomer): 3-Azidomethyl-3-methyl ox-
etane 

BAMO (monomer): 3, 3-Bis-azidomethyl oxetane 

GAP: glycidyl azide polymer 

GLYN (monomer): glycidyl nitrate 

NIMMO (monomer): 3-Nitratomethyl-3-methyl 
oxetane 

Polymers employed in composite solid rocket propellants are also classi-

fied as thermoplastic or thermosetting polymers. The latter are the ones that 

have been more explored to today. They are produced through the cross linking 

of a pre-polymer, which gives its name to the polymer binder system. As illus-

trated in Fig. 2, the chronological order of development and success of poly-

butadiene binders (most common) are PBAA, PBAN, CTPB and HTPB, being 

nowadays HTPB the workhorse of composite solid propellant motors (Jain, 

2002). From a microstructural point of view, the main difference between 

CTPB and HTPB pre-polymers are the chain ends that are carboxyl or hy-

droxyl terminations, respectively, as shown in Fig. 7. Both have been used as 

an ideal solution for large scale rockets (Jain, 2002). Nevertheless, the aero-

space industry pushes to find even better solutions, mainly with the objective 

of gaining specific impulse for the most demanding aerospace missions 
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(Cheng, 2019). Energetic binders are the propellants explored for that pur-

pose. The usual energetic polymers are gathered in Table 3, being GAP the 

most common energetic polymer in use and under research (Pang et al., 2023). 

 
(a) 

 
(b) 

Fig. 7. Basic structures of (a) CTPB and (b) HTPB. 

Plasticisers 

Plasticisers are ingredients whose main purpose is to lower the viscosity 

of the binder, reducing its stiffness and strength, while increasing the elonga-

tion. This is useful for the manufacturing of the propellant grains, allowing a 

better response to mechanical loads than a more rigid material and a higher 

filling ratio (Sutton et al., 2017; Pang et al., 2023). Plasticisers act also as fuel 

and, depending on the energy supply, are frequently classified as inert or en-

ergetic (Badgujar et al., 2017). Some of the common non-energetic plasticisers 

are dioctyl phthalate (DOP), dioctyl adipate (DOA), dimethyl phthalate 

(DMP) or isodecyl pelargonate (IDP) (Sutton et al., 2017). Regarding the en-

ergetic plasticisers, those are commonly nitro compounds or nitrate esters and 

some examples are nitroglycerine (NG), metriol trinitrate/ trimethylol ethane 

trinitrate (MTN/ TMETN), triethylene glycol dinitrate (TEGDN) or butane-

1,2,4-triol trinitrate (BTTN) (Badgujar et al., 2017). 
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Special attention is placed over plasticisers due to its capability to migrate 

during ageing and deterioration of the propellant grain (Tormey et al., 1963; 

Gottlieb et al., 2003). This problem results in changes on the mechanical prop-

erties, affects the interface bonding such as binder-filler or propellant-insula-

tor and modifies the burning rate properties of the propellant (Venkatesan et 

al., 1993; Gottlieb et al., 2003).  

Curing agents or crosslinkers 

Curing agents or crosslinkers are catalysts of the curing reaction (creation 

of crosslinks) of the polymer binder. They are likewise fundamental in the 

physical and mechanical properties of the propellant, having an impact on the 

processability and ageing of the material. Some common curing agents are me-

thyl aziridinyl phosphine oxide (MAPO), isophorone diisocyanate (IPDI), tol-

uene-2,4-diisocyanate (TDI), hexamethylene diisocyanide (HMDI) or trime-

thylol propane (TMP) (Sutton et al., 2017). 

Burning rate modifiers 

Burning rate modifiers are used to control the burning reaction, i.e., they 

are catalysts for the combustion reaction. The specific use of these catalysts is 

to design the grain geometries to give a specific thrust during the flight of the 

motor (Chaturvedi et al., 2019).  

Other additives 

Minor components are not only plasticisers, curing agents and burning 

rate modifiers, but also other ingredients with specific objectives such as facil-

itation of the manufacture, viscosity modification, opacity or colour modifica-

tion, bonding between filler and matrix, reduction of migration of components 

or improvement of the ageing behaviour of the propellant (Sutton et al., 2017). 
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2.2. DEGRADATION OF COMPOSITE SOLID 

PROPELLANTS 

Composite solid rocket propellant motors can be designed for direct use 

after manufacturing, which could be the case of some specific applications, but 

motors are usually stored for large periods of time. Although storage times are 

usually around 5 to 25 years (Sutton et al., 2017), these storage times are not 

fully prescribed and munition systems are controlled through the so-called sur-

veillance systems, tests or programs. The high costs of manufacturing new mo-

tors and the handling of their disposal, which is getting increasingly strict when 

it comes to environmental issues, push towards storage periods that are as long 

as possible, even longer than the previously mentioned. Over the storage time, 

these motors undergo several degradation processes, usually termed as ageing 

or damaging processes. Although solid propellants are diverse and depend 

strongly on their unique composition, which affects to the degradation pro-

cesses that are more or less severe with the specific propellant, a general clas-

sification of the degradation processes is as follows (Cerri et al., 2009): 

➢ Physical: depletion and migration of components such as plasticisers, 

phase transition and debonding of the matrix-particle interface, com-

monly denoted as dewetting in the composite propellants’ field. 

➢ Chemical: formation and rupture of bonds in the polymeric matrix, i.e., 

chain-scission or cross-linking that may occur due to the exposition to 

high temperatures or humid atmospheres and oxidation reactions. 

➢ Mechanical: dewetting, Mullins and/or Payne effect (Payne, 1962; Mul-

lins, 1969; Diani et al., 2009). These are mainly caused by vibrations dur-

ing transport, handling of the motors, gravity and periodic rotations (used 

to lessen weight induced strains) and thermal variations during storage 

and transport, which lead to static or cyclic loading of the propellant’s 

grain. 
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Binder and binder-particle interface degradation are considered the main 

concerns in the structural integrity of the composite solid propellants (Celina 

et al., 2002). Therefore, it is relevant to deepen on properties that characterise 

the degradation of both binder and binder-particle interface, which are mostly 

related to the modifications of polymer chains as it is illustrated in Fig. 8. 

 
(a) 

 
(b) 

Fig. 8. Degradation of composite solid propellant matrix. Assumptions for (a) mechanical damage 

and (b) environmental damage. CLD stands for crosslinking density. From (Wubuliaisan et al., 

2023a). 

Surveillance systems are intended to evaluate the physical, chemical and 

mechanical properties of the propellant’s grain to check usability and provide 

remaining life time of the motors (Bennet, 1997). Natural damage takes place 

in long periods so artificial ageing procedures are, in general, called accelerated 

ageing procedures. To determine the remaining shelf time, it is necessary to 
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artificially accelerate the deterioration or ageing of the solid propellant that is 

to be evaluated. In the following sections, accelerated ageing for different dam-

age processes are described. 

2.2.1. Accelerated mechanical ageing 

Handling, transportation and storage of rocket motors subject the propel-

lant grain to mechanical strains, i.e., the motor is subjected to a mechanical 

loading history (Tormey et al., 1963). Some examples of in-service cyclic load-

ings are gathered in Table 4. The loading history of a motor is more a random 

accumulation of those situations and others not included in Table 4. This is a 

complex issue to address since it requires the monitorization of environmental 

and other conditions throughout the long storage periods (Chelner et al., 2005; 

Miller et al., 2007). 

Table 4. Cyclic loading of solid propellant motors (Tormey et al., 1963). 

Service condition Frequency 

Vibration in flight 100-500 Hz 

Vibration during ground transport 10-500 Hz 

Temperature daily cycle 1 cycle/day 

Rotation in storage 1 cycle/month 

It is well known that certain filled elastomers undergo changes from pre-

vious applied strains. No matter if strains are small, where Payne’s effect 

(Payne, 1962) consisting in a decrease in the storage modulus in dynamic load-

ing appears, or large, where Mullin’s effect (Mullins, 1969) occurs as a soften-

ing in the stress-strain curve up to the previous applied strain. Constitutive 

models have been derived to account for these types of damage and some ex-

planations have been explored, although no agreement is reached yet (Diani et 

al., 2009). The hypothesis used for explaining the phenomena observed are 

varied, comprising rupture of the particle-matrix bond (Blanchard et al., 1952; 

Bueche, 1960), slip of the particles in the matrix with regenerating bonds 

(Houwink, 1956), rupture of the filler particles (Kraus et al., 1966) or changes 

in the chain entanglements between fillers in the straining direction (Hanson 
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et al., 2005), amongst others. It is necessary to consider that binder systems 

are a mixture of different components with different characteristics and func-

tionalities. Thus, the mechanisms involved in the strain induced damage are 

extremely complex to be determined (Dannenberg, 1986) and remain as mys-

tery. 

Amid the research for composite solid propellant constitutive models, one 

can find phenomenological models that describe cyclic loading (Schapery, 

1982; Özüpek et al., 1997; Wubuliaisan et al., 2023a), although still most of 

them are more hardening models (single monotonous loading) (Wang et al., 

2015; Lei et al., 2020; de Francqueville et al., 2021; Li et al., 2023). Focus on 

some specific pre-strain conditions have been studied, such as constant pre-

strain applied during the accelerated ageing (Zhou et al., 2016; Wang et al., 

2020; Wubuliaisan et al., 2023a), dynamic mechanical behaviour with applied 

pre-strain in the same loading direction (Azoug et al., 2013a; Thorin et al., 

2012) or in orthogonal directions (Azoug et al., 2013b; Jalocha et al., 2015a, 

2015b) or crack growth on pre-strained propellant (Liu, 1995). 

It is in general considered that macro strains lead to higher local strains 

that produce dewetting of the particles and consequent dilatation (variation in 

the Poisson’s ratio), that can derive in the migration of some components of 

the binder system (Tormey et al., 1963). Severe affection to the shelf-life has 

been reported for composite solid propellants with cumulative damage, leading 

to a premature failure (Gligorijević et al., 2015). Widening of the knowledge is 

essential to completely understand and model a complete mechanical history 

of composite solid propellant. 

2.2.2. Accelerated thermal ageing 

The accelerated thermal ageing for composite solid propellants consists 

mainly in the degradation of the polymeric binder by accelerating the kinetics 

of the oxidative cross-linking process when submitting the propellant to rela-

tively high temperatures (Coquillat et al., 2007). Also, chain-scission is 
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produced delivering oxidation products such as alcohols, carboxylic acids, es-

ters and CO2 for polybutadiene based propellants (Harris et al., 2001). 

As mentioned, some properties are tracked through the ageing process. 

The correlation between actual and accelerated conditions are usually mod-

elled by an Arrhenius type relationship, also named after Layton’s ageing law, 

not only, but specifically for butadiene binders (Layton, 1974, 1975; Christi-

ansen et al., 1981), which can be written in the form 

ln
ts
ta
=
Ea
R
(
1

Ts
−
1

Ta
) (2) 

where 𝑡 and 𝑇 represent time and temperature, respectively, and their subin-

dexes 𝑠 and 𝑎 reflect the storage and accelerated ageing conditions, respec-

tively; 𝐸𝑎 is the apparent activation energy and 𝑅 is the ideal gas constant. 

Hence, a property that is measured after the exposition of the sample to a tem-

perature 𝑇𝑎 during an accelerated time 𝑡𝑎 will be equivalent to the measure of 

that property if the propellant was stored at temperature 𝑇𝑠 during time 𝑡𝑠. It 

is equivalent to the Van’t Hoff’s equation and other derived empirical relations 

(Cerri et al., 2009). 

Accelerated ageing procedures are widely used and there are several 

standards that assess the process specifically for composite solid propellants, 

such as AOP-48 (AOP-48, 2008) and STANAG 4581 (STANAG 4581, 2022). 

The ageing procedure is not trivial. The consequent deterioration will depend 

on the followed methodology. Procedures can be classified in, at least, three 

types: isothermal, non-isothermal and cyclic (Naseem et al., 2021). 

The isothermal type consists in the exposition of a block of propellant to 

a constant temperature in a furnace. It is the most widespread method as the 

equipment requirements are low and it is easy to carry out. Employed temper-

atures are usually around 60 ºC to 70 ºC, since natural ageing processes seem 

to be the dominant ones up to that range (Naseem et al., 2021), although com-

monly employed temperatures vary in the range from 60 ºC to 90 ºC (Husband, 
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1992; Bunyan et al., 1993; Celina et al., 2002; Harris et al., 2001; Seyidoglu et 

al., 2017; Wang et al., 2020). Non-isothermal procedures are fast methods to 

obtain kinetic parameters of the degradation processes. They consist in ther-

mogravimetric (TGA) and differential scanning calorimetry (DSC). These 

methods have found to be non-adequate for its use with composite solid pro-

pellants since temperatures needed in both techniques are too high to repre-

sent natural ageing  (Naseem et al., 2021). Cyclic thermal accelerated ageing 

methods try to represent the temperature variations during day-night shifts 

and/or seasons, imposing heating and cooling stages during the accelerated 

ageing process. Several authors have employed these methods, but still no clear 

advantage with respect to isothermal methods are found (Naseem et al., 2020; 

Wang et al., 2022e). 

Characterisation of the thermal degradation of the composite solid pro-

pellants are commonly addressed by tensile tests, dynamic mechanical analysis 

(DMA), DSC and cross-linking density (CLD) measurements through the sol-

gel method. Monitoring variables from those tests are to be explained below. 

Uniaxial tensile tests are part of most of the surveillance programs of com-

posite solid propellants. Various properties can be monitored during ageing, 

such as the (apparent) elastic modulus 𝐸, the engineering and true stress at 

maximum, 𝑠𝑚𝑎𝑥 and 𝜎𝑚𝑎𝑥, respectively, and the engineering and true strain at 

maximum, 𝑒𝑚𝑎𝑥 and 𝜀𝑚𝑎𝑥, respectively (cf. Fig. 9). This standardised test is 

found in STANAG 4506 (STANAG 4506, 2000). 
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Fig. 9. Representative true stress versus true strain curve of a composite solid propellant (STANAG 

4506, 2000). 

 

Fig. 10. Loss factor (tan δ) in a dynamic mechanical analysis (DMA) of temperature sweep type test 

for a composite solid propellant and its fitting to an exponentially modified Gaussian model. From 

(Cerri et al., 2013). 

Different modes of testing can be made in DMA methodology. Frequency 

sweeps can be used to get the relaxation behaviour of the composite propellant 
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(Ji et al., 2022). Nevertheless, the most common are temperature sweeps, 

where more information is obtained, e.g., changes in the glass transition tem-

perature 𝑇𝑔 (first transition) due to the ageing (Fuente et al., 2003), the reduc-

tion of the second transition area related to the cross-linking or the increase of 

the third transition area related to chain scission, c.f. Fig. 10, (Cerri et al., 

2013). Temperature sweep procedure and the determination of 𝑇𝑔 using DMA 

is standardized in STANAG 4540 (STANAG 4540, 2002). From DSC tests the 

glass transition temperature 𝑇𝑔 can be monitored as well (de la Fuente, 2009). 

Through the sol-gel method, the soluble fraction 𝑆 and crosslink density 𝐶𝐿𝐷 

can be determined during the ageing period following STANAG 4581 (STA-

NAG 4581, 2022). 

2.2.3. Accelerated humid ageing 

Exposition to humid ambient, which leads to hydrolysis in the polymeric 

binder and binder-filler bonding, is considered as one of the most relevant de-

terioration processes, particularly for CTPB based propellants (Chevalier et 

al., 2003).  

 

Fig. 11. Schematic of a solid propellant grain exposed to atmospheric environment. Adapted from 

(Davis, 2001). 

During the storage of the motor, diffusion of the humidity through the 

structure of the motor is considered. Nevertheless, seals of the motors lose 

their hermeticity capabilities with time, so humidity enters into the combustion 
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chamber and, then, diffuses through the propellant grain. Therefore, the pro-

pellant is exposed to an ambient containing oxygen, ozone and water vapour, 

amongst others, as depicted in Fig. 11. 

The presence of oxygen is necessary to produce the oxidative cross-linking 

(Torry et al., 2001) and water vapour might lead to other processes, e.g., hy-

drolysis. It is recognised that during an initial stage, the propellant stiffens due 

to post-curing and oxidative cross-linking. After that, hydrolysis becomes more 

relevant and the propellant’s grain loosens, being more flexible and reducing 

the load bearing capability (Davis, 2001; Adel et al., 2019). It has been found 

that moisture is relevant not only during storage, but also during the manufac-

turing process and affects the polybutadiene backbone and the particle-matrix 

interface making the propellant softer (Iqbal et al., 2006). This softening, 

linked to chain scission and binder-filler degraded interaction, is reflected in 

the mechanical performance as shown in Fig. 12.  

 

Fig. 12. Stress versus strain curves for HTPB propellant subjected to humid ageing. Adapted from 

(Chevalier et al., 2003). 

Several authors have conducted research works regarding the ageing of 

composite solid propellant under humid conditions (Chang et al., 2000; Che-

valier et al., 2003; Torry et al., 2001; Iqbal et al., 2006; Adel et al., 2019; Zhang 

et al., 2023b). Despite the importance of this issue, the humid degradation of 

composite solid propellants is still an unresolved problem (Davis, 2001; 
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Naseem et al., 2021), and there is actual need to widen the research activities 

on the topic (Naseem et al., 2021). 

2.2.4. Accelerated ozone ageing 

As seen in Fig. 11, propellant’s grain is exposed to oxygen, ozone and wa-

ter vapour during the motor’s shelf life, conditions under which hydrolysis oc-

curs and plays a principal role in the grain’s integrity.  As an alternative to 

simulate the atmospheric exposition of the propellant, the use of ozone to pro-

duce ozonolysis reactions in the binder system leads to a similar degradation 

compared to hydrolysis effects. The presence of the ambient ozone has been a 

concern in the rubber industry for decades, as for example, the vehicle tire 

manufacturers interest in the degradation of tires caused by ozone attack 

(Cataldo, 2019). This issue acquired the sufficient relevancy to promote the 

elaboration of standards to characterise the effects of the exposition to ozone 

on rubbers (ASTM D1149, 2018; ISO 1431-1, 2022), but it has been rarely 

addressed for composite solid propellants (Merrit, 1981; López Sánchez, 

2018). 

Ozonisation of rubbers is believed to attack the double bonds on the back-

bone of the polymer (Anachkov et al., 1985), specifically for diene rubbers 

(Cataldo, 2019), similarly to the hydrolysis process. Although ozone attack is 

mainly superficial when static exposition is considered (Cataldo, 2019), the 

presence of a large amount of particles, as it is for composite solid propellants, 

might help the penetration of ozone into the bulk. Ozonolysis causes the for-

mation of ozonides, that are carboxylic acids, alcohols and other reaction prod-

ucts (Lewis, 1986) in agreement with Criegee’s mechanism (Criegee, 1975), 

without producing cross-linking or chain scission in diene rubbers (Zaikov et 

al., 2012). These mentioned products are similar to those described in previous 

subsections. Thus, if the evolution of the physical, chemical and mechanical 

properties with ozone ageing is affected in a comparable way to the humid age-

ing, ozone ageing would represent a feasible alternative to characterise the ser-

vice life of composite solid propellant motors. 
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2.3. DIFFICULTIES IN THE MECHANICAL 

CHARACTERISATION OF COMPOSITE SOLID 

PROPELLANTS 

As alluded to, composite solid propellants are typically a heterogeneous 

mixture of oxidizer particles, fuel powder and binder. A representation of this 

microstructure is shown in Fig. 13 where a CTPB/AP/Al could be identified, 

being black particles the ammonium perchlorate oxidiser, grey particles the al-

uminium fuel powder and yellow filling the carboxyl-terminated polybutadiene 

based binder. The mechanical behaviour is complex in as much as materials 

from very different natures are to take into consideration, also accounting for 

the interaction between them (Xu et al., 2008).  

 

Fig. 13. Schematic representation of the microstructure of a composite solid propellant. Oxidiser par-

ticles in black, fuel particles in grey and matrix in yellow. 

Oxidiser particles are ceramic with linear elastic and fragile expected be-

haviour. Fuel particles are metals, which present an elastic-plastic behaviour, 

being stiffer than the oxidiser particles. Binder systems are soft polymers and 

more complex since the employed ingredients could be widely varied for mod-

ifying the mechanical response. All of it makes the composite propellant de-

pendent on a sum of factors. Most of today’s binders allow large strains 

(Özüpek et al., 1992) and their mechanical behaviour is usually assumed to be 

hyper-viscoelastic (Xu et al., 2014; Tunç et al., 2017; Wang et al., 2018b). Elas-

tomeric binder is also relevant for the strain rate dependence (Wang et al., 
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2015; Hur et al., 2016; Wang et al., 2022c) or temperature dependence, where 

composite solid propellants are modelled as a thermorheologically simple ma-

terial (Xu et al., 2014), although they are not (Özüpek et al., 1992). As alluded 

to, this matrix is affected by ageing or exposition to the environment (Wang et 

al., 2022b; Wubuliaisan et al., 2023a). Perfect filling is assumed and with no 

voids, cf. Fig. 13. However, voids may appear during the manufacturing pro-

cess or during the natural deterioration of the material and defects might grow 

from them voids (Özüpek et al., 1992; Lei et al., 2020). Considering the bond-

ing between particle and matrix, several consequences arise. A softening in the 

macro stress-strain behaviour is observed (Tunç et al., 2017; Wubuliaisan et 

al., 2023b) induced by the rupture of the interfaces, what is called dewetting. 

This phenomenon is approached either by modelling the decohesion of the 

surface using cohesive elements (Matous et al., 2007; de Francqueville et al., 

2021; Wubuliaisan et al., 2022; Xiao et al., 2023; Zhang et al., 2023b) or using 

internal damage variables (Schapery, 1984; Xu et al., 2008, 2014; Wubuliaisan 

et al., 2023a). As a result of this decohesion, change in the volume and in the 

Poisson’s ratio is experimented (Stedry et al., 1961; Shekhar et al., 2011; Cui 

et al., 2018; Wang et al., 2022a). In addition, hydrostatic pressure modifies the 

mechanical response of the composite propellant (Liu et al., 2006; Tunç et al., 

2017) and cyclic loading or loading history is needed to determine the mechan-

ical behaviour (Hur et al., 2016; Tunç et al., 2017). Due to the amount of in-

gredients and complexity of the production of the propellant motors, devia-

tions in the mechanical properties are found intra- and inter-batch as well 

(James S. et al., 1973).  

2.4. STRUCTURAL INTEGRITY OF COMPOSITE SOLID 

PROPELLANTS 

A schematic of a composite solid propellant motor is shown in Fig. 14. 

The propellant’s grain is located inside the metallic case and the cylinder per-

foration and slots represent the combustion chamber.  
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Fig. 14. Schematic of a typical solid propellant rocket motor. From (Sutton et al., 2017). 

The thrust, 𝐹, that a composite solid propellant motor produces may be 

defined by 

𝐹 = 𝑐𝐹𝑝𝑐𝐴𝑡 (3) 

where 𝑐𝐹 is the thrust coefficient, 𝑝𝑐 is the combustion chamber’s pressure and 

𝐴𝑡 is the area of the nozzle’s throat. The thrust coefficient 𝑐𝐹 and the area of 

the nozzle’s throat are mainly a function of the nozzle, so they are considered 

as constant through the combustion process (Sutton et al., 2017). Therefore, 

the pressure in the combustion chamber is the main driver of the thrust during 

the motor’s flight, i.e., 𝐹(𝑡)  ∝  𝑝𝑐(𝑡), being 𝑡 the time variable. When steady-

state or equilibrium conditions have been reached, the pressure in the com-

bustion chamber can be defined as 

𝑝𝑐 =
√

𝑅𝑇

𝛾 (
2

𝛾 + 1
)

𝛾+1
𝛾−1

𝑚𝑒̇

𝐴𝑡
 

(4) 

where 𝑅 is the ideal gas constant, 𝑇 is the temperature of the combustion cham-

ber, 𝛾 is the specific heats ratio and 𝑚̇𝑒 = d𝑚𝑒/d𝑡 is the exit mass flow rate. An 

ideal design is given by the equilibrium between mass flow rate of combustion 

gases, 𝑚̇𝑏, and exit gases, so that steady-state operation is achieved when  

𝑚̇𝑏 = 𝑚̇𝑒 (5) 
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On the other hand, the mass flow rate of combustion gases is determined 

as  

𝑚̇𝑏 = 𝜌𝑝𝑟̇𝐴𝑏 (6) 

defining 𝜌𝑝 as the density of the propellant, 𝑟̇ as the burning rate and 𝐴𝑏 the 

burning surface area. The burning rate 𝑟̇ can be defined as the rate of regres-

sion of the burning surface, which is described by an empirical relationship, 

known as Vielle’s law (El-Sayed, 2016): 

𝑟̇ = 𝑘𝑝𝑐
𝑛 (7) 

where 𝑘 is a function and 𝑛 a constant, both characteristic of the propellant 

and dependent on the propellant’s temperature. By introducing (7) in (6), 

𝑚̇𝑏 = 𝜌𝑝𝑘𝑝𝑐
𝑛𝐴𝑏 (8) 

Then, using (8) and (4) in the equality (5), the pressure in the combustion 

chamber can be written as 

𝑝𝑐 =

[
 
 
 
 

𝜌𝑝𝑘
√

𝑅𝑇

𝛾 (
2

𝛾 + 1
)

𝛾+1
𝛾−1

𝐴𝑏
𝐴𝑡

]
 
 
 
 

1
1−𝑛

 (9) 

Therefore, it can be seen that the pressure in the combustion chamber is 

dependent on the burning surface, which varies during the flight. Then, 

𝑝𝑐(𝑡) ∝ 𝐴𝑏(𝑡)
1/(1−𝑛), consequently the thrust is also dependent on the burning 

surface area 𝐹(𝑡) ∝ 𝐴𝑏(𝑡)
1/(1−𝑛) . As pointed out in Fig. 5 and Fig. 6, composite 

solid propellant grain geometries are designed to provide thrust for a given 

operational condition, which has been motivated from (3) to (9). Hence, struc-

tural integrity of the composite solid propellant arises as a vital issue since 

changes in the grain’s geometry give rise to an undesigned combustion process 

(Wang et al., 2023a) and results in peaks of pressure (Knauss, 2015; Sforza, 

2016; Tussiwand et al., 2009), as depicted in the schematic of Fig. 15, showing 
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the change in the designed thrust profile of a solid propellant grain section in 

the presence of cracks. 

 

Fig. 15. Schematic of the thrust profile of a grain section modification due to the presence of devel-

oping cracks.  

Structural integrity of a component is a general term concerning its me-

chanical behaviour and loading bearing capacity. As alluded to, characterisa-

tion and modelling of the mechanical behaviour of composite solid propellants 

is a complex matter. Composite solid propellant surveillance programs con-

cerning effects of the ageing (degradation) on the mechanical properties con-

sist commonly of relaxation, creep, dynamic mechanical analysis and uniaxial 

tensile tests. Propellant grains exhibit defects where the most relevant are voids 

and cracks. These defects might have their origin in the manufacturing pro-

cess. During their service life, the present voids and cracks get enlarged and 

new defects are generated due to thermal cycles experienced during the storage 

life, vibrations produced by the mishandling or inadequate transportation, in-

ertial and gravity induced strains, shock during the ignition process and ageing 

of the propellant (Cerri et al., 2009; López et al., 2018; Rao, 1992; Sutton et 

al., 2017). The presence of cracks and voids exposes a greater area to the 

      

    

 d  l    t  n    t  n   t  d   l   n        
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combustion process which is even more important while the crack propagates. 

Although fracture analysis of the propellant grains is considered to be funda-

mental (Tussiwand et al., 2009), still nowadays failure criterions are mainly 

strain- or stress-based, or stress-strain failure envelops, which are not suitable 

for evaluating propellant grains under all different conditions that motors may 

suffer experience (James S. et al., 1973; Knauss, 2015; Wang et al., 2022d). As 

mentioned, international reports consider the significance of the fracture eval-

uation of the composite solid propellant grains, but they do not give specific 

instructions on how to addresses this issue (James S. et al., 1973; Whitehouse 

et al., 1997). It is relevant that there is no standard for fracture characterisa-

tion, unlike there are for the other mechanical characterisation techniques al-

ready pointed out. 

In the following sections, the fracture characterization of composite solid 

propellants through the viscoelastic J-integral introduced by Schapery (Schap-

ery, 1984) will be motivated, starting with the definition of linear viscoelastic-

ity, followed by a description of the correspondence principle and the viscoe-

lastic fracture mechanics based on the J integral convention. It is necessary to 

recall the highly viscous nature of the composite solid propellants, which is 

needed to be accounted for in the fracture characterisation. 

2.4.1. Linear viscoelasticity 

The basic Hooke’s material model, that is suitable for materials under 

small displacements with linear, elastic and isotropic mechanical behaviour, 

may result inappropriate for polymers or biological tissues that present a time 

dependent behaviour. Hooke’s material model can be extended to materials 

that exhibit a time-dependent response, considering small displacements, lin-

earity, elasticity and isotropy. The Boltzmann material is then defined (Boltz-

mann, 1874), whose constitutive relation can be written in a general form as 

𝝈 = 𝕃 ∘ 𝜺̇  (10) 
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where 𝕃 represents a functional fourth-rank tensor which is a time-dependent 

linear operator, 𝕃(𝑡), that transforms any given strain history in a stress history. 

The stress and strain rate tensors are represented by 𝝈 and 𝜺̇, respectively. Note 

that both tensors are time dependent, so that 𝝈 ≡ 𝝈(𝑡) and 𝜺̇ ≡ 𝜺̇(𝑡). Besides, 

𝕃(𝑡) ∘ 𝛆̇(𝑡) denotes the convolution product of 𝕃(𝑡) and 𝜺̇(𝑡). 

These linear viscoelastic materials are also named after linear hereditary 

materials since the stress and strain states of the solid depend on the loading 

history, being part of the Hereditary Mechanics field as classified by Volterra 

(Volterra, 1909). The relation in (10) can be written in terms of the Riemann-

Stieltjes convolution integral proposed by Gurtin and Sternberg (Gurtin et al., 

1962), commonly known as hereditary integral, as 

𝝈(𝑡) = ∫ 𝕃(𝑡 − 𝜏)
∂𝜺(𝜏)

∂𝜏
d𝜏

𝑡

−∞

 (11) 

given that at a specific time 𝜏 during a differential of time d𝜏, the strain incre-

ment is [∂𝜺(𝜏)/ ∂𝜏]d𝜏. This strain 𝜺 has effect at any time 𝑡 subsequent to 𝜏, so 

that the operational 𝕃 acts in the interval 𝑡 − 𝜏 and it is known as the tensorial 

relaxation function. The lower limit of integration ranges even before a load is 

applied. Here it must be recalled the nonretroactivity axiom, where the linear 

operator 𝕃(𝑡 < 0) = 0 assuming that the load is applied at time 𝑡 = 0 (see Fig. 

16). Making use of the Boltzmann superposition principle, the integral in (11) 

is then reformulated as 

𝝈(𝑡) = 𝕃(𝑡)𝜺(𝑡 = 0) + ∫ 𝕃(𝑡 − 𝜏)
∂𝜺(𝜏)

∂𝜏
d𝜏

𝑡

0

 (12) 

or 

𝛔(𝑡) = 𝕃(𝑡)𝛆0 + 𝕃(𝑡) ∘ 𝛆̇(𝑡) (13) 

where 𝜺𝟎 represents the initial strain tensor. 
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Fig. 16. Arbitrary strain history for a linear viscoelastic solid with the initial applied strain 𝜀0 at time 

𝑡 = 0. 

The linear operator 𝕃(𝑡) is defined for a linear isotropic and viscoelastic 

solid as 

𝕃(𝑡) = 2𝐺(𝑡) (𝕀 −
1

3
𝟏⊗ 𝟏) + 𝐾(𝑡)𝟏⊗ 𝟏 (14) 

in terms of the deviatoric and volumetric parts, where 𝕀 is the fourth-rank iden-

tity tensor, 𝟏 the second-rank identity tensor and 𝐺(𝑡) and 𝐾(𝑡) are the devia-

toric and volumetric relaxation functions, respectively. 

2.4.2. Correspondence principle 

Consider the viscoelastic problem for each material element of a body 

through the field stress (𝝈), strain (𝜺) and displacement (𝑢⃗ ), with the trac-

tions  𝑇⃗ 0 applied on the surface 𝑆𝑡, displacements  𝑢⃗ 0 applied on the surface 𝑆𝑢 

and body forces  𝑏⃗  applied to the volume 𝑉 of the solid, defined in Fig. 17.  

 

Fig. 17. Schematic of a viscoelastic body subjected to applied tractions 𝑇⃗ 0 and displacements 𝑢⃗ 0 on 

surfaces, 𝑆𝑡 and 𝑆𝑢⃗⃗ , respectively, and body forces 𝑏⃗  on its volume  𝑉. 
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The correspondence principle is typically stated in terms of the s-multi-

plied Laplace or Laplace-Carson transformation (Tschoegl, 1989). The La-

place-Carson transform, 𝑓𝐶(𝑝), of a real function 𝑓(𝑡) in the time domain, 𝑡, 

may be written as 

𝑓𝐶(𝑝) = 𝑝∫ 𝑒−𝑝𝑡
∞

0

𝑓(𝑡)d𝑡 (15) 

which is the definition of the Laplace transform, 𝑓(𝑝), multiplied by the com-

plex variable 𝑝. Note the convenience of the Laplace transform, since this 

transform of the Heavyside function is 1 for all values of 𝑝. From this point 

forward, variables related to the transformed space will be denoted with the  ̂ 

symbol and will depend on parameter 𝑝, instead of time 𝑡. As stated by the 

correspondence principle or elastic-viscoelastic analogy by Alfrey (Alfrey, 

1944), the viscoelastic problem can be solved through an equivalent elastic 

problem. The corresponding variables defined for the equivalent elastic prob-

lem will be henceforth noted with the superscript 𝑅, since it represents the 

reference problem. 

The boundary conditions, equilibrium, kinematics and constitutive equa-

tions for the viscoelastic, transformed viscoelastic and equivalent elastic prob-

lems are defined in Table 5, where material density is noted as 𝜌. It can be 

readily seen that the viscoelastic problem in the Laplace-Carson transformed 

space is formally equal to the elastic reference problem. This means that the 

viscoelastic problem can be solved through the inverse transform of the solu-

tion of the reference elastic problem, as previously mentioned. Having applied 

viscoelastic boundary conditions, such as 𝑢⃗ 0 and 𝑇⃗ 0, they are transformed and 

imposed in the reference elastic governing equations and then solved. Once 

the elastic solution is achieved, variables are inversely transformed to obtain 

the viscoelastic solution to the problem. The reference elastic problem is not a 

real or physical problem. For this reason, the variables concerning this refer-

ence problem will be named using the prefix “pseudo”. Mechanical viscoelastic 

models are then stablished following the elastic formulation with the only need 
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to use the hereditary integrals to get the actual values of the viscous behaviour 

(Schapery, 1981, 1982, 1984).  

Table 5. Correspondence between viscoelastic and elastic problem. Boundary conditions, equilib-

rium, kinematics and constitutive equations. Adapted from (Valiente Cancho, 2018). 

Action 

boundary 

Viscoelastic  

problem 

Transformed viscoelastic 

problem 

Equivalent elastic 

problem 

𝑆𝑢 𝑢⃗ = 𝑢⃗ 0(𝑡) 𝑢⃗ ̂ = 𝑢⃗ ̂0(𝑝) 𝑢⃗ 𝑅 = 𝑢⃗ ̂0 

𝑆𝑡 𝑇⃗ 0(𝑡) = 𝝈𝑛⃗  𝑇⃗ ̂0(𝑝) = 𝝈̂(𝑝)𝑛⃗  𝑇⃗ 0
𝑅 = 𝝈𝑹𝑛⃗  

𝑉 d   𝝈(𝑡) + 𝜌𝑏⃗ (𝑡) = 0⃗  d   𝝈̂(𝑝) + 𝜌𝑏⃗ ̂(𝑝) = 0⃗  d   𝝈𝑹 + 𝜌𝑏⃗ 𝑅 = 0⃗  

𝑉 𝜺(𝑡) =    ds 𝑢⃗ (𝑡) 𝜺̂(𝑝) =    ds 𝑢⃗ ̂(𝑝) 𝜺𝑹 =    ds 𝑢⃗ 𝑅 

𝑉 𝛔(𝑡) = 𝕃(𝑡) ∘ 𝛆̇(𝑡) 𝝈̂(𝑝) = 𝕃̂(𝑝)𝜺̂(𝑝) 𝛔𝑹 = 𝕃𝐑𝜺𝑹 

Analogously, Schapery stated three correspondence principles (Schapery, 

1984), which are not exactly formulated as the previously mentioned. The sec-

ond correspondence principle is of concern for this work. Regarding a viscoe-

lastic body as depicted in Fig. 17, which is subjected to surface tractions, body 

forces and imposed displacements on its surface, this second correspondence 

principle assumes that stresses, tractions and forces are the same for the equiv-

alent (or reference) elastic problem as they are for the viscoelastic body, cf. 

Fig. 18. This can be denoted as 

𝝈 = 𝝈𝑹

𝑇⃗ = 𝑇⃗ 𝑅

𝑏⃗ = 𝑏⃗ 𝑅
 (16) 

Deviatoric and volumetric stress terms in a linear, isotropic and viscoelas-

tic solid with constant Poisson’s ratio can be rewritten using (14) and (10), so 

that 

D    t    : 𝝈′ = 2𝐺(𝑡) ∗ 𝜺̇′(𝑡)

V lum t   : t  𝝈 = 3𝐾(𝑡) ∗ [t  𝜺̇(𝑡)]
 (17) 

where ′ denotes the deviatoric part of a tensor. For a linear elastic reference 

solid, expressions in (17) are 



Introduction
 

 

  43 

D    t    : 𝝈′
𝐑
= 2𝐺𝑅𝜺

′𝑹

V lum t   : t  𝝈𝑹 = 3𝐾𝑅(t  𝜺
𝑹)

 (18) 

where 𝐺𝑅 and 𝐾𝑅 are the shear and bulk modulus, respectively, of the reference 

elastic material. Taking into consideration the balance in (16) with expressions 

in (17) and (18), the relationship between strains in the viscoelastic and the 

reference elastic bodies in terms of the convolution integral are 

D    t    : 𝜺′
𝑹
=
1

𝐺𝑅
∫ 𝐺(𝑡 − 𝜏)

∂𝜺′(𝑡)

∂𝜏
d𝜏

𝑡

0

V lum t   : t  𝜺𝑹 =
1

𝐾𝑅
∫ 𝐾(𝑡 − 𝜏)

∂[t  𝜺̇(𝑡)]

∂𝜏
d𝜏

𝑡

0

 (19) 

Since Poisson’s ratio is considered as a constant, shear relaxation modu-

lus, bulk relaxation modulus and shear and bulk reference modulus can be used 

interchangeably. It is common to express the hereditary relationship in terms 

of the uniaxial relaxation modulus, 𝐸(𝑡), and reference elastic modulus, 𝐸𝑅. 

Expressions for displacements can also be derived, leading to 

𝑢⃗ 𝑅(𝑡) =
1

𝐸𝑅
∫ 𝐸(𝑡 − 𝜏)

𝜕𝑢⃗ (𝑡)

𝜕𝜏
d𝜏 

𝑡

0

 (20) 

 

Fig. 18. Schematic of viscoelastic and elastic reference bodies subjected to applied tractions 𝑇⃗ 0 and 

displacements 𝑢⃗ 0 on surfaces, 𝑆𝑡 and 𝑆𝑢⃗⃗ , respectively, and body forces 𝑏⃗  on its volume 𝑉. 
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Note that the followed sequel is the solution to the viscoelastic problem. 

The solution can be read as: body forces, surface tractions and stresses are 

equal in the viscoelastic and reference elastic problems, while displacements 

and strains in the viscoelastic problem are related through the hereditary inte-

grals to its elastic reference counterpart, as represented in Fig. 18. 

Expressions in (19) and (20) might be reversed if viscoelastic displace-

ments or strains are to be determined from their pseudo counterparts. As an 

example, viscoelastic displacements are resolved through 

𝑢⃗ (𝑡) =
1

𝐷𝑅
∫ 𝐷(𝑡 − 𝜏)

𝜕𝑢⃗ 𝑅(𝑡)

𝜕𝜏
d𝜏 

𝑡

0

 (21) 

where 𝐷(𝑡) is the uniaxial creep compliance function and 𝐷𝑅 is the compliance 

of the reference elastic body, which is the inverse of 𝐸𝑅. The relationship be-

tween relaxation modulus and creep compliance can be motivated as follows. 

Given a constant uniaxial stress applied as 

𝜎11 = 𝜎0𝐻(𝑡 − 𝑡0) (22) 

where 𝜎0 is the constant applied stress, 𝑡0 the time when the loading is applied 

and 𝐻 is the Heaviside step function defined as 

𝐻(𝑡 − 𝑡0) = {
0 𝑡 < 𝑡0
1 𝑡 > 𝑡0

 (23) 

the constitutive relation in (12) for such a creep loading case is defined as 

𝜀11 = ∫ 𝐷(𝑡 − 𝜏)
𝜕𝜎11
𝜕𝜏

d𝜏 
𝑡

0

 (24) 

Alternatively, a stress relaxation case is defined for a given uniaxial exten-

sion as 

𝜀11 = 𝜀0𝐻(𝑡 − 𝑡0) (25) 

and the constitutive relation is 
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𝜎11 = ∫ 𝐸(𝑡 − 𝜏)
𝜕𝜀11
𝜕𝜏

d𝜏 
𝑡

0

 (26) 

By introducing (26) in (24), it is understood in (27) that both relaxation 

and creep functions satisfy 

𝐻(𝑡 − 𝑡0) = ∫ 𝐷(𝑡 − 𝜏)
𝜕𝐸(𝑡 − 𝑡0)

𝜕𝜏
d𝜏 

𝑡

𝑡0

 (27) 

Therefore, relaxation modulus and creep compliance are related through 

the convolution integral, which means that they are inverse in the transformed 

space, just as elastic modulus and compliance are inverse for the elastic refer-

ence material. 

Table 6. Hereditary relations between variables in the viscoelastic and reference elastic domains, as-

suming constant Poisson’s ratio. 

Variable Viscoelastic to elastic Elastic to viscoelastic 

Displacements 𝑢⃗⃗ 
𝑅
= 𝐸𝑅

−1∫ 𝐸(𝑡 − 𝜏)
∂𝑢⃗ 

∂𝜏
d𝜏

𝑡

0

 𝑢⃗ = 𝐷𝑅
−1∫ 𝐷(𝑡 − 𝜏)

∂𝑢⃗⃗ 
𝑅

∂𝜏
d𝜏

𝑡

0

 

Tractions 𝑇⃗⃗ 
𝑅

= 𝐷𝑅
∗−1  ∫ 𝐷∗(𝑡 − 𝜏)

∂𝑇⃗ 

∂𝜏
d𝜏

𝑡

0

 𝑇⃗ = 𝐸𝑅
∗−1∫ 𝐸∗(𝑡 − 𝜏)

∂𝑇⃗⃗ 
𝑅

∂𝜏
d𝜏

𝑡

0

 

Body forces 𝑏⃗⃗ 
𝑅

= 𝐷𝑅
∗−1∫ 𝐷∗(𝑡 − 𝜏)

∂𝑏⃗ 

∂𝜏
d𝜏

𝑡

0

 𝑏⃗ = 𝐸𝑅
∗−1∫ 𝐸∗(𝑡 − 𝜏)

∂𝑏⃗⃗ 
𝑅

∂𝜏
d𝜏

𝑡

0

 

Strains 𝜺𝑹 = 𝐸𝑅−1∫ 𝐸(𝑡 − 𝜏)
∂𝜺

∂𝜏
d𝜏

𝑡

0

 𝜺 = 𝐷𝑅
−1∫ 𝐷(𝑡 − 𝜏)

∂𝜺𝑹

∂𝜏
d𝜏

𝑡

0

 

Stresses 𝝈𝑹 = 𝐷𝑅∗
−1  ∫ 𝐷∗(𝑡 − 𝜏)

∂𝝈

∂𝜏
d𝜏

𝑡

0

 𝝈 = 𝐸𝑅
∗−1∫ 𝐸∗(𝑡 − 𝜏)

∂𝝈𝑹

∂𝜏
d𝜏

𝑡

0

 

ºº Note that ∗ superscript has been used to denote relaxation and creep functions and reference 

stiffness and compliance for tractions, forces and stresses other than those used for displace-

ments and strains. 

The relations between variables in the viscoelastic and reference elastic 

domains are presented in Table 6. Note that all these equations are written in 

terms of the hereditary integrals and can be motivated analogously to the se-

quel (16) to (20). 
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Note that 𝐸𝑅 works as a normalising parameter and it is chosen as a free 

constant. For instance, 𝐸∗(𝑡), 𝐷∗(𝑡), 𝐸𝑅
∗  and 𝐷𝑅

∗  for tractions, forces and stresses 

used in Table 6 are denoted with ∗ superscript to differentiate them from the 

used for displacements and strains. As an example, non-linear elasticity formu-

lation is achieved when 𝐸 = 𝐸∗ = 𝐷−1 = 𝐷∗−1 = 𝐸𝑅 = 𝐸𝑅
∗ . As it is of interest 

here, linear or non-linear viscoelasticity is based on 𝐸∗ = 𝐷∗−1 = 𝐸𝑅
∗ , leading to 

the solution where tractions, forces and stresses in the viscoelastic and refer-

ence elastic problems are equal and displacements and strains in both problems 

are related through the hereditary integrals, corresponding to the second cor-

respondence principle defined by Schapery (Schapery, 1984). 

2.4.3. Viscoelastic Fracture Mechanics 

As introduced previously in section 2.1, the interest on composite solid 

rocket propellant technology grew significantly around the 1950s (Hunley, 

1999; Klager, 1984). By that time, concerns involving the structural integrity 

assessment of propellant grains containing defects such as cracks was the mo-

tivation to the US institutions to fund extensive research on the fracture be-

haviour of these materials (Knauss, 2015). As a result, the foundations of the 

Viscoelastic Fracture Mechanics emerged, beginning with the works of M. L. 

Williams (Williams, 1965). Notwithstanding, exhaustive knowledge has not 

been reached and further developments are needed. As a matter of fact, R. A. 

Schapery, who is one of the most important contributors to the field, began his 

work with solid propellants and viscoelastic fracture in the 1970s and still con-

tinues publishing updated models and their verification in the very current 

years (Schapery, 2022a, 2022b, 2023). 

In this work, Schapery’s approach to viscoelastic fracture assessment 

(Schapery, 1984) is followed. The choice of the Schapery’s constitutive theory 

is based on the good approximation to describe the deformation behaviour of 

composite solid propellants, at the same time that relatively simple equations 

for viscoelastic and fracture analysis are derived (Schapery, 1984). Recalling 

the second correspondence principle, the viscoelastic problem will be solved 
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through the elastic reference problem. For a given solid (the sample containing 

a crack), the geometry and loads are the same in both problems, and displace-

ments are related through the hereditary integrals, c.f. Fig. 18. This approach 

employs the viscoelastic J integral, which is derived as an extension of the J 

integral proposed by Rice (Rice, 1968). Before the definition of the Schapery’s 

viscoelastic J integral, Rice’s J integral will be outlined. 

2.4.3.1. Path-independent contour J integral 

All energetic fracture criteria are based on the energy release produced 

when a crack is generated, as stated by Griffith (Griffith, 1921) applying the 

first law of thermodynamics. The Griffith energy balance, under equilibrium 

conditions, for an incremental increase in the crack area d𝐴 in a body contain-

ing a crack surface, A, subjected to a constant stress  can be expressed as  

dΠ𝑇𝑜
d𝐴

=
dΠ

d𝐴
+
d𝑊𝑆
d𝐴

 (28) 

Where Π𝑇𝑜 is the total energy, Π, is the potential energy in a solid defined as 

the difference between the elastic stored energy and the work done by the ex-

ternal loads, and 𝑊𝑆 is the work needed to produce new surface (crack growth). 

Since the energy balance must remain constant, dΠ𝑇𝑜/d𝐴 = 0, then 

d𝑊𝑆
d𝐴

= −
dΠ

d𝐴
 (29) 

The term d𝑊S/d𝐴 acquires different names and is defined under different 

contexts and assumptions, such as the energy release rate, 𝐺, early defined by 

Irwin in 1956 (Irwin, 1956) or the so-called J integral, 𝐽, proposed by Rice 

(Rice, 1968). 

𝐽 = −
dΠ

d𝐴
 (30) 
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Fig. 19. Arbitrary anticlockwise contour, 𝛤∗, surrounding a crack, 𝑎, circumscribing an area 𝐴∗ and 

subjected to tractions 𝑇⃗ . 

As stated above, the potential energy Π is the difference between the 

stored deformation energy and the work done by external loads, which can be 

written for a quasistatic case in the form 

Π = ∫ 𝜔d𝐴
𝐴∗

−∫ 𝑇𝑖𝑢𝑖d𝑠
Γ∗

 (31) 

where no body forces are accounted, and 𝜔 is the elastic energy density (per 

unit thickness), 𝑇𝑖 are the tractions specified in the Γ∗ contour and 𝑢𝑖 are the 

displacements. Γ∗ is an arbitrary contour surrounding the crack tip that con-

tains an area 𝐴∗ and d𝑠 is a differential element of the contour as represented 

in Fig. 19. If considering a crack of length 𝑎, c.f. Fig. 19, its growth will result 

in a variation of this potential energy, which can be formulated as 

dΠ

d𝑎
= ∫

d𝜔

d𝑎
d𝐴

𝐴∗
−∫ 𝑇𝑖

𝑢𝑖
d𝑎
d𝑠

Γ∗
 (32) 

since d𝑇𝑖/d𝑎 = 0 where tractions are defined. The reference coordinate system 

shall move in the direction defined by 𝑥 when the crack grows (assuming that 

the crack will grow in that direction), so (32) is modified as 

dΠ

d𝑎
= ∫ (

d𝜔

d𝑎
−
d𝜔

d𝑥
)d𝐴

𝐴∗
−∫ 𝑇𝑖 (

𝑢𝑖
d𝑎
−
𝑢𝑖
d𝑥
) d𝑠

Γ∗
 (33) 

Independently, d𝜔/d𝑎 is derived as 

d𝜔

d𝑎
=
d𝜔

d𝜀𝑖𝑗

d𝜀𝑖𝑗

d𝑎
= 𝜎𝑖𝑗

𝜕

𝜕𝑥𝑗
(
𝜕𝑢𝑖
𝜕𝑎
) (34) 

    

 

 

d 
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and employing the principle of virtual work, it leads to 

∫ 𝜎𝑖𝑗
𝜕

𝜕𝑥𝑗
(
𝜕𝑢𝑖
𝜕𝑎
) d𝐴

𝐴∗
= ∫ 𝑇𝑖

𝑢𝑖
d𝑎
d𝑠

Γ∗
 (35) 

which is introduced in (33) giving 

dΠ

d𝑎
= ∫ 𝑇𝑖

𝑢𝑖
d𝑥
d𝑠

Γ∗
−∫

d𝜔

d𝑥
d𝐴

𝐴∗
 (36) 

Now, Green’s Theorem is invoked, so 

𝐽 = −
dΠ

d𝑎
= ∫ 𝜔d𝑦 − 𝑇𝑖

𝑢𝑖
d𝑥
d𝑠

Γ∗
 (37) 

which is the definition of the J integral proposed by Rice (Rice, 1968). Under 

a 2D configuration, it comprises a fracture parameter suitable for linear or non-

linear time-independent materials. Note that constant unit thickness has been 

assumed from (30) to (37), so that (37) is equal to (30). Evaluation of the J 

integral through (37) is feasible for finite element analysis. Nevertheless, when 

evaluating 𝐽 through (37) experimentally, it can be quite tedious  to perform, 

as Read demonstrated with a contour path defined with strain gauges (Read, 

1982). Experimental procedures are rather derived from (30) since the early 

works of Landes and Begley (Begley et al., 1972; Landes et al., 1972), where 

they applied a multi-specimen method, which was further developed by J. R. 

Rice and co-workers for single-specimen analysis (Bucci et al., 1972; Rice et 

al., 1973). The J integral definition through (30) implies several advantages, 

mainly efficiency when it comes to material need, simplicity of implementation 

and, therefore, less testing work required. More advances were made in the 

development of expressions to derive calculations of J integral from the frac-

ture tests load-displacement curves (Landes et al., 1974; Ernst et al., 1979), 

leading to the definition of fracture testing standards (ASTM D6068, 2018; 

ASTM E1830, 2018; ISO 13586, 2018). Two main formulations are employed: 

one as (Ernst et al., 1981) 
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𝐽 =
𝜂𝑈

𝐵(𝑊 − 𝑎)
 (38) 

where 𝐵 is the thickness of the specimen and 𝑊 its width, 𝜂 is a constraint 

factor dependent on geometry and mode of loading and 𝑈 is the energy com-

puted as the area under the load-displacement curve of the fracture test, de-

fined by: 

𝑈 = ∫ 𝑃d𝑢
𝑢

0

 (39) 

where 𝑃 is the applied load and 𝑢 represents the displacement; the other for-

mulation splits the expression in (38) into elastic and plastic contributions as 

𝐽 =
𝜂𝑒𝑙𝑈𝑒𝑙

𝐵(𝑊 − 𝑎)
+

𝜂𝑝𝑙𝑈𝑝𝑙

𝐵(𝑊 − 𝑎)
 (40) 

where subindexes 𝑒𝑙 and 𝑝𝑙 denote elastic and plastic contributions, respec-

tively. Expression in (38) is preferred for the evaluation of J integral of poly-

mers, considering the tight difference of the results employing its split equiv-

alent in (40) (Moore et al., 2001). 

2.4.3.2. Viscoelastic J integral 

The viscoelastic J integral or defined by Schapery (Schapery, 1984) is in 

essence an extension of the concept path-independent line integral developed 

by Rice (Rice, 1968). It is the far-field fracture parameter that suitably defines 

the conditions at the crack tip (Anderson, 2017). Schapery states all terms in 

the elastic reference problem defined in subsection 2.4.1, so superscript 𝑅 will 

be employed whenever is needed. 

Firstly, the potential energy Π will account for body forces as 

Π = Π𝑠 + Π𝐹 − Π𝑇 (41) 

being Π𝑠 the stored deformation energy, Π𝐹 the energy computed from the 

body forces and Π𝑇 the work done by the tractions, analogous to (31). These 
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energy terms are defined for a 3D solid only assuming homogeneity with re-

spect to the crack advancing direction and dependent on time, although time 

variable is used to account for effects such as damage or ageing. Viscoelastic J 

integral is developed for materials like composite solid propellants, whose crack 

might not be clearly defined, but rather they present a failure zone as repre-

sented in Fig. 20. To achieve a path-independent integral, the path must lay 

distant from the failure zone, so that the crack tip is located at the edge where 

path-independency is not achieved, cf. P in Fig. 20, and the path along the 

crack sides will extend further than the opposite end of the failure zone. 

 
(a) 

 
(b) 

Fig. 20. Crack tip representation. (a) 2D representation of a crack presenting a failure zone at the tip 

and the arbitrary anticlockwise contour  𝛤∗ surrounding the crack 𝑎, (b) 3D representation of the 𝛤∗ 

contour extruded in the 𝑥3 direction giving the surface contour 𝑆∗around a crack tip. 

The viscoelastic J integral is the J integral determined in the elastic refer-

ence body. Therefore, in this thesis the term pseudo J integral will be preferred 

for the shake of clarity. Then, the pseudo J integral, 𝐽𝑅, is defined as 

𝐽𝑅 =
1

𝐵
∫ [(ω𝑠

𝑅 + 𝜔𝐹
𝑅)𝑛𝑥 − 𝑇𝑖

𝑅
𝜕𝑢𝑖

𝑅

𝜕𝑥
] d𝑆

𝑆∗
 (42) 

Where 𝜔𝑠
𝑅 and 𝜔𝐹

𝑅 are the strain and body forces energy densities, respectively, 

and 𝑆∗ is not the line path defined by Rice, but it is rather the surface drawn by 

the contour (cross-section) indicated in Fig. 20 along the thickness 𝐵, so 

pseudo J integral is a surface-independent integral. The relation in (30) still 

holds, therefore (38) can be used with a slight modification. 
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𝐽𝑅 =
𝜂𝑈𝑅

𝐵(𝑊 − 𝑎)
 (43) 

In (43) the term 𝑈𝑅 replaces 𝑈 in (38). That is the energy in the reference 

elastic problem which corresponds to the area under the load-pseudo displace-

ment curve defined by 

𝑈𝑅 = ∫ 𝑃𝑑𝑢𝑅
𝑢𝑅

0

 (44) 

where 𝑢𝑅 are the displacements in the reference problem or pseudo displace-

ments, which are obtained through the hereditary relations from the actual vis-

coelastic displacements 𝑢, as stated in (20), given by (45). 

𝑢R = 𝐸𝑅
−1∫ 𝐸(𝑡 − 𝜏)

∂𝑢

∂𝜏
d𝜏

𝑡

0

 (45) 

If tests are performed at a constant displacement rate (45) becomes 

𝑢R = 𝐸𝑅
−1𝑢̇ ∫ 𝐸(𝑡)d𝑡

𝑡

0

 (46) 

where 𝑢̇ is the displacement rate and 𝐸(𝑡) still means the uniaxial relaxation 

modulus. The reference modulus 𝐸𝑅 is chosen in this work as the instantaneous 

modulus 𝐸0 which corresponds to the relaxation modulus at time 𝑡 = 0 

(Bencher et al., 1995; Schapery, 2022a). Any other values are possible, such as 

𝐸𝑅 = 1 (Warby et al., 1992), but this choice has been made to give 𝐸𝑅 the phys-

ical meaning of an unrelaxed body (Bencher et al., 1995). The instantaneous 

modulus represents the beginning of the relaxation function and the equilib-

rium modulus, 𝐸∞, represents the asymptotic value of the relaxation function 

when 𝑡 is sufficiently high to allow a complete relaxation of the viscoelastic 

solid. Both values, 𝐸0 and 𝐸∞, could be used based on the strain rate at which 

the tests are performed, although if 𝐸𝑅 = 𝐸0 no relaxation is omitted, unlike 

when 𝐸𝑅 = 𝐸∞. If a normalised relaxation modulus 𝐸̅(𝑡) is defined as 
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𝐸̅(𝑡) =
𝐸(𝑡)

𝐸𝑅
 (47) 

the normalised function will begin at a value of 1 if 𝐸𝑅 = 𝐸0 and at a value 

greater than 1 if 𝐸𝑅 = 𝐸∞. Therefore, 𝐽𝑅 is affected by the definition in (44). 

When 𝐸𝑅 = 𝐸∞ pseudo displacement will be larger than the actual viscoelastic 

displacements, leading to larger energy values. If 𝐸𝑅 = 𝐸0 pseudo displace-

ments are smaller to the actual viscoelastic displacements, leading to smaller 

energy values. Then, using 𝐸𝑅 = 𝐸0 will better represent the fracture energy 

not accounting for the viscous energy dissipated during the fracture process 

that is not related to the actual surface creation process. 

2.4.4. Calibration η factor. Load separation method 

Expressions in (38) and (43) depend on the so-called dimensionless con-

straint or calibration factor 𝜂. The determination of this factor is possible by 

means of experimental (Salazar et al., 2008; Zhu, 2017) or numerical (Carvalho 

et al., 2010; Jia et al., 2020) means. One of the methodologies developed to use 

mainly in experimental procedures is the load separation method. It was pro-

posed during the early 1980s by several authors (Ernst et al., 1979; Paris et al., 

1980; Turner, 1980; Ernst et al., 1981) continuing the  RPM (Rice Paris 

Merkle) solution (Rice et al., 1973). Load separation method was firstly em-

ployed to determine 𝜂𝑝𝑙 factors (Ernst et al., 1981; Sharobeam et al., 1991)., 

and later to explore a single specimen methodology to provide J-R resistance 

curves without the need to use tracking crack growth accessories during the 

tests (Sharobeam et al., 1993), or directly determining the critical value of J 

integral 𝐽𝐼𝑐, defined as the value of the integral J at crack growth initiation 

(Frontini et al., 2012). Although the method was developed and widely used 

for structural integrity evaluation of metals, it has been successfully applied to 

polymers (Wainstein et al., 2004; Rodríguez et al., 2009) and composites (An-

tich et al., 2006; Frontini et al., 2012). 
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Load separation property is one of the bases of the formulation in (38) 

and (43) and the existence of 𝜂 factor (Ernst et al., 1981). This property states 

that the applied load, 𝑃, during a test can be represented by the product of two 

functions as 

𝑃(𝑎, 𝑢𝑝𝑙) = 𝑔(𝑎)𝐻(𝑢𝑝𝑙) (48) 

where 𝑔(𝑎) is a geometric function depending on crack size 𝑎 and 𝐻(𝑢𝑝𝑙) is a 

deformation function that depends on the plastic displacement 𝑢𝑝𝑙. Indeed, 

(48) is commonly expressed in terms related to the characteristic lengths of the 

solid, i.e., not only crack size 𝑎, but also the width 𝑊 of the sample as 

𝑃(𝑎/𝑊, 𝑢𝑝𝑙/𝑊) = 𝑔(𝑎/𝑊)𝐻(𝑢𝑝𝑙/𝑊) (49) 

or in terms of the ligament of the sample 𝑏 = 𝑊 − 𝑎 

𝑃(𝑏/𝑊, 𝑢𝑝𝑙/𝑊) = 𝑔(𝑏/𝑊)𝐻(𝑢𝑝𝑙/𝑊) (50) 

The 𝜂𝑝𝑙 factor can be inferred from two formulations of the plastic fraction 

J integral, 𝐽𝑝𝑙, being the first of them 

𝐽𝑝𝑙 = −
∂𝑈𝑝𝑙

∂𝑎
|
𝑢pl

 (51) 

where 𝑈𝑝𝑙 is the energy under the load versus plastic displacement curve. On 

the other hand, 𝐽𝑝𝑙 can be described as 

𝐽𝑝𝑙 = ηpl
𝑈𝑝𝑙

𝑏
 (52) 

By equating (51) and (52), the 𝜂𝑝𝑙 factor can be derived as in (53). 

𝜂𝑝𝑙 = −
𝑔′ (

𝑎
𝑊
)

𝑔 (
𝑎
𝑊
)

𝑏

𝑊
=
𝑔′ (

𝑏
𝑊
)

𝑔 (
𝑏
𝑊
)

𝑏

𝑊
 (53) 
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To determine 𝜂𝑝𝑙 through experimental means, a separation parameter, 

𝑆𝑖𝑗, is defined. Given two samples with stationary cracks of different lengths, 

𝑎𝑖 and 𝑎𝑗, the ratio between loads at a specific plastic displacement of both 

samples can be written as 

𝑆𝑖𝑗 =
𝑃𝑖 (

𝑎𝑖
𝑊
,
𝑢𝑝𝑙
𝑊
)

𝑃𝑗 (
𝑎𝑗
𝑊
,
𝑢𝑝𝑙
𝑊
)
|

𝑢𝑝𝑙

=
𝑃𝑖 (

𝑏𝑖
𝑊
,
𝑢𝑝𝑙
𝑊
)

𝑃𝑗 (
𝑏𝑗
𝑊
,
𝑢𝑝𝑙
𝑊
)

|

𝑢𝑝𝑙

 (54) 

where 𝑆𝑖𝑗 is the separation parameter. Substituting by the geometric and de-

formation functions 

𝑆𝑖𝑗 =
𝑔 (
𝑎𝑖
𝑊
)𝐻 (

𝑢𝑝𝑙
𝑊
)

𝑔 (
𝑎𝑗
𝑊
)𝐻 (

𝑢𝑝𝑙
𝑊
)
‖

𝑢𝑝𝑙

=
𝑔 (
𝑏𝑖
𝑊
)𝐻 (

𝑢𝑝𝑙
𝑊
)

𝑔 (
𝑏𝑗
𝑊
)𝐻 (

𝑢𝑝𝑙
𝑊
)

‖

𝑢𝑝𝑙

 (55) 

so that deformation functions must be equal for that specific plastic displace-

ment. Then 

𝑆𝑖𝑗 =
𝑔 (
𝑎𝑖
𝑊
)

𝑔 (
𝑎𝑗
𝑊
)
|

𝑢𝑝𝑙

=
𝑔 (
𝑏𝑖
𝑊
)

𝑔 (
𝑏𝑗
𝑊
)

|

𝑢𝑝𝑙

 (56) 

The separation parameter 𝑆𝑖𝑗 represents the separation between load-

plastic displacement curves from both samples. Separation property will hold 

for the 𝑢𝑝𝑙 range where 𝑆𝑖𝑗 is constant and, therefore, 𝜂𝑝𝑙 will exist for that 

range and crack lengths in between those of the tested samples [𝑎𝑖 < 𝑎 < 𝑎𝑗] 

(Ernst et al., 1981).  

It is possible to derive the geometric function 𝑔 from various 𝑆𝑖𝑗 parame-

ters using a reference sample with crack length 𝑎𝑗, so that 

𝑆𝑖𝑗 = 𝑄𝑔 (
𝑏𝑖
𝑊
) , f     n t nt 𝑏𝑗/𝑊 (57) 
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Sharobeam and Landes (Sharobeam et al., 1991, 1993) proved that the 

geometric function 𝑔 can acquire the power law form 

𝑔 (
𝑏𝑖
𝑊
) = (

𝑏𝑖
𝑊
)
𝑚

 (58) 

where 𝑚 = 𝜂𝑝𝑙 when used in (53) and the constant 𝑄 in (57) is 

𝑄 = (
𝑏𝑗

𝑊
)

−𝑚

 (59) 

Then, the 𝜂𝑝𝑙 factor can be obtained through (53), (57) and (58) 

𝑆𝑖𝑗 = 𝑄 (
𝑏𝑖
𝑊
)
𝜂𝑝𝑙

, f     n t nt 𝑏𝑗/𝑊 (60) 

where 𝜂𝑝𝑙 is obtained from the power law fitting using (60) of the 𝑆𝑖𝑗 values for 

various 𝑎𝑖 and a reference 𝑎𝑗. 
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The principal aim of this thesis is the effect of several ageing conditions 

of different nature on the mechanical and fracture behaviour of a high energy 

composite solid propellant based on carboxyl-terminated polybutadiene. The 

approach for the fracture characterisation was the viscoelastic fracture me-

chanics. To do so, the research has been divided into two parts. In a prelimi-

nary characterisation focused on the study of the starting material, with the 

following objectives: 

➢ To evaluate the strain rate effect on the mechanical and fracture behav-

iour of the composite propellant. 

➢ To determine the micromechanisms controlling the fracture process for 

the different studied strain rates. 

After successfully fulfilling the preliminary characterisation, a new exper-

imental campaign was completed for the composite solid material subjected to 

mechanical, thermal and ozone ageing. The following objectives were pursued: 

➢ To study the mechanical response and fracture behaviour of the com-

posite propellant with the evolution of time and type of ageing. 

➢ To examine the changes in the microstructure of the propellant due to 

the ageing, through the measurement of the soluble fraction in the elas-

tomeric matrix, and its influence on the mechanical and fracture behav-

iours and its controlling micromechanisms. 

➢ To explore new methodologies to assess the ageing of composite solid 

rocket propellant motors in the surveillance programs. 
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4.1. GRAIN EXTRACTION FROM THE ROCKET 

The material under study comes from a couple of two-stage composite 

solid rocket propellant motors, which are formed by two types of propellants 

named as sustainer and booster, cf. Fig. 21 and Fig. 22a. The propellant ana-

lysed in this research belongs to the booster. 

 

Fig. 21. Schematic of the propellant’s grain extraction from the motor for the obtention of the testing 

samples. 

To extract the propellant grain, the whole motor was first split (cut) into 

slices. Then the propellant grain was separated from the motor case using a 

hydraulic press and sliced to ease the handling and machining of the samples. 

All the samples were machined from each of the produced slices. A schematic 

of the process is shown in Fig. 21. Further details of the extraction of the pro-

pellant grain can be found in (López Sánchez, 2018). As an example, one of 

the slices of the motor, the machining process and some of the machined sam-

ples from the sustainer and booster propellants are presented in Fig. 22. 

A chemical characterisation to determine the components of the compo-

site propellant was extensively carried out previously by R. López in (López 

Sánchez, 2018). The composition of the booster composite solid propellant 

was determined as: 

▪ Carboxyl-Terminated Polybutadiene (CTPB) elastomer as 

binder. 
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▪ Ammonium Perchlorate (AP) ceramic particles as oxidiser in 54 

wt%. The diameter of these particles presented a normal distribu-

tion centred at 120 μm. 

▪ Aluminium (Al) micronized powder as fuel in 16 wt%. 

▪ Isodecyl pelargonate in 3.6 wt% as plasticiser. 

  

 
(a)  

   
 (b) 

 
(c) 

Fig. 22. Propellant grain at different stages of the extraction. (a) Slice of the motor (booster is the 

grey propellant and sustainer is the white propellant), (b) machining of the slices of propellant, and 

(c) resulting JANNAF samples for tensile tests. 

Two characterisations were performed in the present work. A primary 

characterisation, which was carried out with propellant extracted from the mo-

tor that has been described, to  establish the mechanical and fracture behaviour 

under different strain rates. A secondary characterisation to study the degra-

dation of the propellant under different conditions was developed with a simi-

lar composite propellant that came from a twin rocket motor. Since both are 

twin motors, in this work the compositions of both propellants are assumed to 
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be the same. Both characterisation stages will be denoted as “preliminary char-

acterisation” and “ageing characterisation”. The term “pristine” will be used to 

name the propellant extracted from the motor that is only naturally aged and 

has not been subjected to any kind of accelerated ageing. 

4.2. AGEING PROCESSES 

4.2.1. Accelerated mechanical ageing 

Mechanical ageing of composite solid propellant grains is conceived as the 

cumulative effect of solicitations over the shelf life of the motor. These solici-

tations are mostly due to vibrations, gravity and temperature variations. 

Dewetting of the particles is the major concern produced by mechanical solic-

itations (Belitsky et al., 2023). To explore the results of severe mechanical age-

ing, the proposed ageing procedure consisted in the application of a strain dur-

ing a loading-unloading cycle at a crosshead displacement rate of 500 mm/min. 

This value was chosen after the preliminary characterisation, where it was ob-

served that dewetting damage was more intense with increasing strain rate. 

The applied loading-unloading cycle is shown in Fig. 23 in terms of stress-

strain curves in engineering magnitudes, where the viscous nature of the pro-

pellant is explicitly manifested. 

 
Fig. 23. Engineering stress, 𝑠, versus engineering strain, 𝑒, curves of the loading-unloading cycle ap-

plied to the mechanically aged samples, with applied strains of 15% and 30%, for the ageing charac-

terisation. 
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Relaxation, tensile and fracture tests were performed on mechanically 

aged samples, that were subjected to the described loading-unloading cycle up 

to 15% and 30% applied longitudinal engineering strain. The ageing proce-

dure was carried out one hour before the corresponding relaxation, tensile or 

fracture test. This time was considered adequate to avoid influence of the pre-

straining process  on the tests (Mullins, 1949). 

4.2.2. Accelerated temperature ageing 

As previously mentioned, isothermal accelerated temperature ageing pro-

cess is a common procedure for its use in composite solid propellants. It is usu-

ally aged at temperatures in the range of 60 ºC to 80 ºC (Cerri et al., 2013; 

Zhang et al., 2023a). Following AOP-48 for isothermal accelerated ageing 

(AOP-48, 2008), the necessary accelerated ageing time, 𝑡𝑎, to produce an 

equivalent storage time can be determined as  

𝑡𝑎 = 𝑡25  x (
𝐸𝑎
𝑅𝑇𝑎

− α) (61) 

where 𝑡25 is the equivalent storage time at 25 ºC, 𝐸𝑎 is the activation energy 

determined as 120 kJ/mol for ageing temperatures higher than 60 ºC or 80 

kJ/mol for ageing temperatures lower than 60 ºC, 𝑅 is the ideal gas constant 

(𝑅 = 0.00831447 𝑘𝐽/𝐾 · 𝑚𝑜𝑙) and 𝛼 is a constant which is 46.713 for ageing 

temperatures higher than 60 ºC or 32.272 for ageing temperatures lower than 

60 ºC. Note that (61) is an alternative form of Layton’s law in (2). 

For this work, relaxation, tensile and fracture samples were wrapped in 

aluminium foil and isothermally aged in an oven at a temperature of 80 ºC with 

exposition times of 24 and 36 days. Making use of (61), the corresponding 

equivalent storage times at 25 ºC are approximately 22.3 and 33.5 years. Note 

that (61) assumes an Arrhenius form, which is not suitable for all cases and 

time ranges (Celina et al., 2005), and activation energies are generic for com-

posite solid propellant, but not for the specific composition. Therefore, 
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equivalent storage times must be understood solely as long storage times rather 

than precise dates. 

4.2.3. Accelerated ozone ageing 

The accelerated ozone ageing process of the composite solid propellant 

was carried out in an ad hoc ozone chamber. The description of the ozone 

chamber is made in Appendix I. Several technologies are available nowadays to 

produce ozone. High voltage corona discharge system has been chosen in this 

work for the ozone generation. The corona discharge ozone generation is suit-

able to avoid other kind of interactions with the propellant, as the case of ul-

traviolet (UV) light, which promotes other oxidative ageing processes, for ex-

ample. The corona discharge technology is efficient and capable of producing 

ozone constantly during large periods, being economic and simple to use and 

replace. 

Relaxation, tensile and fracture samples were aged in the ozone chamber 

for 14, 21, 32 and 42 days at room temperature. Samples were introduced in 

the chamber once the maximum allowable ozone concentration of approxi-

mately 160 ppm was reached, holding the ageing process at that concentration 

for the ageing period. 

4.3. CHEMICAL CHARACTERISATION  

Composite solid propellants are very complex materials characterised by 

the heterogeneity of their components. From the mechanical point of view, the 

mechanical response of the propellant is controlled by the binder, which is usu-

ally an elastomer, with the crosslinking density, 𝐶𝐿𝐷, being one of the key 

chemical properties that can indicate the state of the propellant and, in partic-

ular, the degree of ageing. The procedure to determine the crosslinking density 

consisted in measuring the soluble fraction through the method 1A indicated 

in the STANAG 4581 standard (STANAG 4581, 2022). 
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Initially, a sample of composite solid propellant with an initial mass, 𝑊𝑖, 

of 1-2 g was immersed in toluene to extract the free chains (sol fraction) from 

the binder. The propellant was maintained submerged in the solvent for four 

days changing the solvent every 24 h. After four days, the soluble fraction (sol) 

and the propellant mass (gel) are separated and the gel fraction was dried in 

an oven at 50 ºC until the final mass of the propellant, 𝑊𝑓, was constant. The 

sol fraction 𝑆 was then determined as 

𝑆 =
𝑊𝑖 −𝑊𝑓

𝑊𝑖
 (62) 

and the crosslinking density expressed in term of the sol fraction is 

𝐶𝐿𝐷 =
(1 − 𝑆)[2 − (𝑆 + √𝑆)]

(𝑆 + √𝑆)
 (63) 

4.4. MECHANICAL CHARACTERISATION 

4.4.1. Time dependent characterisation 

One of the common procedures to characterise the viscoelastic behaviour 

of polymers is the stress relaxation test. These tests were carried out to observe 

the changes in the viscoelastic capability of the propellant after damage has 

been produced. It is also relevant that the relaxation functions are required to 

obtain the pseudo displacements and pseudo strains according to the heredi-

tary relations, cf. Table 6. 

For the preliminary characterisation of the composite solid propellant ex-

tracted from the first motor, the relaxation tests were carried out in a TA In-

struments DMA Q800 using parallelepipedal specimens in three-point bend-

ing configuration, cf. Fig. 24. The dimensions of the specimens were of 

64x12x6.5 mm tested with a span of 50 mm at 20 ºC. A strain of 1.5% was 

applied in around 5 seconds and held for 30 min. These conditions were chosen 

to assure linear viscoelastic behaviour (Tussiwand et al., 2009; Xu et al., 2013). 
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Fig. 24. Experimental set-up for the stress relaxation test in three-point bending configuration on the 

DMA Q800 machine for the preliminary characterisation. 

 
(a) 

 
(b) 

Fig. 25. Relaxation testing equipment. (a) universal electromechanical Instron 5967 testing machine, 

and (b) manual wedge grips from Instron®. 

The propellant obtained from the second motor was tested in a different 

and more suitable configuration. The stress relaxation tests were carried out 

with parallelepipedal specimens with nominal dimensions of 50x10x10 mm in 

tensile configuration using a universal electromechanical testing machine In-

stron 5967 with a loadcell of ±500 N and manual wedge grips, c.f. Fig. 25. The 

imposed strain was chosen to be of 3% (Schapery, 1982; Tussiwand et al., 

2009) for all specimens, except for the ones that were subjected to temperature 



Structural integrity of CSP based on CTPB binder 
 

 

70 

accelerated ageing, which were strained at 0.15%. The chosen strain was as-

sumed not to influence the relaxation behaviour since it was proven as strain 

independent for low strains, i.e., 𝜀 ≤ 3% (Bencher et al., 1995). Specimen size 

and imposed strain were chosen as a balance between material availability and 

load scale. Tests were done at room temperature with a ramp load of 50 

mm/min and a holding time of 30 min. For the specimens subjected to accel-

erated thermal ageing, the ramp load was of 2 mm/min to reach the target 

strain in approximately 2 s, as it was for all the specimens. 

To perform the tests, the samples were sticked to ad hoc designed tabs, cf. 

Fig. 26, that will be inserted into de wedges of the manual grips to avoid grip-

induced failures in the propellant, cf. Fig. 25b. These tabs were manufactured 

by a fused deposition modelling (FDM) printer in polylactic acid (PLA) mate-

rial and designed as shown in Fig. 26a. To solve complications associated to 

the printing process, the assembly of the samples and tabs is shown in Fig. 26b. 

To bond the propellant samples to the tabs, a quick set structural epoxy bicom-

ponent adhesive from RS PRO was used. The adhesive was applied for at least 

48 h prior to testing to ensure complete curing. Due to the different nature and 

limitations of each applied degradation, the procedure has been: 

➢ Mechanically induced damage: the samples were sticked to the tab 

and once the epoxy resin was completely cured, the mechanical dam-

age was introduced, followed by the waiting period of 1 h before the 

stress relaxation tests were carried out. 

➢ Accelerated temperature ageing: the samples were first aged in the 

oven. After ageing, they were sticked to the tabs and left to cure. Fi-

nally, the stress relaxation tests were performed. 

➢ Accelerated ozone ageing: the samples were first sticked to the tab 

and introduced in the ozone chamber. The curing of the resin was 

produced during the ageing process and no affection to the bonding 

between the propellant sample and the PLA tabs was found. After 

the ageing process, the stress relaxation tests were conducted. 
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(a) 

 
(b) 

Fig. 26. Tensile stress relaxation samples performed on the propellant coming from the second motor 

for the ageing characterisation. (a) PLA printed tabs for relaxation tests, and (b) propellant sample 

configuration for tensile testing. 

4.4.1.1. Relaxation functions 

As alluded to, relaxation functions are necessary for the determination of 

the pseudo variables. These functions were derived from the experimental data 

obtained from the stress vs time curve from the stress relaxation tests. The 

procedure proposed by Xu et al. (Xu et al., 2013) was used, which is purely an 

extension of the viscoelastic equations for the entire test, including the loading 

region. The development of the equation is shown in the forthcoming para-

graphs. 

Commonly the loading step or loading ramp is ignored in the analysis of 

stress relaxation tests. It is an affordable approach as the requirements for data 

acquisition and processing are modest. Nevertheless this can have significant 

effect if the material relaxes in a sudden way, as is the case of solid rocket pro-

pellants or some biomaterials (Shetye et al., 2014), and interest is placed in the 

rapid response of the material. The stress relaxation test is briefly described in 
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Fig. 27, where a strain is imposed over a period of time while the evolution of 

the load (stress) is recorded. 

 

Fig. 27. Schematic of a stress relaxation test with ideal constant strain rate loading ramp. 

If an ideal step loading is considered the stress-strain relation for a uniax-

ial loading case in (13) reduces to 

σ(𝑡) = 𝐸(𝑡)𝜀0 (64) 

where 𝜀0 is the target strain for the stress relaxation test. This relation holds 

whenever the loading ramp is ignored and, although it is convenient due to its 

simplicity, information from the test is missed. An alternative approach comes 

when considering the step loading as a constant strain rate ramp, as in Fig. 27.  

 

Fig. 28. Schematic of a generalized Maxwell-Wiechert model. 

 

The relaxation function is taken here as a Prony series. Prony series are one of 

the most common representations for viscoelastic solids, whose mechanical 

analogy is the so-called generalized Maxwell-Wiechert model, c.f. Fig. 28. A 

Maxwell element is defined by a spring connected in series to a dashpot. The 

Maxwell-Wiechert model consist in the connection in parallel of as many 
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Maxwell elements as needed to represent the stiffness relaxation. It is also con-

sidered a spring connected in parallel to the other Maxwell elements to account 

for the possible remaining stiffness after the complete relaxation is reached. 

Other functions, such as modified-power-law functions, have been em-

ployed for solid propellants(Darwell et al., 1966; Schapery, 1969), but they are 

hardly found in bibliography today. The relaxation function as Prony series can 

be written as 

𝐸(𝑡) = 𝐸∞ +∑𝐸𝑖𝑒
−𝑡/𝜏𝑖

𝑁

𝑖=1

  (65) 

where 𝐸∞ is the equilibrium modulus and 𝐸𝑖 and 𝜏𝑖 are the modulus and relax-

ation times for the Maxwell 𝑖-th element, respectively. As one might observe 

in (65), this representation has a direct Laplace transformation, to use equa-

tions in the elastic reference problem, and Fourier transformation, to use for 

frequency domain data. That reason might have helped the Prony series to be-

come the standard model used for composite solid propellants (James S. et al., 

1973) and its implementation in finite element commercial codes. 

To develop the stress-strain equation, the stress relaxation function 𝜎(𝑡) 

during the relaxation test can be derived from the decomposition of the applied 

strain history (I) as shown in Fig. 29. A constant strain rate loading ramp de-

fines the loading history (II), while a constant strain rate loading ramp begin-

ning at 𝑡1 defines the loading history (III), being 0 for 𝑡 ≤ 𝑡1. Note that the 

difference between loading histories (II) and (III) gives (I). 

 

Fig. 29. Applied strain in stress relaxation tests and its decomposition. 
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The stress-strain relation for the loading history (II) can be written in the 

same form for all times 𝑡. Hence, it will be first developed from (13), which can 

be rewritten for a constant strain rate ramp as 

σII(𝑡) =
ε0
𝑡1
∫ 𝐸(𝑡 − τ)d𝜏
𝑡

0

 (66) 

where 𝑡1 is the time employed to reach the target strain 𝜀0. As an example, for 

a Prony series of 1st order the expression in (66) is redefined as 

σII(𝑡) =
ε0
𝑡1
∫ (𝐸∞ + 𝐸1𝑒

−
τ
τ1) dτ 

𝑡

0

 (67) 

The solution to the integral (67) is 

σII(𝑡) =
ε0
𝑡1
[𝐸∞𝑡 + 𝐸1τ1 (1 − 𝑒

−
𝑡
τ1)] (68) 

Then, the expression in (68) can be generalized for a 𝑁-th order of the 

Prony series so that the stress-strain relation for a generalized Prony series 

during a constant strain rate loading ramp is 

σII(𝑡) =
ε0
𝑡1
[𝐸∞𝑡 +∑𝐸𝑖τ𝑖 (1 − 𝑒

−
𝑡
τ𝑖)

𝑁

𝑖=1

] (69) 

Regarding the loading history (III), for times 𝑡 ≤ 𝑡1, 𝜎
𝐼𝐼𝐼(𝑡) = 0. Conse-

quently, 𝜎𝐼(𝑡) = 𝜎𝐼𝐼(𝑡) for 𝑡 ≤ 𝑡1. Analogously, the stress-strain relation for 

loading history (III) at (𝑡 ≥ 𝑡1) is obtained from (66) with lower and upper 

integration limits 𝑡1and 𝑡, respectively, giving the general form 

σIII(𝑡) =
ε0
𝑡1
[𝐸∞(𝑡 − 𝑡1) +∑𝐸𝑖τ𝑖 (1 − 𝑒

−
𝑡−𝑡1
τ𝑖 )

𝑁

𝑖=1

] (70) 

so that the difference 𝜎𝐼𝐼(𝑡) − 𝜎𝐼𝐼𝐼(𝑡) for 𝑡 ≥ 𝑡1 gives 

σI(𝑡) =
ε0
𝑡1
[𝐸∞𝑡1 +∑𝐸𝑖τ𝑖 (𝑒

−
𝑡−𝑡1
𝜏𝑖 − 𝑒

−
𝑡
τ𝑖)

𝑁

𝑖=1

] (71) 
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To summarise, the stress-strain relation in tensile relaxation tests consid-

ering a constant strain rate loading ramp are described by (72) 

σ(𝑡) =
ε0
𝑡1
[𝐸∞𝑡 +∑𝐸𝑖τ𝑖 (1 − 𝑒

−
𝑡
τ𝑖)

𝑁

𝑖=1

] ; 𝑡 ≤ 𝑡1

σ(𝑡) =
ε0
𝑡1
[𝐸∞𝑡1 +∑𝐸𝑖τ𝑖 (𝑒

−
𝑡−𝑡1
𝜏𝑖 − 𝑒

−
𝑡
τ𝑖)

𝑁

𝑖=1

] ; 𝑡 ≥ 𝑡1

 (72) 

From stress relaxation tests, an average of the stress vs time curve from 

three samples is obtained for each condition. To obtain the relaxation function 

parameters in (65), a least-square fit is performed for a 4th order Prony series. 

For the fitting process, the only constraints applied were that all parameters 

must be positive to be in accordance with the rheology of the model. 

4.4.2. Tensile tests 

Tensile test are one of the most common procedures in the composite 

solid propellant motor surveillance programs, with the recognised interna-

tional standard STANAG 4506 (STANAG 4506, 2000). From stress versus 

strain data of the uniaxial tensile tests, the following parameters are reported 

with regard to the standard: apparent modulus 𝐸, stress at maximum 𝜎𝑚𝑎𝑥, 

stress at rupture 𝜎𝑟, strain at maximum 𝜀𝑚𝑎𝑥 and strain at rupture 𝜀𝑟. The de-

scribed parameters are illustrated in Fig. 30. 

 

Fig. 30. Schematic of a typical stress, 𝜎, versus strain, 𝜀, curve from a uniaxial tensile test of a compo-

site solid propellant. 
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Tensile tests were carried out using JANNAF specimens, described in 

STANAG 4506, with dimensions shown in Fig. 31a. Due to the nature of the 

composite solid propellant, ad hoc designed grips – as recommended by the 

standard – are employed, cf. Fig. 31b, on the same electromechanical universal 

testing machine shown in Fig. 25a. 

(a) 

 

(b) 

 
Fig. 31. Tensile test set-up. (a) schematic of the JANNAF tensile specimen with dimensions in mm, 

and (b) ad hoc designed JANNAF tensile test grips. 

The determination of the strain from the machine crosshead displacement 

leads to inaccurate measurements (STANAG 4506, 2000). Using a contact ex-

tensometer is not appropriate for soft materials, as many composite solid pro-

pellants are. In this work, the determination of the strains has been done 
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through digital image correlation (DIC). It is a suitable method since no con-

tact with the specimen is required and strains in all directions – in the plane in 

this case – can be computed. 

 

Fig. 32. Digital image correlation set-up for the determination of the displacements and strains fields 

during the tensile tests. 

VIC 2D equipment from Correlated Solutions was employed to record the 

tests and determine the displacements and strains fields through DIC on a vis-

ible side of the sample, cf. Fig. 32. To carry out the DIC analysis, a speckle on 

the visible surface was made using a quick-dry acrylic enamel in white colour, 

directly spraying from the bottle of paint. Strains were measured in a region of 

interest (ROI) comprised in the gauge length as shown in Fig. 32. True strains 

were determined as the average of the strain field in the selected area with 

rectangular shape. The strains analysed were the longitudinal strain, 𝜀𝑙, and 

the transverse strain, 𝜀𝑡, corresponding to the direction of the gauge length and 

its perpendicular direction, respectively. To determine the engineering strain 

in one direction, virtual extensometers are placed along the desired direction. 

Engineering stress, 𝑠, is determined as the ratio between the recorded 

load, 𝑃, and the initial cross-section, 𝑆0, so that 
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𝑠 =
𝑃

𝑆0
 (73) 

True stress, 𝜎, is determined through the ratio between the recorded load 

and the instantaneous cross-section, 𝑆, as 

𝜎 =
𝑃

𝑆
 (74) 

where 𝑆 is calculated for a rectangular section as 

𝑆 = 𝑆0(1 + 𝜀𝑡)
2 (75) 

assuming isotropy in both transverse directions and 𝜀𝑡 the transverse strains 

computed from the DIC analysis at each instant. From the resulting stress ver-

sus strain curves, the apparent elastic modulus, 𝐸, stress at maximum, 𝜎𝑚, and 

strain at maximum, 𝜀𝑚, were obtained, following STANAG 4506 standard. 

Since stress and strain at rupture were close to their corresponding stress and 

strain at maximum, the latter were omitted. 

Further analysis on the strains was made. Initial Poison’s ratio, 𝜈0, was 

determined as the slope of the 𝜀𝑡 versus 𝜀𝑙 as in (76) in the linear region, which 

corresponds to the beginning of the test, via least squares fit.  

𝜈0 = −
𝜀𝑡
𝜀𝑙

 (76) 

Poisson’s ratio, 𝜈, was determined using (77), which is formally the same 

as (76), whereas in this case, strain’s ratio is computed for the entire tensile 

test. 

𝜈 = −
𝜀𝑡
𝜀𝑙

 (77) 

The dewetting point is considered as the critical instant at which the ef-

fects of local dewetting, which is distributed through the specimen, starts to 

influence the macro mechanical response during the loading process. It is as-

sumed to happen in the region of the stress versus strain curves in uniaxial 
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tensile tests where there is a transition between the elastic slope and the hard-

ening slope, cf. Fig. 9. Several approaches exist to determine this critical point 

(Zou et al., 2023), e.g., through the 𝜈 versus 𝜀𝑙 curve or 𝜎 versus 𝜀𝑙 curve. But 

not only those. As known, dewetting and void growth are significant phenom-

ena in the mechanical behaviour of composite solid propellants. They result in 

the variation of the volume. The dilatation curves, defined by 𝑉/𝑉0 versus 𝜀𝑙 

curve, present an alternative to determine the dewetting point. The dilatation 

can be computed through the expression 

𝑉

𝑉0
= (1 + 𝜀𝑙)(1 + 𝜀𝑡)

2 (78) 

where isotropy is assumed. The 𝜈 − 𝜀𝑙, 𝑉/𝑉0 − 𝜀𝑙 and 𝜎 − 𝜀𝑙 curves and their 

derivatives have been analysed to establish a unique criterion to determine the 

dewetting point. The employed curves are gathered in Appendix III. The lon-

gitudinal and transverse true strains, 𝜀𝑙 and 𝜀𝑡, respectively, were obtained 

through DIC. 

 
Fig. 33. Example of a true stress, 𝜎, versus true longitudinal strain, 𝜀𝑙, curve together with its first 

(blue line) and second (red line) derivatives, for the determination of the dewetting point. 

After the analysis of the different approaches, the determination of the 

dewetting point has been carried out through the identification of a local 
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minimum found in the second derivative of the true stress, 𝜎, versus longitu-

dinal true strain, 𝜀𝑙, curve in the aforementioned transition region. The strain 

𝜀𝑙 at which the local minimum is found defines the dewetting strain, 𝜀𝑑𝑒𝑤, and 

then, the dewetting stress, 𝜎𝑑𝑒𝑤, is determined for 𝜀𝑙 = 𝜀𝑑𝑒𝑤 in the stress versus 

strain curve, as represented in Fig. 33. 

Concerning the testing conditions, for the preliminary characterisation of 

the propellant, tests were performed at room temperature and three constant 

crosshead speeds of 5, 50 and 500 mm/min corresponding to strain rates of 10-

3, 10-2 and 10-1 s-1, respectively. A load cell of ±500 N was employed and three 

replica were tested for each strain rate. 

For the ageing characterisation of the propellant, which is focused on the 

effect of ageing sources on the tensile behaviour, all the tests were performed 

at room temperature and at a constant crosshead displacement rate of 5 

mm/min corresponding to a strain rate of 10-3 s-1. Due to the limitations on 

material availability, only one replica for each ageing condition was conducted. 

The ageing conditions have been: mechanical prestrained up to 15% and 30%, 

thermal ageing during 24 and 36 days and ozone ageing during 14 and 42 days. 

4.4.3. Fracture tests 

Fracture tests are considered as an important source of information of the 

structural integrity of the composite solid propellant motor grains (James S. et 

al., 1973). However, no standard or guidelines are established for the fracture 

assessment of this kind of materials. Therefore, an extensive study on the frac-

ture behaviour has been conducted. 

The configuration of the fracture tests might affect the obtained results. 

As seen in Fig. 34, the use of different geometries or loading types affect the 

constraint around the crack tip. Consequently, the use of a specific specimen 

should be adequate for the purpose, regarding the testing capabilities. In this 

work, single-edge-notched-tension (SENT) configuration has been employed. 

One reason for this election is that they present a lower level of constraint 
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compared to other common and normalised specimens or loading types, such 

as compact tension (CT) or single-edge-notched-bending (SENB). Further-

more, SENT specimens do not present the necessity to correct the displace-

ment due to indentation from the loading pins.  

 
Fig. 34. Effect of constraining conditions on the determined toughness for several fracture testing 

configuration. Adapted from (Furmanski et al., 2022). 

For the SENT fracture tests, parallelepipedal samples with sizes of 

12.5x25x80 mm were machined. All tests were carried out in the universal elec-

tromechanical testing machine Instron 5967, already shown in Fig. 25a, with a 

loadcell of ±500 N and the grips shown in Fig. 25b. 
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Fig. 35. Schematic of the designed PLA tabs for the fracture specimens. 

Since composite solid rocket propellant is too soft to be directly gripped 

by the generic clamps of the electromechanical machine, ad hoc end-tabs were 

designed and produced as previously described in 4.4.1 for relaxation speci-

mens. The schematic of the designed tabs for fracture specimens is shown in 

Fig. 35. 

 
Fig. 36. Fracture samples’ notching set-up. Fracture sample sticked to the tabs, inserted in the de-

signed sliding tool.  

The crack in the fracture samples was introduced by sliding a sharp razor 

blade through one side of the sample right before the fracture test. The set-up 
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for the notching process is shown in Fig. 36. A tool was also ad hoc designed 

and produced by FDM. This tool helped to produce reproducible cracks for all 

samples and thus, facilitating the notching process. 

For the preliminary characterisation, fracture tests were performed at four 

constant crosshead speeds of 0.5, 5, 50 and 500 mm/min at room temperature. 

The crack length, 𝑎, chosen was of 9.1 mm leading to a crack length to width 

ratio 𝑎/𝑊 = 0.3 4. The crack was introduced 15 min prior to the test. 

According to the ageing characterisation, fracture tests were performed at 

the crosshead speed of 5 mm/min at room temperature. The crack length for 

cracked specimens was, in this case, 10 mm, giving a crack length to width ratio 

𝑎/𝑊 = 0.4. 

4.4.3.1. J resistance curves 

J integral, 𝐽, was determined using (38) and its pseudo counterpart, 𝐽𝑅, via 

(43). Note that the definition of 𝐽 in (38) is analogous to the work of fracture, 

𝑊𝐹, defined by Schapery (Schapery, 1984), relating 𝐽 = 𝑊𝐹 and 𝐽𝑅 through 

𝑊𝐹 = 𝐸𝑅𝐷(𝑡) ∘ 𝐽
𝑅 (79) 

where 𝐷(𝑡) is the creep function. 

 

Fig. 37. Example of crack measurement during fracture tests 

These J integral values were used to determine the critical J integral at 

crack growth, 𝐽𝑐 or 𝐽𝑐
𝑅, and to construct J resistance curves. To do so, optical 

means were employed. Fracture tests were recorded to determine crack length 
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throughout the test and to determine the instant of the initiation of the crack 

propagation. The measurements were done on the visible surface as demon-

strated in Fig. 37. 

The equipment employed was VIC 2D composed of a camera with 5 MP 

with a selected sampling rate of 5 Hz (200 ms) controlled by the acquisition 

software VIC snap. Exceptionally, for fracture tests at crosshead displacement 

rates of 50 and 500 mm/min from the preliminary characterisation, it was nec-

essary to employ a camera capable of higher acquisition frequencies. The uti-

lised camera for these fracture tests was a Redlake MotionPro High Speed cam-

era with selected acquisition frequencies of 50 Hz (20 ms) and 333.33 Hz 

(3ms) for the 50 and 500 mm/min testing conditions, respectively. Higher ac-

quisition frequencies were not possible due to limitations on the sampling fre-

quency of the Instron testing machine. 

J resistance curves are represented in terms of 𝐽 − ∆𝑎 and 𝐽𝑅 − ∆𝑎, where 

∆𝑎 is the crack growth. The relationship between 𝐽 and Δ𝑎 usually presents a 

power law form as 

𝐽 = 𝐶1∆𝑎
𝐶2  (80) 

or 

𝐽𝑅 = 𝐶1∆𝑎
𝐶2 (81) 

where 𝐶1 and 𝐶2 are material constants and 𝐶2 ≤ 1. 

4.4.3.2. CTOD resistance curves 

In addition to the presented 𝐽 and 𝐽𝑅 fracture parameters, the crack tip 

opening displacement (CTOD), 𝛿, fracture parameter has also been measured. 

The 90º intercept definition of the CTOD was chosen to determine the CTOD 

on the visible surface of the sample, from the recorded images, as shown in Fig. 

38. 
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Fig. 38.  Example of a crack tip opening displacement (CTOD) measurement at the 90º interception. 

From measured CTOD, the corresponding pseudo CTOD, 𝛿𝑅, values 

were determined using the convolution integral 

δR = 𝐸𝑅
−1∫ 𝐸(𝑡 − 𝜏)

∂δ

∂𝜏
d𝜏

𝑡

0

 (82) 

Critical CTOD, 𝛿𝑐, and pseudo critical CTOD, 𝛿𝑐
𝑅, have been identified 

for the initiation of the crack propagation. Analogously to the J resistance 

curves, CTOD resistance curves have been determined in terms of 𝛿 − Δ𝑎 and 

𝛿𝑅 − Δ𝑎. Besides, experimental curves were fitted to a power law relation as 

𝛿 = 𝐶1
′∆𝑎𝐶2

′
 (83) 

or 

𝛿𝑅 = 𝐶1
′∆𝑎𝐶2

′
 (84) 

where 𝐶1
′ and 𝐶2

′  are material constants and 𝐶2
′ ≤ 1. 

4.4.3.3. Determination of the 𝜼 factor 

To obtain the 𝜂 factor, which is used in the calculation of the J integral, 

the procedure described in 2.4.4 has been followed. Firstly, displacement rec-

ords, 𝑢, have been transformed to pseudo displacements, 𝑢𝑅, making use of 

(46) particularizing for a reference modulus as the relaxation modulus for 𝑡 =

0, 𝐸0, being the case of a constant displacement rate.  
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Once obtained the pseudo displacements, 𝑢𝑅, the plastic displacements 

are renamed as non-linear displacements. This change in the nomenclature is 

motivated by the fact that plastic deformation is not found after the propellant 

is strained up to the rupture. Here, the non-linearity shown in the load vs 

pseudo displacement rather occurs due to the induced dewetting and damage 

during the loading process, rather than plastic deformations occurring. The 

non-linear behaviour of the matrix is also contributing to the nonlinearity pre-

sented by the propellant. Subsequently, the non-linear pseudo displacements, 

𝑢𝑛𝑙
𝑅 , are determined through: 

𝑢𝑛𝑙
𝑅 = 𝑢𝑅 − 𝐶𝑅𝑃 (85) 

where 𝐶𝑅 is the flexibility of the elastic reference sample, i.e., the inverse of the 

initial slope of the load versus pseudo displacement curve, obtained through a 

linear regression, and 𝑃 is the load. Then, one of the load versus non-linear 

pseudo displacement curves is chosen as the reference curve, corresponding to 

the sample with crack length 𝑎𝑗. The rest of the curves for specimens with crack 

lengths 𝑎𝑖 are divided by the reference curve to obtain the separation parame-

ter 𝑆𝑖𝑗 for each specimen. The 𝑆𝑖𝑗 versus non-linear pseudo displacement 

curves must display a constant value. These values for each specimen are then 

used in (60) to obtain 𝜂𝑛𝑙 factor through a least squares fitting. Here, 𝜂𝑛𝑙 = 𝜂 

since it is recommended to use an overall, rather than split into elastic and non-

linear if the behaviour is neither fully elastic nor plastic (Turner, 1980), so that 

both 𝜂𝑝𝑙 and 𝜂𝑒𝑙 can be assumed equal (Ernst et al., 1981). 

Parallelepipedal samples with the same geometry as the fracture samples, 

with dimensions of 70x12.5x25 mm, were prepared. Notches with different 

lengths were used instead of cracks to extend the displacement range of non-

linear phenomena development before crack propagation. Therefore, the re-

gime in which 𝑆𝑖𝑗 is maintained constant is larger and 𝜂 factor can be calculated 

more precisely. Notches were introduced by firstly drilling a hole with 2 mm in 

diameter using a milling machine, cf. Fig. 39. The crack was then inserted, 
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sliding a razor blade through one side of the specimen till reaching the hole. 

Samples with notch lengths of 9.1, 10, 12.5, 15 and 17.5 mm, giving 𝑎/𝑊 ratios 

of 0.364, 0.4, 0.5, 0.6 and 0.7, respectively, were manufactured. 

 
(a) 

 
(b) 

Fig. 39. Preparation of notched samples (a) milling machine used for the drilling of notched samples, 

and (b) notched samples with a hole. 

Preparation of the samples with tabs was also necessary, as previously de-

scribed. Testing conditions were the same as the used for fracture tests, so that 

tests were carried out at room temperature with a crosshead displacement rate 

of 5 mm/min. Since the crack must remain stationary, tests were recorded to 

observe the instant of the initiation of the crack propagation. To do so, the 

VIC2D equipment was used.  

The determined 𝜂 factor was employed in both preliminary and ageing 

characterisations. It has been assumed that 𝜂 is only dependent on geometry, 

not on material properties (Torabizadeh et al., 2019) and has been considered 

constant during the crack advancement in the fracture tests. 
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4.4.4. Fractographic characterisation 

The fracture surfaces of the tensile and fracture specimens were analysed 

via scanning electron microscopy (SEM). The aim of this fractographic analy-

sis was the identification of the mechanisms that lead to the crack formation 

and growth, as a consequence of the strain rate or ageing agent. HitachiS-3400 

N microscope was used for the fractographic analysis. Fracture surfaces were 

prepared with a coating of gold made with a Emitech K550X Sputter Coater, 

cf. Fig. 40. 

 
Fig. 40. Metallisation of the fracture surfaces set-up. Sputtering coating machine Emitech K550X. 
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5.1. PROPELLANT PRELIMINARY CHARACTERISATION  

Although the effect of the temperature and the strain rate on the mechan-

ical behaviour of composite solid propellants is relatively well known, it was 

necessary to complete an initial experimental campaign to ascertain the influ-

ence of the strain rate on the mechanical and fracture performance of the car-

boxyl-terminated polybutadiene propellant under study. It is recalled that 

booster propellant from a first rocket motor was employed for this preliminary 

characterisation. 

The results of this experimental programme will be described in the sub-

sequent subsections. Firstly, the time dependent response is analysed, followed 

by the tensile and fracture behaviours. 

5.1.1. Time dependent response 

The experimental stress, 𝜎, vs time, 𝑡, relaxation curves for the two spec-

imens tested are shown in Fig. 41a. Since these tests were performed in a DMA 

Q800, data during the loading ramp was not able to be recorded, as it can be 

appreciated in Fig. 41. The computed average curve and the result of the fit 

according to (72) are plotted in Fig. 41b. A reasonable agreement is found for 

the fit. The resulting fitting parameters are gathered in Table 7.  

 
(a) 

 
(b) 

Fig. 41. Experimental stress relaxation curves from the preliminary characterization. (a) Experimental 

curves. (b) Average curve and fit to the average curve. 
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As observed in Fig. 41, the relaxation process is emphasized in a very sud-

den relaxation followed by a moderate relaxation up to the end of the test. Note 

that the relaxation modulus drops from 𝐸0, which is the initial modulus corre-

sponding to the relaxation modulus at time 𝑡 = 0, to a 50% close to the 𝐸∞ in 

approximately 280 s, cf. Table 7.Relaxation occurs due to the mobility of the 

polymeric chains. It was found that fast relaxation corresponded to the lack of 

mobility of the segments close to cross-links and particles, intermediate relax-

ation times are related to the mobility of chains linked at the ends of the back-

bone and the long-term response to the presence of plasticiser and segments 

with high mobility (Azoug et al., 2015). 

Table 7. Resulting parameters of the Prony series(65) from the fitting of the average stress vs time of 

the preliminary relaxation characterisation. 

Modulus 

(MPa) 
 

Relaxation time 

(s) 

𝐸0 9.65    

𝐸∞ 4.21    

𝐸1 2.97  𝜏1 1.82 

𝐸2 1.40  𝜏2 28.5 

𝐸3 1.08  𝜏3 500 

5.1.2. Tensile behaviour 

5.1.2.1. Stress-strain curves 

The experimental true stress, 𝜎, versus true strain, 𝜀, curves in true mag-

nitudes for 5, 50 and 500 mm/min crosshead speeds are shown in Fig. 42a and 

the corresponding curve for pseudo strains, 𝜀𝑅, in Fig. 42b. If the raw curves 

are analysed, the strain rate effect is clearly visible, resulting in an increase of 

the stiffness and maximum stress and strain. When the viscous behaviour is 

corrected using the corresponding hereditary relation in Table 6, all the curves 

completely overlap. Therefore, the maximum stress and strain are the most 

severely affected characteristics by the strain rate. One of the two main differ-

ences found between the tensile response of the propellant for the different 
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strain rates is the deflection of the curve after the initial elastic slope happening 

for the highest strain rate. As it will be discussed later, this defection is linked 

to a change in the microstructural damage process. The other identified differ-

ence is the stress and strain at the maximum of the curve in both 𝜎 − 𝜀 and 𝜎 −

𝜀𝑅 curves, where they both increase with increasing crosshead displacement 

rate. 

 
(a) 

 
(b) 

Fig. 42. Experimental stress, 𝜎, versus strain, 𝜀, curves in true magnitudes for the preliminary char-

acterisation in terms of (a) true strains, and (b) pseudo true strains. 

The role of the election of the reference modulus is displayed in Fig. 43, 

where in addition to the actual stress versus strain curves for all displacement 

rates, it is included a grey envelope corresponding to the stress versus pseudo 

strain obtained using a reference modulus, 𝐸𝑅, equal to the instantaneous mod-

ulus, 𝐸0, (Fig. 43a) and to the equilibrium modulus, 𝐸∞, (Fig. 43b).  

As seen, pseudo curves are close to the non-corrected ones for higher 

strain rates when 𝐸𝑅 = 𝐸0 (Fig. 43a), while pseudo curves are close to the 

curves at lower strain rates when 𝐸𝑅 = 𝐸∞ (Fig. 43b). In the present work, the 

results related to pseudo variables will be determined using 𝐸𝑅 = 𝐸0 having the 

unrelaxed body behaviour as benchmark. 
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(a) 

 
(b) 

Fig. 43. True stress, 𝜎, versus (pseudo) true strain, (𝜀𝑅) 𝜀, curves from tensile samples tested at 5, 50 

and 500 mm/min for the preliminary characterisation. Region occupied by the stress versus pseudo 

strain curves shaded in grey. (a) Pseudo strains determined with 𝐸𝑅 = 𝐸0, and (b) pseudo strains 

determined with 𝐸𝑅 = 𝐸∞. 

Characteristic parameters from the uniaxial stress versus strain curves 

presented in Fig. 42, such as the apparent elastic modulus 𝐸, stress at maxi-

mum 𝜎𝑚𝑎𝑥 and strain at maximum 𝜀𝑚𝑎𝑥, are collected in Table 8.  

Table 8. Uniaxial stress versus strain characteristics for the preliminary characterisation. Apparent 

elastic modulus 𝐸, stress at maximum, 𝜎𝑚𝑎𝑥, and strain at maximum, 𝜀𝑚𝑎𝑥. Parameters obtained from 

stress versus pseudo strain curves are denoted with superscript 𝑅. 

Crosshead speed 

(mm/min) 

𝐸 

(MPa) 

𝐸𝑅 

(MPa) 

𝜎𝑚𝑎𝑥  

(MPa) 
𝜀𝑚𝑎𝑥 𝜀𝑚𝑎𝑥

𝑅  

5 6.3±0.5 10±1 0.96±0.05 0.42±0.01 0.22±0.01 

50 9.3±0.6 12±1 1.15±0.09 0.46±0.03 0.29±0.02 

500 10.4±0.5 12±1 1.45±0.10 0.55±0.04 0.42±0.03 

The apparent elastic modulus, determined for strains lower than 3%, 

shows a strong dependence on the strain rate, obtaining a stiffer behaviour as 

the strain rate increases, with a 70.5% increase of the modulus from the lowest 

to the highest strain rate. As previously mentioned, 𝜎𝑚𝑎𝑥 and 𝜀𝑚𝑎𝑥 also increase 

when rising the strain rate, i.e., enhancing the mechanical capability of the ma-

terial with 51% stress and 31% strain increments. Results are in line with the 

found in the literature for CTPB (Brzić et al., 2015) and similar hydroxyl-
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terminated polybutadiene (HTPB) propellant (Wang et al., 2015; van Rams-

horst et al., 2016; Wang et al., 2023c). 

Considering the stress versus pseudo strain curves, whose corresponding 

characteristic parameters are also collected in Table 8, the pseudo strain at 

maximum, 𝜀𝑚𝑎𝑥
𝑅 , follows the same trend as 𝜀𝑚𝑎𝑥, while the pseudo apparent 

elastic modulus, 𝐸𝑅, is rate-independent. Note that 𝐸𝑅 is not exactly 𝐸𝑅 = 𝐸0, 

but rather slightly higher. 

5.1.2.2. Strains analysis 

The strain and stress at the determined dewetting point, 𝜀𝑑𝑒𝑤 and 𝜎𝑑𝑒𝑤, 

are collected in Table 9, together with the corresponding dewetting pseudo 

strain, 𝜀𝑑𝑒𝑤
𝑅 . The stress at the dewetting point, 𝜎𝑑𝑒𝑤, shows a similar trend as 

the stress at maximum, particularly with an increase of ≈20%. However, results 

are different considering 𝜀𝑑𝑒𝑤 and 𝜀𝑑𝑒𝑤
𝑅 . The dewetting strain decreases from 

≈6.4% at the lowest strain rate down to ≈4.6% at the highest strain rate, 

whereas the dewetting pseudo strain increases from ≈3.8% up to ≈4.3%. 

Table 9. Dewetting true viscoelastic, 𝜀, and pseudo, 𝜀𝑅, strains and corresponding dewetting stress, 

𝜎𝑑𝑒𝑤, at 5, 50 and 500 mm/min for the preliminary characterisation. 

Crosshead speed 

(mm/min) 
𝜀𝑑𝑒𝑤 𝜀𝑑𝑒𝑤

𝑅  
𝜎𝑑𝑒𝑤  

(MPa) 

5 0.064±0.003 0.038±0.001 0.37±0.03 

50 0.052±0.006 0.040±0.004 0.42±0.02 

500 0.046±0.003 0.043±0.003 0.45±0.03 

Strains determined through digital image correlation allowed the deter-

mination of the initial Poisson’s ratio, 𝜈0, and corresponding Poisson’s ratio of 

the reference elastic bodies, 𝜈0
𝑅, using pseudo strains in (76). The results are 

gathered in Table 10. 

The obtained results show an initial value of the initial Poisson’s ratio 

close to 0.5 for the specimens tested at the two lowest strain rates and 0.5 for 

the highest strain rate, a sign of incompressibility at the beginning of the test. 
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These results are in line with the literature (Shekhar et al., 2010). Therefore, 

little dependence on strain rate is considered, in line with the results obtained 

by Liu and Thompson (Liu et al., 2015) in cylindrical specimens. It is noted 

that 𝜈0 is independent with respect to the strains used (raw or pseudo). 

Table 10. Initial Poisson’s ratio 𝜈0 at 5, 50 and 500 mm/min in the viscoelastic and the equivalent 

elastic reference bodies for the preliminary characterisation. 

Crosshead speed 

(mm/min) 
𝜈0 𝜈0

𝑅 

5 0.47±0.02 0.47±0.02 

50 0.47±0.03 0.47±0.04 

500 0.50±0.03 0.50±0.03 

The evolution of the Poisson’s ratio, 𝜈, and the pseudo Poisson’s ratio ob-

tained from the pseudo transverse and longitudinal strains, 𝜈𝑅, with the applied 

longitudinal strain, 𝜀𝑙, for all strain rates is shown in Fig. 44. Solid symbols are 

used to depict the determined dewetting point at the corresponding 𝜀𝑑𝑒𝑤. It is 

appreciated that the Poisson’s ratio evolves in two different regions before and 

after the dewetting point. The first one consists in a decay of the ratio from a 

constant initial value in an undefined form until the dewetting strain. The sec-

ond one, which comes after the dewetting strain, consists also in a reduction of 

the ratio with the particularity that has a form of an exponential decay. 

The preceding behaviour has not been found to be reported in the litera-

ture. The way it is addressed implies some approximations, e.g., bilinear mod-

els (Landel et al., 1961; Shekhar et al., 2010, 2011), exponential decay from 

the very beginning of the test (James Buswell, 1975) or other type of relations 

(Stedry et al., 1961; Wu-jun et al., 2012).  

The evolution of the Poisson’s ratio with applied strain in Fig. 44 is one 

way to represent the evolution of the induced damage or dewetting into the 

sample. This implies that, as strain is applied, the Poisson’s ratio decreases 

and, therefore, more particles are dewetted, more interface surface is dewetted 

and voids grow.  
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(a) 

 
(b) 

Fig. 44. (Pseudo) Poisson’s ratio,( 𝜈𝑅) 𝜈, versus longitudinal strain from tensile tests at 5, 50 and 500 

mm/min for the preliminary characterisation in terms of (a) true strains, 𝜀𝑙, and (b) pseudo true 

strains, 𝜀𝑙
𝑅. Solid symbols indicate the corresponding dewetting point. 

The dilatation or volume change for the applied strain represent an alter-

native representation to explain the damage evolution during the loading. Di-

latation, 𝑉/𝑉0, determined through (78) versus the applied longitudinal strain, 

𝜀𝑙, is shown for all the strain rates in Fig. 45.  

 
(a) 

 
(b) 

Fig. 45. Dilatation, 𝑉/𝑉0, versus longitudinal strain, 𝜀𝑙, from tensile tests at 5, 50 and 500 mm/min 

for the preliminary characterisation in terms of (a) 𝑉/𝑉0 and 𝜀𝑙, (b) 𝑉/𝑉0
𝑅 and 𝜀𝑙

𝑅. Solid symbols 

indicate the corresponding dewetting point. 

The obtained results are in line with those determined using Farris’s gas 

dilatometer by R. Nevière (Nevière, 2006). It is observed that the propellant’s 

dilatation is produced in three stages. The first one where no dilatation is 
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produced, being the beginning of the tensile test. The following stage consist-

ing in a growth of the dilatation linked to initiation of the dewetting (Nevière, 

2006). Finally, during the last stage, the dilatation varies linearly with applied 

longitudinal strain up to the rupture. This last stage is associated to the growth 

of generated voids. Taken the strain rate into consideration, it is noted that 

samples tested at 50 and 500 mm/min undergoes a greater dilatation than the 

ones tested at 5 mm/min, although no differences are found between 50 and 

500 mm/min. 

5.1.3. Fracture behaviour 

5.1.3.1. Determination of the  𝜼 factor 

The load, 𝑃, versus pseudo displacement, 𝑢𝑅, curves for the notched spec-

imens are displayed in Fig. 46 up to the observed crack initiation to ensure that 

notches remain stationary. Pseudo displacements are determined using (46). 

As expected, a longer crack results in a mechanical response with greater com-

pliance. 

 

Fig. 46. Load, 𝑃, versus pseudo displacement, 𝑢𝑅, curves prior to crack propagation initiation for 

notched specimens with notch lengths of 9.1, 10, 12.5, 15 and 17.5 mm. 

The resultant load, 𝑃, versus non-linear pseudo displacement, 𝑢𝑛𝑙
𝑅 , curves 

obtained through (85) are shown in Fig. 47. 
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Fig. 47. Load, 𝑃, versus non-linear pseudo displacement, 𝑢𝑛𝑙
𝑅 , for notched specimens with notch 

lengths of 9.1, 10, 12.5, 15 and 17.5 mm. 

The subsequent 𝑆𝑖𝑗 separation parameter versus non-linear pseudo dis-

placement, 𝑢𝑛𝑙
𝑅 , for each pair of samples is displayed in Fig. 48, using as the 

reference sample the one with 𝑎𝑗 =  .1 mm. Constant values of 𝑆𝑖𝑗 are achieved 

for almost the entire range of non-linear pseudo displacement, meaning that 

separation principle works in the equivalent problem and, therefore, it is suit-

able to determine the 𝜂 factor for composite solid propellants. 

 

Fig. 48. 𝑆𝑖𝑗 separation parameter versus non-linear pseudo displacement, 𝑢𝑛𝑙
𝑅 , with respect to the 𝑎𝑗 

of 9.1 mm notched sample for notched specimens with notch lengths 𝑎𝑖 of 10, 12.5, 15 and 17.5 mm. 
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The values of the 𝑆𝑖𝑗 parameter are plotted against 𝑏𝑖/𝑊 in a double log-

arithmic scale in Fig. 49. The fitting of the data to (60) or its equivalent linear 

transformation shown in Fig. 49 gives a value of 𝜂𝑛𝑙 = 0.7 . As alluded to, here 

the difference between elastic and non-linear 𝜂 factors is neglected, so 𝜂 =

𝜂𝑛𝑙 = 0.7 . Since this factor is supposed to be only dependent on geometry, it 

has been assumed equal for all the studied cases in this thesis and with constant 

value during crack growth. 

 

Fig. 49. 𝑆𝑖𝑗 separation parameter versus 𝑏𝑖/𝑊 ratio in double logarithmic scales and resulting fit to 

(60). 
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The load, 𝑃, versus (pseudo) displacement, (𝑢𝑅) 𝑢, curves from fracture 

tests at crosshead speeds of 0.5, 5, 50 and 500 mm/min are displayed in Fig. 

50, where the solid symbols indicate crack growth initiation. The curves exhibit 

similar trends as those obtained from the tensile specimens. Increasing the dis-

placement rate, the samples present a stiffer response and increase their frac-

ture strength, ranging the load at crack growth initiation from ≈75 N to ≈140 
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propagation from ≈4 mm to ≈5.6 mm at the lowest and highest displacement 

rates, respectively. In other words, the maximum of the curves moves to the 

right and up with increasing displacement speed. 

Moreover, it is remarkable that the load versus pseudo displacement 

curves in Fig. 50b overlapped for all strain rates with the only difference of the 

rupture, which takes place at a higher load and pseudo displacement with in-

creasing crosshead displacement rate. This is a fact derived by the changes in 

the microstructural fracture process. These results, again, seem to find suitable 

Schapery’s methodology in the characterisation of composite solid propellants 

based on the analogy of the reference elastic material. 

 
(a) 

 
(b) 

Fig. 50. Load, 𝑃, versus displacement, 𝑢, from fracture specimens tested at 0.5, 5, 50 and 500 

mm/min for the preliminary characterisation in terms of (a) displacements 𝑢, and (b) pseudo dis-

placements 𝑢𝑅. Solid symbols indicate crack growth initiation. 

The resulting J resistance curves (𝐽 − ∆𝑎) from the fracture tests at all dis-

placement rates are shown in Fig. 51 for both J integral, 𝐽, and pseudo J inte-

gral, 𝐽𝑅. It can be clearly seen that (pseudo) J integral is affected by the strain 

rate, that is, given a certain crack growth, ∆𝑎, the energy required to create the 

new crack surface is greater when higher displacement rates are applied. Fur-

thermore, a clear differentiation from specimens tested at different strain rates 

is seen for the 𝐽𝑅 − ∆𝑎 curves. 
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(a) 

 
(b) 

Fig. 51. J resistance curves from fracture samples tested at 0.5, 5, 50 and 500 mm/min for the pre-

liminary characterisation in terms of (a) J integral, 𝐽, and (b) pseudo J integral, 𝐽𝑅. 

The values of the J integral, 𝐽𝑐 , and pseudo J integral, 𝐽𝑐
𝑅, at the onset of 

the propagation of the crack are collected in Table 11. It is observed that both 

fracture parameters are influenced by the strain rate. The higher the displace-

ment rate, the greater the energy at crack growth initiation, with around 70% 

and 300% increase for 𝐽𝑐 and 𝐽𝑐
𝑅, respectively. These results are in line with 𝐽𝑐 

in similar HTPB propellants (Kim et al., 2020; Wang et al., 2021, 2023b) This 

difference is found due to the fact that pseudo displacement at higher rates is 

less corrected than at lower displacements speeds. The blunting slope prior to 

the initiation of crack growth, also in Table 11, does not show a specific trend 

varying around 3 for 𝐽 − ∆𝑎 curves and around 2 for 𝐽𝑅 − ∆𝑎 curves for all dis-

placement rates except for the highest of 500 mm/min, for which a notable 

increase is found. Indeed, the blunting slope does not vary for both, 𝐽 − ∆𝑎 or 

𝐽𝑅 − ∆𝑎 curves, for the 500 mm/min displacement rate. This result implies that 

apparent crack growth due to the blunting of the crack front is smaller for the 

highest displacement rate and lesser viscous behaviour experienced.  

The parameters resulting from the fitting of the curves in Fig. 51 to the 
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𝑅 giving a higher curve with increasing crosshead 
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increase in their values with increasing crosshead speed, i.e., more stability in 

the fracture propagation is promoted. 

Table 11. Blunting slope of the J-resistance curves, critical J integral, 𝐽𝑐, critical pseudo J integral, 𝐽𝑐
𝑅, 

and parameters 𝐶1 and 𝐶2  and corresponding 𝐶1
𝑅 and 𝐶2

𝑅 obtained from the fitting of the J resistance 

curves to (80) with subsequent 𝑅2coefficient of the fracture specimens tested at 0.5, 5, 50 and 500 

mm/min for the preliminary characterisation. 

Crosshead speed 

(mm/min) 

𝐽 − ∆𝑎 

blunting slope 

𝐽𝑐 

(kJ/m2) 
𝐶1 𝐶2 𝑅2 

      

    𝐽 − Δ𝑎 curves 

0.5 2.7±0.1 0.7±0.1 0.99±0.08 0.37±0.05 0.97±0.02 

5 3.3±0.6 0.9±0.2 1.22±0.04 0.45±0.05 0.993±0.004 

50 2.9±0.4 1.2±0.1 1.7±0.2 0.47±0.09 0.98±0.01 

500 4±1 1.9±0.5 2.1±0.1 0.57±0.07 0.983±0.005 

    𝐽𝑅 − Δ𝑎 curves 

0.5 1.3±0.1 0.33±0.05 0.48±0.04 0.37±0.03 0.97±0.02 

5 2.0±0.4 0.5±0.1 0.71±0.02 0.42±0.05 0.994±0.004 

50 2.1±0.3 0.9±0.1 1.2±0.1 0.45±0.07 0.99±0.01 

500 4±1 1.7±0.4 1.9±0.1 0.55±0.07 0.984±0.002 

5.1.3.3. CTOD resistance curves 

The measured CTOD, 𝛿, resistance curves and computed pseudo CTOD, 

𝛿𝑅, resistance curves are shown in Fig. 52. As expected, CTOD resistance 

curves exhibit a similar trend as J resistance curves. Again, the use of the 

pseudo variable 𝛿𝑅 results in a better differentiation of the resistance curves 

for the different conditions. 

The critical values of CTOD, 𝛿𝑐, and pseudo CTOD, 𝛿𝑐
𝑅, at the onset of 

the propagation of the crack are collected in Table 12. These critical values 

increase with increasing displacement rate, as previously found for the critical 

J integral. Results are found in line to the reported in (Kim et al., 2020) for an 

HTPB propellant. Again, blunting slope is changes significantly for the highest 

displacement rate of 500 mm/min, being higher than the one for the lower 
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displacement rates. This means that higher local displacements at the crack tip 

are induced before crack growth initiates. The effect is observed for both, 𝛿 −

∆𝑎 and 𝛿𝑅 − ∆𝑎 curves. 

 
(a) 

 
(b) 

Fig. 52. CTOD resistance curves from fracture samples tested at 0.5, 5, 50 and 500 mm/min for the 

preliminary characterisation in terms of (a) CTOD, 𝛿, and (b) pseudo CTOD, 𝛿𝑅. 

Table 12. Critical CTOD, 𝛿𝑐, critical pseudo CTOD, 𝛿𝑐
𝑅, and parameters 𝐶1

′ and 𝐶2
′   and correspond-

ing 𝐶1
′𝑅 and 𝐶2

′𝑅obtained from the fitting of the CTOD resistance curves to (83) with subsequent 

𝑅2coefficient for the fracture specimens tested at 0.5, 5, 50 and 500 mm/min for the preliminary 

characterisation. 

Crosshead speed 

(mm/min) 

𝛿 − ∆𝑎 

blunting slope 

𝛿𝑐 

(mm) 
𝐶1
′ 𝐶2

′ 𝑅2 

      

    𝛿 − Δ𝑎 curves 

0.5 3.9±1.0 1.1±0.3 1.7±0.2 0.46±0.08 0.91±0.06 

5 4.0±0.4 1.2±0.4 1.8±0.2 0.5±0.1 0.98±0.01 

50 3.3±0.3 1.5±0.3 2.3±0.2 0.54±0.08 0.96±0.02 

500 4.8±0.6 2.7±0.8 3.0±0.3 0.6±0.1 0.960±0.007 

    𝛿𝑅 − Δ𝑎 curves 

0.5 2.0±0.5 0.6±0.1 0.89±0.08 0.45±0.07 0.91±0.06 

5 2.5±0.3 0.8±0.3 1.1±0.1 0.5±0.1 0.973±0.009 

50 2.6±0.3 1.2±0.2 1.7±0.2 0.50±0.07 0.96±0.02 

500 4.5±0.6 2.6±0.8 2.9±0.2 0.6±0.1 0.958±0.008 
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The parameters obtained from the fitting of the curves in Fig. 52 to the 

power law (83), 𝐶1
′ and 𝐶2

′  (from 𝛿 − ∆𝑎 curves) and corresponding  1
′R and  2

′R 

(from 𝛿𝑅 − ∆𝑎 curves), are also collected in Table 12. The 𝐶1
′ and 𝐶1

′𝑅 parame-

ters follow the same trend shown by the critical CTOD values, increasing with 

the increasing displacement rate. It is also observed that 𝐶2
′  and 𝐶2

′𝑅 slightly 

rise with increasing crosshead speed. 

5.1.3.4. Micromechanisms of failure 

The micromechanisms of failure in the fracture tests were analysed 

through the post-mortem observation of the fracture surfaces of the samples 

via SEM. The chosen images are gathered in Fig. 53 for all the crosshead dis-

placement rates and for three magnifications (x20, x50 and x200). Inde-

pendently of the testing conditions, the primary fracture mechanism is the ma-

trix tearing, that is, the crack propagates always though the matrix. Wang and 

coworkers (Wang et al., 2015) linked the temperature as the dominating factor 

in the changes of the fracture mechanism from matrix tearing and dewetting 

to the particles brittle fracture, while strain rate was only qualitatively affecting 

this mechanisms. Here, it is observed that by increasing the displacement rate, 

more cracks are induced in the matrix (pointed with arrows in Fig. 53) and it 

is also found that for higher displacement rates the promoted dewetting is 

greater, as can be seen in the images at x200 magnification where the surfaces 

of the oxidiser particles at lower rates are completely covered by the binder 

while those at the highest rate are completely free of matrix on their surface, 

also pointed with arrows in Fig. 53. The fracture surfaces are found rougher 

for higher displacement rates, which is related to the fact that at lower cross-

head displacements, the crack propagation occurs through the matrix, while at 

higher displacement rates the cracks also propagate through the matrix-parti-

cle interface. No fracture of the particles was observed, in line with (Wang et 

al., 2015). Finally, the fractographic analysis is also in agreement with the val-

ues of the fracture parameters, cf. Table 11. The higher the displacement rate, 
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the rougher the fracture surface, the greater the energy at crack growth initia-

tion and the stiffer the J resistance curves during crack propagation. 

 

Fig. 53. SEM micrographs of the fracture surfaces from fracture samples tested at 0.5, 5, 50 and 500 

mm/min crosshead displacement rates and x20, x50 and x200 magnifications for the preliminary 

characterisation. Cracks and dewetted surfaces are pointed with white arrows. 

5.2. PROPELLANT AGEING CHARACTERISATION  

This section is concerned to the secondary characterisation campaign 

which was focused on the behaviour of the CTPB composite propellant sub-

jected to different ageing sources: mechanical strain, temperature and ozone. 
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In the next sections, first, the relaxation behaviour will be addressed, fol-

lowed by the tensile and fracture characterisations, respectively. 

5.2.1. Effects of the ageing sources on the crosslink density 

The soluble fraction 𝑆 was used to determine the crosslink density 𝐶𝐿𝐷 

according to (62) and (63). The results for all ageing conditions are collected 

in Table 13. To begin with, the mechanically aged samples do not experience 

a change in their crosslink density at any prestrain level. Consequently, the 

microstructural changes due to the applied strain should be linked to the strain 

induced dewetting, as observed in Fig. 53 for the employed prestrain condition 

(500 mm/min crosshead displacement rate). 

As expected, the thermal ageing process results in a rise of crosslinks in 

the elastomeric binder, which increases with the ageing time. This well-known 

change is produced due to the high temperature curing of the polymer. The 

effect was physically manifested in a slight shrinkage of the samples’ sizes. 

With respect to the ozone aged samples, the crosslink density decreases 

with higher ageing times. This effect was in line with the resulting shortening 

of the chains due to the ozonolysis reactions between polymeric binder and 

ozone. 

Table 13. Soluble fraction content, 𝑆, and crosslink density, 𝐶𝐿𝐷, for all the ageing procedures. 

Ageing source 𝑺 𝑪𝑳𝑫 

Pristine 0.066±0.002 4.83±0.09 

Prestrain 15% 0.066±0.001 4.85±0.06 

Prestrain 30% 0.0667±0.0004 4.81±0.02 

Temperature 24 days 0.063±0.004 5.0±0.2 

Temperature 36 days 0.050±0.003 6.0±0.2 

Ozone 14 days 0.076±0.001 4.35±0.02 

Ozone 21 days 0.079±0.003 4.2±0.1 

Ozone 32 days 0.103±0.002 3.33±0.04 

Ozone 42 days 0.106±0.004 3.3±0.1 
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Some changes in the microstructure were visible at a macro level as in the 

case of a sample of propellant subjected to ozone ageing for ca. 3 months. As 

observed in Fig. 54 , when the time of exposure to the employed ozone con-

centration is extremely long, the material becomes powdery. This might result 

in a loss of mechanical capability as it will be addressed in the following sec-

tions. Moreover, the paper over which the propellant was laying during the 

ozone ageing process was found wet, clear evidence that this exudate would 

correspond to migrated constituents, such as plasticisers. However, the results 

of gas chromatography–mass spectrometry were not concluding about the na-

ture of the exudate. 

 

Fig. 54. Propellant material subjected to ozone ageing for a 3-month period. 

The ozone ageing affects the sample from the surface, which results in the 

generation of a powdery layer at the surface that advances inwards. Images of 

the propellant sample surface were taken during the ozone ageing process up 

to ageing time of 21 days, shown in Fig. 55. During the first four days of ageing, 

the formation of the powdery layer is obvious, where the dark dots on the sur-

face are material parts where the damage was not already produced. After 

seven days of ageing time, it was observed that the powdery layer was com-

pletely formed, getting more fragile with ageing time with the appearance of 

cracks on the powdery surface. 
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Fig. 55. Evolution of the propellant sample surface during the ozone ageing process up to 21 days of 

exposition to ozone. 

5.2.2. Effects of the ageing sources on the time-dependent 

response 

The experimental stress, 𝜎, versus time, 𝑡, curves from stress relaxation 

tests for all ageing conditions, together with the non-aged or pristine speci-

mens, are shown in Fig. 56. While 15% prestrained samples show a slight stress 

increase, almost overlapping the curves from the pristine samples, the 30% 

prestrained samples experiment a slight stress decrease, cf. Fig. 56a. However, 

these slight differences might be considered negligible. 

Although tests for thermally aged samples were performed under lower 

applied strain, the curves are also plotted along the curves corresponding to 

the pristine samples in Fig. 56b. It can be easily seen that the stress versus time 
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response of thermally aged samples is clearly above the one of the pristine ma-

terial. 

The opposite effect is found for the ozone aged samples in Fig. 56c, where 

it is found a significant difference between the stress versus time curves of the 

aged samples with respect to the ones of the pristine material, being the curves 

of the aged samples far below the pristine ones. The difference between the 

different ageing times is smaller, but, assuming some scatter of the data, it can 

be seen that increasing ageing times lead to a greater reduction in the load 

bearing capacity directly correlated to lower stiffness values of the samples. 
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(c) 

 
Fig. 56. Experimental stress, 𝜎, versus time, 𝑡,  curves from stress relaxation tests: (a) mechanical 

ageing at prestrains of 15% and 30%, (b) temperature ageing for 24 and 36 days, and (c) ozone 

ageing for 14, 21, 32 and 42 days. All plots include the results of the pristine propellant for compari-

son. 

Data shown in Fig. 56 was employed to determine the average experi-

mental stress versus time curve for each condition. The resulting average ex-

perimental curves are displayed in Fig. 57 together with their corresponding 

fit to (72). As it might be appreciated, the fit was found suitable for all the 

conditions. 
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(b) 

 
(c) 

 
Fig. 57. Average of the experimental stress, 𝜎, versus time, 𝑡, curves from stress relaxation tests for 

each condition and its resulting fit to (72): (a) mechanical ageing at prestrains of 15% and 30%, (b) 

temperature ageing for 24 and 36 days. And (c) ozone ageing for 14, 21, 32 and 42 days. All plots 

include the results of the pristine propellant for comparison. 

The resulting fitting parameters for all ageing conditions are collected in 

Table 14. The focus will be placed on the instantaneous and equilibrium mod-

ulus, 𝐸0 and 𝐸∞, respectively, being 𝐸0 the summation of all 𝐸𝑖. 

With respect to the mechanically aged samples, the variation in the mod-
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with slight increase for 15% prestrain and slight decrease for 30% prestrain. 

This stiffer behaviour found for 15% prestrain was observed also for cycled 

samples at 10% strain with increasing number of cycles in (Aksel et al., 1996). 

The thermal ageing process produces a severe increase in both modulus 

with higher ageing times, while a contrary effect occurred in the ozone ageing 

process with a reduction of the instantaneous modulus with higher ageing 

times. However, the equilibrium modulus seems to hold on to a threshold 

value, which is significantly lower than the equilibrium modulus of the pristine 

propellant. 

Table 14. Resulting parameters of the Prony series from the fitting of the average experimental stress 

vs time curves to (72) for all ageing conditions. 

 Ageing source 

 
Pristine  Mech. Prestrain 

(%) 

 Temperature 

(days) 

 Ozone 

(days) 

   15 30  24  36   14 21 32 42 
             

Modulus (MPa) 

𝐸0 8.3  9.1 8.5  349 413  5.7 5.9 5.0 4.8 

𝐸∞ 2.2  2.3 2.1  126 144  1.5 1.4 1.5 1.4 

𝐸1 6.0  6.7 6.3  0.35 265  4.2 4.4 3.5 3.4 

𝐸2 0.13  0.11 0.11  220 3.17  0.04 0.05 0.04 0.03 

𝐸3 0.0074  0.0064 0.0058  3 0.39  0.0033 0.0034 0.0025 0.001 

𝐸4 0.0005  0.0006 0.0005  0.028 0.05  0.0004 0.0004 0.0003 0.0002 

Relaxation time (s) 

𝜏1 0.97  0.83 0.81  80 1.19  1.02 0.98 0.96 0.96 

𝜏2 8.0  8.7 8.5  1.12 13.9  12.8 11.5 13.1 17.4 

𝜏3 83  80 80  13 89  108 100 115 211 

𝜏4 970  782 798  916 796  1033 1004 1027 1133 
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5.2.3. Effects of the ageing sources on the tensile behaviour 

5.2.3.1. Stress-strain curves   

The experimental true stress, 𝜎, versus (pseudo) true strain, (𝜀𝑅) 𝜀, curves 

for all ageing conditions are shown in Fig. 58 to Fig. 60. In general, it is ob-

served a marked reduction in the strains from actual strains to pseudo strains 

in ≈70% decrease. It has been also observed a strong dependence on the vari-

ation of the mechanical behaviour with respect of the state of the elastomeric 

binder. 

 
(a) 

 
(b) 

Fig. 58. Experimental true stress, 𝜎, versus true strain, 𝜀, curves subjected to mechanical ageing for 

15% and 30% in terms of (a) true strains, 𝜀, and (b) pseudo true strains, 𝜀𝑅. 

For the mechanically aged samples, it can be seen an ill-defined elastic 

region, characterised by a “stress softening” known as Mullin’s effect, cf. Fig. 

58. Gent (Gent, 2012) observed how the rubbers with high volume of particle 

fillers become somewhat thixotropic, that is, the elastic modulus reduces after 

straining, the more so the greater the previous applied strain, as in the response 

analysed in this study. This behaviour could be attributed to a breakdown of 

weak bonds between rubber molecules and filler particles, and at very small 

strains, between filler particles themselves or small changes in the crosslink 

density (Dannenberg et al., 1966), as addressed in section 5.2.1. It is also ob-

served a slight hardening of the propellant (Diani et al., 2009). This was 
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already observed in previous research carried out with propellant from the first 

motor used in the preliminary characterisation, an extension to the research 

presented in (Martínez et al., 2022). 

With respect to the thermally aged samples in Fig. 59, it is noted that the 

ageing process was so severe that the mechanical behaviour is completely 

changed. The propellant has exhibited a significant increment of its stiffness 

and tensile strength accompanied by a reduction in the elongation at break 

with increasing ageing times. This behaviour is consistent with the changes in 

the microstructure since the crosslinking induced by the temperature increases 

and so do the toughness and the brittleness. 

 
(c) 

 
(d) 

Fig. 59. Experimental true stress, 𝜎, versus true strain, 𝜀, curves subjected to thermal ageing for 24 

and 36 days in terms of (a) true strains, 𝜀, and (b) pseudo true strains, 𝜀𝑅. 

Regarding the ozone aged samples in Fig. 60, the sample aged for 14 days 

does not exhibit a different behaviour with regard to the pristine propellant. 

The sample aged for 42 days presents a clear lower load bearing capacity, that 

is, a significant reduction in the tensile strength, together with a relevant de-

crease in the stiffness. For both ageing times, it is identified an inflection in 

the elastic region. This fact evokes the behaviour presented by the prestrained 

samples. Therefore, it could be deduced that ozone is responsible for the dam-

age of the matrix-particles bonds, as dewetting is produced by stretching. True 

strains, 𝜀, for the specimen aged for 42 days were determined through 
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𝜀 = ln(1 + 𝑒) (86) 

where 𝑒 is the engineering strain determined using a virtual extensometer 

placed in the stretching direction. This was due to the difficulties to use the 

DIC on the powdery layer. The true deformation values for 42 days of ozone 

ageing estimated by (86) are an approximation as incompressibility behaviour 

is far from reality for the composite under this sever ageing condition. 

 
(e) 

 
(f) 

Fig. 60. Experimental true stress, 𝜎, versus true strain, 𝜀, curves subjected to ozone ageing for 14 and 

42 days in terms of (a) true strains, 𝜀, and (b) pseudo true strains, 𝜀𝑅. 

The values of the characteristic parameters of the uniaxial stress versus 

strain curves in Fig. 58 to Fig. 60 are collected in Table 15. Mechanical ageing 

has a significant impact on the apparent elastic modulus, 𝐸, reducing it as much 

as ≈40% for the highest applied prestrain, related to the “stress softening” or 

Mullin’s effect observed in the stress versus strain curves, which is in contrast 

with the determined relaxation functions that did not depict differences. The 

(pseudo) strain at maximum, (𝜀𝑚𝑎𝑥
𝑅 ) 𝜀𝑚𝑎𝑥, is slightly reduced while, the stress 

at maximum, 𝜎𝑚𝑎𝑥, clearly increases from 1.15 MPa to 1.24 MPa for the 30% 

applied prestrain. The results  

The thermally aged samples shown significant increases of 𝐸 and 𝜎𝑚𝑎𝑥 and 

reduction in the 𝜀𝑚𝑎𝑥 and 𝜀𝑚𝑎𝑥
𝑅 . The increase in the crosslinking density expe-

rienced by thermally aged samples is traduced in stiffer and less ductile mate-

rial, with an increase of the stiffness of almost two orders of magnitude, a 
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reduction in 𝜀𝑚𝑎𝑥 of ≈30% and a rise of 𝜎𝑚𝑎𝑥 up to ≈16% for the longest ageing 

time of 36 days. 

According to the ozone aged samples, the modulus 𝐸 drops significantly 

to ≈70% reduction for the longest ageing time, similarly to 𝜎𝑚𝑎𝑥 experiencing 

a reduction of ≈30%, down to 0.76 MPa, while 𝜀𝑚𝑎𝑥 and 𝜀𝑚𝑎𝑥
𝑅  do not vary sig-

nificantly. 

Again, the 𝐸𝑅 determined through the 𝜎 − 𝜀𝑅 curves do not match the 

reference modulus 𝐸𝑅 = 𝐸0, except for the case of ozone aged samples at 42 

days. 

Table 15. Uniaxial stress versus strain characteristics for all ageing conditions. Apparent elastic mod-

ulus 𝐸, stress at maximum, 𝜎𝑚𝑎𝑥, and strain at maximum, 𝜀𝑚𝑎𝑥. Parameters obtained from stress 

versus pseudo strain curves are denoted with superscript 𝑅. 

Ageing source 
𝐸 

(MPa) 

𝐸𝑅 

(MPa) 

𝜎𝑚𝑎𝑥  

(MPa) 
𝜀𝑚𝑎𝑥 𝜀𝑚𝑎𝑥

𝑅  

Pristine 5.9 19.4 1.15 0.52 0.14 

Prestrain 15% 4.4 14.1 1.16 0.51 0.13 

Prestrain 30% 4.1 13.5 1.24 0.50 0.13 

Temperature 24 days 430 1043 1.3 0.43 0.15 

Temperature 36 days 494 1232 1.33 0.36 0.13 

Ozone 14 days 5.9 17.8 1.09 0.49 0.13 

Ozone 42 days 1.7 5.2 0.76 0.55 0.16 

5.2.3.2. Strains analysis 

The strain and stress at the dewetting point, 𝜀𝑑𝑒𝑤 and 𝜎𝑑𝑒𝑤, are collected 

in Table 16, together with the corresponding dewetting pseudo strain, 𝜀𝑑𝑒𝑤
𝑅 . 

Firstly, it is evident the abrupt drop of the 𝜀𝑑𝑒𝑤
𝑅  in comparison with the actual 

𝜀𝑑𝑒𝑤 independently of the ageing conditions. Secondly, as seen in the results 

for the pristine material, the propellant extracted from the second motor for 

the ageing characterisation presents a similar mechanical performance as the 

propellant extracted from the first motor for the preliminary characterisation, 

Table 9. 



Structural integrity of CSP based on CTPB binder 
 

 

118 

Regarding the variation of these parameters during the mechanical age-

ing, it is observed that both, (𝜀𝑑𝑒𝑤
𝑅 ) 𝜀𝑑𝑒𝑤 and 𝜎𝑑𝑒𝑤, increase with prestrain level. 

It is important to highlight that the dewetting point is around the point where 

the stress versus strain curves reach the applied prestrain. This evidences that 

the “stress softening” observed in Fig. 58 is due to the influence of the voids 

left by the rupture of bonds between particles and matrix during the prestrain 

process, while the stress-strain behaviour from the dewetting point is domi-

nated by the new rupture of bonds. 

The thermal ageing also produces an increase of the dewetting stress with 

increasing ageing time, increasing up to ≈84%. However, in this case the 

dewetting (pseudo) strain is reduced by ≈90%. 

Regarding the ozone aged samples, the dewetting (pseudo) strain is 

slightly greater for longer ageing times in ≈15% as much, whereas the 

dewetting stress is notably reduced ≈60% with 42 days of ozone ageing. 

Table 16. Dewetting strain, 𝜀𝑑𝑒𝑤, and pseudo strain, 𝜀𝑑𝑒𝑤
𝑅 , strains and corresponding dewetting 

stress, 𝜎𝑑𝑒𝑤, from true magnitudes for the ageing characterisation. 

Ageing source 
𝜎𝑑𝑒𝑤  

(MPa) 
𝜀𝑑𝑒𝑤 𝜀𝑑𝑒𝑤

𝑅  

Pristine 0.44 0.096 0.026 

Prestrain 15% 0.56 0.138 0.035 

Prestrain 30% 0.85 0.267 0.067 

Temperature 24 days 0.68 0.013 0.005 

Temperature 36 days 0.81 0.008 0.003 

Ozone 14 days 0.44 0.106 0.028 

Ozone 42 days 0.18 0.112 0.031 

Finally, analysing the variations among the different ageing phenomena, 

it is noticeable the small values of actual and pseudo strains in case of the ther-

mal ageing and the high values for the ozone ageing condition in comparison 

with the pristine propellant. In turn, the dewetting stress for the thermal aged 

samples is higher than the virgin propellant and smaller for the material sub-

mitted to ozone ageing. This again can be explained in the light of the different 
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chemical modifications the matrix undergoes during the ageing process, as cur-

ing in case of the thermal ageing and decomposition during ozone ageing. 

The initial Poisson’s ratio, 𝜈0, and pseudo Poisson’s ratio, 𝜈0
𝑅, are shown 

in Table 17. As seen in Table 10 from section 5.1.2.2, 𝜈0 and 𝜈0
𝑅 are equal for 

all ageing conditions. Mechanical ageing produces an increase of 𝜈0 up to ≈

0.5. Such a result, linked to incompressibility, would mean that stress-strain 

response of the propellant is more reliant on the behaviour of the elastomeric 

matrix after the applied prestrain. This supports the idea that matrix-particle 

interfaces are damaged. The thermal ageing produces a significant reduction 

in the initial Poisson’s ratio, down to 0.31 for the 36 days ageing time, while 

for 24 days of ageing it does not vary in comparison with pristine material. 

Considering the ozone ageing, for the ageing time of 42 days de DIC was not 

possible to be used and, therefore, no results are given. Nevertheless, for an 

ageing time of 14 days a reduction in 𝜈0 down to 0.41 was reported.  

Table 17. Initial Poisson’s ratio, 𝜈0, and the initial Poisson’s ratio obtained as the pseudo transverse 

to pseudo longitudinal strains, 𝜈0
𝑅, for all ageing conditions. 

Ageing source 𝜈0 𝜈0
𝑅 

Pristine 0.46 0.46 

Prestrain 15% 0.44 0.44 

Prestrain 30% 0.51 0.51 

Temperature 24 days 0.45 0.45 

Temperature 36 days 0.31* 0.31* 

Ozone 14 days 0.41 0.42 

Ozone 42 days - - 

*Initial Poisson’s ratio determined from curves in Fig. 61. 

Poisson’s ratio evolution with applied longitudinal strain is represented in 

Fig. 61 for all ageing conditions and pristine propellant, in which the solid sym-

bols indicate the dewetting point. In general, the 𝜈 − 𝜀𝑙 curves show two dif-

ferentiated regions before and after the dewetting point, similarly to the results 

of the preliminary characterisation. In this case, the first region takes for a con-

stant Poisson’s ratio, except for the 30% prestrained sample. The first region 
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is too small for the thermally aged samples to determine whether 𝜈 is constant 

or not. The second takes place in the form of an exponential decay in all cases. 

 
(a) 

 
(b) 

 
(c) 

Fig. 61. Poisson’s ratio, 𝜈, versus longitudinal true strain, 𝜀𝑙, from tensile tests for (a) mechanical 

ageing for 15% and 30%, (b) thermal ageing for 24 and 36 days, and (c) ozone ageing for 14 days. 

Solid symbols indicate the corresponding dewetting point. 

Mechanical ageing above 15% applied prestrain displays a higher Pois-

son’s ratio during the stretching compared to the one of the pristine propellant, 

while at 15% prestrain there is no difference, cf. Fig. 61a. The effect produced 

on the strain ratio by the thermal ageing process is noticeable. It is observed in 

the curves presented in Fig. 61b that the strain ratio decreases rapidly from the 

initial Poisson’s ratio in an exponential decay form, ranging from a value of ≈

0.45 down to ≈0.2 and from ≈0.31 down to ≈0.16 for the samples aged during 

24 and 36 days, respectively. Regarding ozone aged samples, only the one aged 
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for 14 days is shown in Fig. 61c as previously mentioned. This sample presents 

lower values of Poisson’s ratio during the stretching compared to the pristine 

propellant. 

As an alternative representation of the damage induced by the stretching 

of the samples, the dilatation evolution during the tensile test is shown in Fig. 

62 to Fig. 64. The three stages (no dilatation, transition and dewetting and 

void growth) are again observed in all cases, except for the thermally aged sam-

ples for which dewetting and voids growth happens rapidly. 

Regarding the mechanical ageing, cf. Fig. 62, for the lower applied pre-

strain of 15%, there is no effect on the volume change. On the other hand, the 

30% prestrained sample displays a lower dilatation with respect to the pristine 

material during the test. Accounting for 𝑉/𝑉0 − 𝜀𝑙 curves, cf. Fig. 62a, a volume 

decrease is observed up to an applied strain of ≈20%, which is close to the 

dewetting strain of ≈26%. When pseudo strains are considered, cf. Fig. 62b, 

this decrease in volume change is not observed for the 30% prestrained sample. 

Therefore, the observed shrinkage of the sample is not noticeable taking into 

account the absolute values of the dilatation, from 1 to ≈0.99. 

 
(a) 

 
(b) 

Fig. 62. Volume change, 𝑉/𝑉0, versus applied longitudinal true strain, 𝜀𝑙, from tensile tests of pre-

strained samples at 15% and 30% in terms of (a) true strains, 𝜀𝑙, and (b) pseudo true strains 𝜀𝑙
𝑅. Solid 

symbols indicate the corresponding dewetting point. 
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(a) 

 
(b) 

Fig. 63. Volume change, 𝑉/𝑉0, versus applied longitudinal true strain, 𝜀𝑙, from tensile tests of ther-

mally aged samples for 24 and 36 days in terms of (a) true strains, 𝜀𝑙, and (b) pseudo true strains 𝜀𝑙
𝑅. 

Solid symbols indicate the corresponding dewetting point. 

Evolution of the dilatation for the thermally aged samples is shown in Fig. 

63. The thermal ageing produces higher dilatation for higher ageing times, ex-

isting a strong linear relation between dilatation and applied strain. The reason 

lies in the loss of strain capability of the propellant, so that for an applied lon-

gitudinal strain, the propellant matrix is less able to deform. The same trends 

are observed for 𝑉/𝑉0 − 𝜀𝑙 and 𝑉/𝑉0
𝑅 − 𝜀𝑙

𝑅 curves. 

 
(a) 

 
(b) 

Fig. 64. Volume change, 𝑉/𝑉0, versus applied longitudinal true strain, 𝜀𝑙, from tensile tests of ozone 

aged samples for 14 and 42 days in terms of (a) true strains, 𝜀𝑙, and (b) pseudo true strains 𝜀𝑙
𝑅. Solid 

symbols indicate the corresponding dewetting point. 
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Volume change of the ozone aged sample for 14 days during tensile test 

shows a higher dilatation with respect to the pristine material, as displayed in 

Fig. 64. This is explained though the higher flexibility of the sample due to the 

chain scissions caused by the ozonolysis reaction. Since matrix-particle inter-

faces are also affected, for a given strain, the amount of dewetting produced 

will be higher in the aged sample, leading to a greater growth of voids. 

5.2.3.3. Mechanisms of failure 

The fracture surface analysis, carried out on the tensile samples after test-

ing, via Scanning Electron Microscopy (SEM) is condensed in Fig. 65 – 67.  

In Fig. 65 the SEM micrographs of the fracture surfaces of the mechani-

cally aged tensile samples are gathered for several magnifications. It is observed 

that the applied prestrain does not affect the fracture topology in a significant 

manner and the appreciated roughness of the surface seems similar in all cases. 

Dewetting and crack formation around the bigger oxidiser particles is found to 

be promoted by the mechanical prestrain, which is identified with white ar-

rows. 
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Fig. 65. SEM micrographs of the fracture surfaces from tensile samples mechanically aged at pre-

strains of 15% and 30% together with pristine propellant at x6, x20, x100 and x200 magnifications. 

Cracks and dewetted surfaces are pointed out with white arrows. 

Regarding the micrographs corresponding to the thermally aged samples 

collected in Fig. 66, the appreciated fracture surface appears rougher com-

pared to the surface of the pristine material, since the rounded shape of the 

particles and its imprint are easier to appreciate for increasing ageing times on 

the surface. As a consequence of the higher crosslink density promoted by the 

thermal ageing process, the matrix undergoes a shrinkage and residual stresses 

are induced, which lead to the dewetting of the particles, being more noticeable 
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in the fracture surfaces of the sample aged for 36 days, indicated with white 

arrows. 

 

Fig. 66. SEM micrographs of the fracture surfaces from tensile samples thermally aged at 80 ºC for 

24 days and 36 days together with pristine propellant at x6, x20, x100 and x200 magnifications. Cracks 

and dewetted surfaces are pointed out with white arrows. 

Concerning the ozone aged tensile samples, its fracture surfaces are gath-

ered in Fig. 67. At the lowest magnification, the effect of long ageing times in 

ozone (42 days) is severe and obvious with a marked reduction in the cross-

sectional area due to the loss of the powdery layer generated during the ageing 

process. The rugosity of the fracture surface of this sample is the highest. 
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Dewetting and cracks are spread all over the fracture surfaces, identified with 

white arrows in Fig. 67, easier to observe at higher magnifications and visible 

for both ageing times. 

 

Fig. 67. SEM micrographs of the fracture surfaces from tensile samples aged with ozone for 14 days 

and 42 days together with pristine propellant at x6, x20, x100 and x200 magnifications. Cracks and 

dewetted surfaces are pointed out with white arrows. 

The fracture surface of a sample subjected to a 3-month ozone ageing pe-

riod is shown in Fig. 68. The powdery layer produced due to the exposition to 

ozone, c.f. Fig. 55, is clearly identified in Fig. 68a, together with the inner part 

of the solid propellant sample. Here, the shape of the oxidiser particles is 
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completely visible, producing a completely rough surface, where the matrix 

seems to be partially removed, leaving holes throughout the whole propellant 

and leading to a completely loss of structural capacity. Therefore, in agreement 

with the crosslinking density results in Table 13, the ozone ageing or ozonoly-

sis process is induced in the entire propellant body and not only on its surface. 

It is proved then that the ozone ageing is effective and can be severe. A closer 

look at the ammonium perchlorate particles is given in Fig. 68b and Fig. 68c, 

where it is observed the surface of the oxidiser particles free of matrix, meaning 

an intense weakening of the bonding between matrix and particles or, in other 

words, the promotion of severe dewetting. 

(a) 

 

Outer powdery layer

Inner propellant block
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(b) 

 

(c) 

 

Fig. 68. Fracture surface of a composite solid propellant sample subjected to 3-month ozone ageing 

period. (a) Image of the fracture surface showing the powdery layer on the sample surface and the 

inner part of the propellant sample at x20 magnification, (b) detail of the inner part of the sample at 

x50 magnification, and (c) detail of the ammonium perchlorate particles at the inner part of the sam-

ple at x200 magnification. 

The dewetting process takes place by a weakening of the bonding surface 

between particle and matrix, leading to the formation of strands or fibrils hold-

ing the bond, which will fail one after another to finally separate the particle 
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from the matrix. Examples of the dewetting process are gathered in Fig. 69. In 

the fracture surface of the ozone aged sample for 14 days, cf. Fig. 69a, it is seen 

an oxidiser particle partially connected to the matrix though several strands of 

matrix. In Fig. 69b, two adjacent ammonium perchlorate particles were almost 

torn off from each other, observed in the fracture surface of the ozone aged 

sample for 42 days. Another example is given in Fig. 69c, where an oxidiser 

particle is partially dewetted where the fibrils have already failed, taken from 

the fracture surface of the thermally aged sample for 36 days. 

(a) 

 

(b) 
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(c) 

 

Fig. 69. Details the dewetting or debonding process. (a) Matrix strands from an ammonium perchlo-

rate particle debonding – from the ozone aged sample for 14 days -, (b) two adjacent ammonium 

perchlorate particles debonding – from the ozone aged sample for 42 days –, and (c) dewetted region 

around an ammonium perchlorate particle – from the thermally aged sample for 36 days –. 

A Molecular dynamics (MD) study on the interfacial interaction between 

ammonium perchlorate and a HTPB binder system was done by Dong et al. 

(Dong et al., 2022), where they demonstrate a similar failure mode, cf. Fig. 70, 

as the previously analysed and described in Fig. 69.  

 
(a) 

 
(b) 

Fig. 70. Molecular dynamics (MD) simulation of hydroxyl-terminated polybutadiene (HTPB) binder 

system interaction with ammonium perchlorate (AP). (a) Schematic of the pulling loading case of a 

unit cell, (b) evolution of the microstructure of the unit cell during the pulling test. Adapted from 

(Dong et al., 2022). 
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5.2.4. Effects of the ageing sources on the fracture behaviour 

5.2.4.1. J resistance curves 

The recorded load, 𝑃, versus (pseudo) displacement, (𝑢𝑅) 𝑢, curves from 

fracture tests for all ageing conditions are shown in Fig. 71 to Fig. 73. As ob-

served, the load versus pseudo displacement curves reflect the reduction in the 

integrated area (energy) calculated after removing the creep strains from the 

viscoelastic behaviour. 

 
(a) 

 
(b) 

Fig. 71. Load, 𝑃, versus displacement, 𝑢, curves from fracture tests of the mechanically aged samples 

at 15% and 30% prestrains in terms of (a) displacements, 𝑢, and (b) pseudo displacements, 𝑢𝑅. Onset 

of crack growth is identified with solid symbols. 

Regarding the curves of prestrained samples shown in Fig. 71, all the 

curves show the same flexibility at the very beginning of the tests. However, 

right after the beginning, prestrained samples become more flexible than the 

pristine propellant, being more flexible for increasing applied prestrain, con-

nected with the fact that more voids due to dewetting are present for higher 

applied prestrain. The loading capacity of the pristine and 15% prestrained 

samples is similar, while the one for the 30% prestrained sample decreases ≈

21%, while the displacement at maximum increases up to ≈36%. This means 

that more time is required to reach the maximum, translating the maximum of 

the curves at lower loads and higher displacements for a higher applied pre-

strain. The onset of the crack’s propagation, highlighted with solid symbols in 
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Fig. 71, takes place at the same displacement for all prestrained and pristine 

samples, that is at ≈5 mm, although at lower loading for increasing applied 

prestrain.  The curves as a function of pseudo displacement move to smaller 

displacements with the onset of crack propagation in terms of pseudo displace-

ments occurring earlier in the prestrained samples than in the pristine material. 

The load versus (pseudo) displacement curves for thermally aged samples 

are displayed in Fig. 72. A considerable stiffening of the aged samples is evi-

denced, as well as higher values of the maximum load, 𝑃𝑚𝑎𝑥, and load at initia-

tion of the crack’s propagation, 𝑃𝑖. It is noted that the ageing process induces 

an approximation of the load at crack growth initiation to the maximum load, 

being the 𝑃𝑚𝑎𝑥/𝑃𝑖 ratio ≈1.3 for the pristine material and ≈1.05 for the longest 

ageing time of 36 days. The displacements at maximum and at crack growth 

initiation are excessively reduced for increasing ageing times. This is directly 

related to the reduction in the maximum strains allowed by the aged samples 

due to the overcuring during thermal ageing as shown in Fig. 59. For this case, 

pseudo displacements are also reduced for increasing ageing times. 

 
(a) 

 
(b) 

Fig. 72. Load, 𝑃, versus displacement, 𝑢, curves from fracture tests of thermally aged samples for 24 

and 36 days in terms of (a) displacements, 𝑢, and (b) pseudo displacements, 𝑢𝑅. Onset of crack 

growth is identified with solid symbols. 

Considering the ozone ageing, the load versus (pseudo) displacement 

curves are shown in Fig. 73. Firstly, the compliance of the curves in function 

of the actual displacements increases with ageing time due to the larger 
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degradation of the matrix accompanied by larger debonding particles-matrix 

phenomena. This deterioration also affects the maximum load and the load at 

crack growth initiation, with lower values, 𝑃𝑚𝑎𝑥 with respect to the pristine 

propellant as the ageing time is longer. Displacements at maximum do not 

show any variation, except for a slight reduction experimented by the samples 

aged for 42 days. Taking into consideration the 𝑃 − 𝑢𝑅 curves, the curves of 

thermally aged samples tend to collapse into one leading to constant pseudo 

displacements at maximum for all samples and to a slight reduction of pseudo 

displacements at the initiation of the crack growth in comparison to that of the 

pristine propellant. 

 
(a) 

 
(b) 

Fig. 73. Load, 𝑃, versus displacement, 𝑢, curves from fracture tests of ozone aged samples for 14, 21, 

32 and 42 days in terms of (a) displacements, 𝑢, and (b) pseudo displacements, 𝑢𝑅. Onset of crack 

growth is identified with solid symbols. 

The J resistance curves in terms of J integral, 𝐽, or pseudo J integral, 𝐽𝑅, 

versus crack growth, Δ𝑎, for all ageing conditions are shown in Fig. 74 to Fig. 

76. Curves from mechanically aged samples are displayed in Fig. 74. Firstly, it 

is important to highlight the pronounced small values of the pseudo J-integral, 

cf. Fig. 74b, in comparison with J-integral values, cf. Fig. 74a, being the latter 

one order of magnitude lower than the former. Secondly, regarding the influ-

ence of the prestrain level on the 𝐽 − ∆𝑎 curves, the differences are not marked. 

The resistance curves of the samples prestrained at 15% present the same 

crack propagation behaviour as the ones of pristine material and, when 
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comparing with the samples prestrained at 30%, a small decrease in the curves 

is seen, i.e., lower energy is required to propagate the crack when the sample 

is highly prestrained. Considering 𝐽𝑅 − Δ𝑎, where the viscous effects are re-

moved, higher differences between curves of 30% prestrained samples and 

those of pristine and 15% prestrained samples are observed. The results are 

reasonable. In case of 30% prestrained samples, more dewetting occurs than 

in 15% prestrained samples (as observed in the fractographic analysis of the 

tensile samples) and less energy is necessary for the crack advancement in a 

matrix full of voids and cracks due to breakage of particles-matrix debonding. 

 
(a) 

 
(b) 

Fig. 74. J resistance curves from fracture tests for the mechanically aged samples at 15% and 30% 

prestrains in terms of (a) J integral, 𝐽 − ∆𝑎, and (b) pseudo J integral, 𝐽𝑅 − ∆𝑎.  

The curves in Fig. 75 correspond to the thermally aged samples. In this 

case, when comparing the 𝐽𝑅 − Δ𝑎 and the 𝐽 − Δ𝑎 curves, the values of the 

pseudo J integral, cf. Fig. 75b, are half of those of the actual J integral, cf. Fig. 

75a, in line with the less viscous nature of an overcured binder in thermally 

aged propellants. Concerning the influence of the thermal ageing time in the 

𝐽 − Δ𝑎 curves, small variations are found with a little increase in the fracture 

energy to propagate the crack for the aged samples with respect to the pristine 

material. Attending to the 𝐽𝑅 − Δ𝑎 curves, the increase in the propagation en-

ergy for aged samples compared to the pristine ones is noticeable and the pre-

sented curves are steeper, which is a sign of a more stable crack propagation 

process. It is evident that discounting greater viscoelastic dissipation energy in 
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the pristine material than in the thermally aged samples results in a separation 

of the 𝐽𝑅 − ∆𝑎 curves. However, hardly differences were observed between the 

resistance curves aged for different ageing times. 

 
(a) 

 
(b) 

Fig. 75. J resistance curves from fracture tests for the thermally aged samples for 24 and 36 days in 

terms of (a) J integral, 𝐽 − ∆𝑎, and (b) pseudo J integral, 𝐽𝑅 − ∆𝑎.   

Resistance curves of the ozone aged samples are shown in Fig. 76. Again, 

the pseudo J-integral values in the 𝐽𝑅 − Δ𝑎 curves, cf. Fig. 76b, are one order 

of magnitude lower than those of the J-integral in the 𝐽 − ∆𝑎 curves, cf. Fig. 

76a. It is noticeable that the pseudo J-integral values of the ozone aged sam-

ples, cf. Fig. 76b, are similar to those attained in the pseudo J-integral values 

of the mechanically aged samples, cf. Fig. 74b.  

 
(a) 

 
(b) 

Fig. 76. J resistance curves from fracture tests for the ozone aged samples for 14, 21, 32 and 42 days 

in terms of (a) J integral, 𝐽 − ∆𝑎, and (b) pseudo J integral, 𝐽𝑅 − ∆𝑎.  
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Analysing the 𝐽 − ∆𝑎 curves, it is rapidly seen that ozone has caused a re-

duction of the energy needed to propagate a crack, which is promoted with 

longer ageing times. The slopes of the curves of aged samples are less steep 

than the corresponding to the pristine ones, traduced to a more unstable frac-

ture propagation. The very same trend is observed in the 𝐽𝑅 − Δ𝑎 curves, alt-

hough to a lesser extent. 

Table 18. Energy crack propagation parameters for the ageing characterisation. Critical values of J 

integral and pseudo J integral, 𝐽𝑐 and 𝐽𝑐
𝑅, and fitting parameters, 𝐶1 and 𝐶2, of the J resistance curve 

to the power law (58) along with the corresponding coefficient of determination, 𝑅2. 

Ageing 
𝑱𝒄, 𝑱𝒄

𝑹 

(kJ/m2) 
𝑪𝟏 𝑪𝟐 𝑹𝟐 

     

    𝐽 − ∆𝑎 curves 
     

Pristine 0.73±0.03 1.4±0.1 0.38±0.04 0.989±0.006 

Prestrain 15% 0.62±0.04 1.41±0.06 0.37±0.02 0.994±0.002 

Prestrain 30% 0.50±0.01 1.2±0.1 0.46±0.07 0.989±0.006 

Temperature 24 days* 0.44±0.03 1.36±0.08 0.48±0.06 0.988±0.008 

Temperature 36 days 0.50±0.03 1.37±0.09 0.45±0.06 0.992±0.004 

Ozone 14 days 0.60±0.02 1.20±0.09 0.35±0.03 0.98±0.01 

Ozone 21 days 0.59±0.08 1.16±0.07 0.33±0.07 0.98±0.01 

Ozone 32 days* 0.53±0.07 1.0±0.1 0.4±0.1 0.99±0.006 

Ozone 42 days 0.49±0.04 1.00±0.04 0.35±0.01 0.96±0.03 
     

    𝐽𝑅 − ∆𝑎 curves 
     

Pristine 0.20±0.01 0.38±0.03 0.38±0.04 0.989±0.006 

Prestrain 15% 0.16±0.01 0.36±0.02 0.38±0.02 0.992±0.007 

Prestrain 30% 0.13±0.01 0.30±0.03 0.46±0.07 0.989±0.006 

Temperature 24 days* 0.17±0.01 0.50±0.03 0.47±0.06 0.989±0.008 

Temperature 36 days 0.19±0.01 0.49±0.03 0.44±0.06 0.992±0.004 

Ozone 14 days 0.16±0.01 0.32±0.03 0.34±0.03 0.98±0.01 

Ozone 21 days 0.14±0.02 0.27±0.02 0.33±0.07 0.98±0.01 

Ozone 32 days* 0.15±0.03 0.29±0.04 0.4±0.1 0.990±0.006 

Ozone 42 days 0.14±0.01 0.28±0.01 0.34±0.01 0.96±0.03 

*Only two samples used. 
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The fitting parameters of the resistance curves to (58), 𝐶1 and 𝐶2, are col-

lected in Table 18, as well as the J integral at which the crack starts to propa-

gate, 𝐽𝑐 or 𝐽𝑐
𝑅. One important point to highlight is that the exponent of the 

power law,  𝐶2, is constant for each ageing condition independently of the use 

of actual or pseudo variables. 

For the prestrained samples, taking a look at the constants of the power 

law fitting, crack growth behaviour for prestrained samples at 15% was similar 

to that of pristine samples. However, the values of J integral at crack growth 

initiation decreases with increasing the degree of prestrain, attaining 𝐽𝑐 values 

from ≈0.73 kJ/m2 for the pristine material to ≈0.5 kJ/m2 for the 30% pre-

strained samples. The corresponding 𝐽𝑐
𝑅 values follow the same trend ranging 

from ≈0.2 kJ/m2 for the pristine propellant to ≈0.13 kJ/m2 in the case of the 

30% prestrained material. 

Despite resistance curves of thermally aged samples are above the ones of 

pristine propellant, the value of J integral at the onset of crack’s propagation is 

smaller in case of the aged samples but with no clear tendency with respect to 

the ageing times. In this case, the values of 𝐽𝑐 decrease for the aged samples 

down to ≈0.44 kJ/m2 for the samples aged for 24 days and increases to ≈0.50 

kJ/m2 for the 36 days aged samples. The same variability is observed in case of 

the pseudo J integral values. Regarding the power law constants, 𝐶1 barely de-

creases with ageing for 𝐽 − Δ𝑎  curves, but increases noticeably with ageing for 

𝐽𝑅 − Δ𝑎 curves, in accordance with the observed higher curves in Fig. 75b. 𝐶2 

values increase is found for aged samples compared to pristine propellant, 

which is linked to a rise of the slope of the curve, i.e., in the crack propagation 

stability. 

Fracture energy at initiation 𝐽𝑐 decreases for longer ozone ageing times for 

≈33%, also happening for the pseudo fracture energy,  𝐽𝑐
𝑅. Considering the 

power law fitting parameters, 𝐶2 exponent slightly decreases for the aged sam-

ples, in terms of both 𝐽 − Δ𝑎 and 𝐽𝑅 − Δ𝑎 curves. The main difference is found 
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for 𝐶1 constant, which is also reducing as much as ≈30% for both 𝐽 − Δ𝑎 and 

𝐽𝑅 − Δ𝑎 curves. 

5.2.4.2. CTOD resistance curves 

The (pseudo) CTOD resistance curves from mechanically aged speci-

mens are shown in Fig. 77. The observed trend of the (pseudo) CTOD re-

sistance curves is similar to the displayed in the J resistance curves in Fig. 74. 

Firstly, it is obvious the drop in the pseudo CTOD values, cf. Fig. 77b, in com-

passion with the actual CTOD values, cf. Fig. 77a, with differences of one or-

der of magnitude. Regarding the influence of the prestrain level, both actual 

and pseudo CTOD values decrease with increasing applied prestrain. This fact 

is related to the observed hardening in the uniaxial tensile behaviour, displayed 

in Fig. 58, after the initial inelastic response in the mechanically aged samples, 

so that the hardened material reduces the displacements in the vicinity of the 

crack tip (CTOD). 

 
(a) 

 
(b) 

Fig. 77. CTOD resistance curves from fracture samples mechanically aged at prestrains of 15% and 

30% in terms of (a) 𝛿 − ∆𝑎 curves, and (b) 𝛿𝑅 − ∆𝑎 curves. 

Corresponding (pseudo) CTOD resistance curves for thermally aged 

samples are shown in Fig. 78. Firstly, the comparison of the actual and pseudo 

CTOD values reveal that pseudo CTOD values, cf. Fig. 78a, are again one or-

der of magnitude lower than the actual CTOD, cf. Fig. 78b. Secondly, CTOD 

for the thermally aged samples is lower than that of the pristine material. This 
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trend is opposite to the one observed in 𝐽 − ∆𝑎 curves, cf. Fig. 75. However, 

the CTOD behaviour is associated to the higher crosslinking density, related 

stiffness increase and lower deformation capability. However, when 𝛿𝑅 − ∆𝑎 

curves are considered, curves for all ageing conditions overlap the ones of the 

pristine samples. 

 
(a) 

 
(b) 

Fig. 78. CTOD resistance curves from fracture samples thermally aged for 24 and 36 days in terms 

of (a) 𝛿 − ∆𝑎 curves, and (b) 𝛿𝑅 − ∆𝑎 curves. 

In the case of the ozone aged samples, CTOD presented strong difficulties 

to be measured. As represented in Fig. 79, the powdery layer cracks and de-

taches from the bulk propellant surface when the sample is loaded. This results 

in parts of the powdery layer covering partially or completely the crack tip, 

making it challenging to measure the crack growth and CTOD. As seen in Fig. 

76, the crack growth was measured with success. Nevertheless, the CTOD en-

countered challenges. Instead, crack mouth opening displacement (CMOD) 

was found easier to measure. Since CMOD is not a fracture parameter, unlike 

CTOD, the latter was inferred from CMOD as motivated in the following par-

agraphs. 
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(a) 

 
(b) 

Fig. 79. Images from fracture tests for ozone aged samples showing the cracking of the powdery layer. 

(a) Sample aged for 21 days, (b) sample aged for 42 days. 

CTOD-CMOD relation is usually assumed to be dependent only on geo-

metric configuration and CTOD is determined through the conversion of ex-

perimental CMOD measurements (Anderson, 2017), assumption that is not 

accurate when elastic displacements are dominant.  In a three-point bending 

test, cf. Fig. 80, the relationship between CTOD, 𝛿, and CMOD, 𝑉, can be 

considered as 

𝛿 = [1 +
𝑎

𝑟(𝑊 − 𝑎)
]
−1

𝑉 (87) 

where 𝑎 and 𝑊 are the crack length and sample’s width, respectively, and 𝑟 is 

the rotation factor, being a dimensionless constant whose value ranges be-

tween 0 and 1 (Anderson, 2017). The schematic describing these parameters 

is shown in Fig. 80. 
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Fig. 80. Three-point bending test configuration. Schematic representing the hinge model to deter-

mine the CTOD-CMOD relationship. 

Therefore, the relation between CTOD and CMOD has been determined 

for the pristine, mechanically and thermally aged samples, in order to infer the 

CTOD from the measured CMOD for the ozone aged samples. The measured 

CTODs are represented against measured CMODs in Fig. 81. It is observed 

that the relation between CTOD and CMOD is mostly linear for all cases in 

the measured ranges. 

 
(a) 

 
(b) 

Fig. 81. CTOD, 𝛿, vs CMOD, 𝑉, curves for (a) prestrained samples at 15% and 30%, and (b) ther-

mally aged samples for 24 and 36 days. 

The thermally aged samples show a linear trend throughout the whole 

fracture process, while pristine material and prestrained samples seem to pre-

sent two different regions identified before crack propagation, corresponding 

to the blunting of the crack tip, and after crack propagation. As an approxima-

tion, a linear relation has been assumed to exist between CTOD and CMOD. 

The slopes of those relations for each condition are collected in Table 19. It is 
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observed that pristine propellant and thermally aged propellant present a sim-

ilar slope, while prestrained samples show a decrease in the slope with increas-

ing applied prestrain. This difference is probably found due to the Mullin’s 

effect produced by the cyclic loading process. 

Table 19. Slope of the linear CTOD-CMOD relation for pristine, prestrained and thermally aged 

samples from fracture tests. 

Ageing source Slope 

Pristine 0.65±0.07 

Prestrained 15% 0.58±0.02 

Prestrained 30% 0.42±0.14 

Temperature 24 days 0.59±0.03 

Temperature 36 days 0.61±0.07 

It is important to highlight that the differences mentioned above are not 

remarkable as the slope values are around 0.6 except for the samples pre-

strained at 30%. Therefore, to obtain the CTOD values for ozone aged sam-

ples, it was decided to use the corresponding 0.57 average value of the slopes 

collected in Table 19, considering all conditions, as the CTOD-CMOD slope. 

Corresponding CTOD resistance curves are shown in Fig. 82. 

 
(a) 

 
(b) 

Fig. 82. CTOD resistance curves from fracture samples aged with ozone for 14, 21, 32 and 42 days 

in terms of (a) 𝛿 − ∆𝑎 curves, and (b) 𝛿𝑅 − ∆𝑎 curves. 
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Regarding the influence of the viscous nature, the pseudo CTOD values, 

cf. Fig. 82b, are again one order of magnitude lower than the actual CTOD 

values, cf. Fig. 82a. However, it is seen that curves corresponding to the aged 

samples are above the ones of the pristine material. A more flexible matrix due 

to the reduction of the crosslinking density allows greater CTOD values during 

the crack growth. Although the effect of ageing is clear, the scatter of the data 

prevents the observation of any trend. The 𝛿𝑅 − ∆𝑎 curves display similar 

tendencies as the 𝛿 − ∆𝑎 curves. 

The fitting parameters of the CTOD resistance curves in Fig. 77, Fig. 78 

and Fig. 82 to (83) are collected in Table 20, together with the critical (pseudo) 

CTOD. It is observed that 𝐶2
′  does not change between 𝛿 − ∆𝑎 and 𝛿𝑅 − ∆𝑎 

curves and it is similar to 𝐶2 from 𝐽 − ∆𝑎 and 𝐽𝑅 − ∆𝑎 curves, with the exception 

of the corresponding values of the ozone aged samples. The high correlation 

coefficients confirm the typical power law form of the CTOD resistance curves. 

Mechanically aged samples do not show a significant change in the critical 

(pseudo) CTOD, 𝐶1
′ and (𝐶2

′𝑅) 𝐶2
′ . Only a small decrease is for 𝐶1

′𝑅 with the 

increasing applied prestrain. 

The thermally aged samples experience an abrupt diminution of 𝛿𝑐 and 𝛿𝑐
𝑅 

of ≈49% and ≈28%, respectively. This is related to the stiffening of the mate-

rial due to crosslinking growth. The effect is translated into lower 𝐶1
′, while 𝐶1

′𝑅 

does not vary due to thermal ageing. The 𝐶2
′  exponent slightly increases and 

𝐶2
′𝑅 is maintained constant with ageing. 

Samples subjected to ozone ageing experience an increment in 𝛿𝑐 and 𝛿𝑐
𝑅 

of ≈50%, noticing the higher straining capability of the matrix due to the rup-

ture of the polymeric chains. This is accompanied by an increase of 𝐶1
′ and 𝐶1

′𝑅 

and a remarkable decrease of 𝐶2
′  and 𝐶2

′𝑅. 
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Table 20. Critical CTOD, 𝛿𝑐, critical pseudo CTOD, 𝛿𝑐
𝑅, and parameters 𝐶1

′ and 𝐶2
′   and correspond-

ing 𝐶1
′𝑅 and 𝐶2

′𝑅obtained from the fitting of the CTOD resistance curves to (83) with subsequent 

𝑅2coefficient, from fracture tests for all ageing conditions. 

Ageing 
𝜹𝒄, 𝜹𝒄

𝑹 

(mm) 
𝑪𝟏
′  𝑪𝟐

′  𝑹𝟐 

     

    𝛿 − ∆𝑎 curves 
     

Pristine 1.4±0.2 2.8±0.2 0.4±0.1 0.95±0.02 

Prestrain 15% 1.1±0.2 2.5±0.1 0.4±0.1 0.92±0.04 

Prestrain 30% 1.3±0.1 2.4±0.4 0.3±0.1 0.93±0.05 

Temperature 24 days* 0.8±0.1 2.1±0.1 0.46±0.07 0.94±0.05 

Temperature 36 days 0.72±0.03 2.0±0.2 0.42±0.05 0.96±0.02 

Ozone 14 days 2.2±0.1 3.6±0.3 0.26±0.07 0.94±0.07 

Ozone 21 days 2.1±0.2 3.5±0.4 0.23±0.02 0.9±0.1 

Ozone 32 days* 2.0±0.1 3.1±0.1 0.19±0.06 0.9±0.1 

Ozone 42 days 2.0±0.3 3.4±0.1 0.29±0.03 0.96±0.01 
     

    𝛿𝑅 − ∆𝑎 curves 
     

Pristine 0.40±0.06 0.78±0.06 0.4±0.1 0.95±0.02 

Prestrain 15% 0.31±0.04 0.66±0.03 0.4±0.1 0.92±0.04 

Prestrain 30% 0.35±0.03 0.6±0.1 0.3±0.1 0.92±0.05 

Temperature 24 days* 0.31±0.06 0.80±0.03 0.43±0.07 0.94±0.04 

Temperature 36 days 0.29±0.01 0.77±0.08 0.39±0.05 0.96±0.03 

Ozone 14 days 0.61±0.04 0.97±0.09 0.26±0.07 0.95±0.06 

Ozone 21 days 0.53±0.06 0.87±0.08 0.24±0.01 0.9±0.1 

Ozone 32 days* 0.61±0.04 0.93±0.01 0.18±0.06 0.9±0.1 

Ozone 42 days 0.58±0.08 0.97±0.04 0.24±0.05 0.93±0.05 

*Only two samples used. 
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5.2.4.3. Mechanisms of failure 

Failure mechanisms have been studied through the analysis of the fracture 

surfaces of the fracture samples. SEM micrographs of the fracture surfaces of 

the aged samples are shown in Fig. 83 to Fig. 86. As observed, independently 

of the ageing condition, the main mechanism of failure is matrix tearing. 

Fracture surfaces of mechanically aged samples are gathered in Fig. 83. 

From the images at x20 magnification it is seen a surface containing a larger 

number of cracks (pointed out with white arrows) with higher applied pre-

strain. It is also noticeable that the fracture surface gets rougher with the in-

creasing applied prestrain and imprints of the dewetted particles are more vis-

ible. Attending to the fracture surfaces of the thermally aged samples in Fig. 

84, cracks are also promoted with thermal ageing, although not as severe as in 

the case of the mechanical ageing. Dewetting of particles is noticeable for ther-

mally aged samples. However, the roughness of the fracture surfaces is not ap-

preciated to be significantly rougher with respect of the ones of the pristine 

material. Fracture surfaces of ozone aged samples are compared in Fig. 85. It 

is observed the severity of the ozone ageing affecting the integrity of the pro-

pellant. Fracture surfaces present a large number of cracks, pointed out with 

white arrows, even at the lowest ageing time of 14 days and increasing the 

number of cracks for increasing ageing times. The longer the ageing time, the 

rougher fracture surface is appreciated. Details of the ozone aged fracture sur-

faces are shown in Fig. 86, where it is appreciated that particles are dewetted. 

Here it is confirmed that the ozone ageing affects not only to the polymer 

chains in the elastomeric matrix, but also to the matrix-particles bonds. 
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Fig. 86. SEM micrographs of the fracture surfaces from fracture samples ozone aged for 14, 21, 32 

and 42 days together with pristine propellant at x20 magnifications. White arrows indicate visible 

cracks.

Pristine

Ozone 14 days

Ozone 42 days
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6.1. COHESIVE STRESS AS A FRACTURE CHARACTERIS-

ING PARAMETER  

After studying with metals, which are considered as inelastic time-inde-

pendent materials, A.A. Wells and G.R. Irwin related the displacements of the 

crack sides to the stress intensity factor (Irwin, 1961; Wells, 1961). The strip-

yield model was rapidly derived (Dugdale, 1960; Irwin, 1961; Wells, 1961; Bar-

enblatt, 1962) pursuing the use of the CTOD as a fracture parameter for yield-

ing materials (Burdekin et al., 1966). This model assumes that a small plastic 

zone at the crack tip exists, where a closure stress hold both sides of the crack. 

At the end of the yield zone, the distance between crack sides is considered as 

the CTOD, cf. Fig. 87. For linear elastic fracture mechanics (LEFM) approach, 

the relationship between CTOD and energy release rate 𝐺 is given by 

𝐺 = 𝑚𝜎𝑌𝛿 (88) 

where 𝑚 is a dimensionless constant that depends on the crack tip triaxiality 

and 𝜎𝑌 represents the yield stress. Expression (88) if formally equal to the de-

rived for J integral fracture parameter in (89). 

𝐽 = 𝑚𝜎𝑌𝛿 (89) 

 

Fig. 87. Schematic of a strip yield model crack in a centred crack panel subjected to a tensile remote 

loading. Adapted from (Anderson, 2017). 

The previous expression is clearly valid for linear-elastic regime where 

𝐺 = 𝐽, (Anderson, 2017). Schapery’s development of viscoelastic or pseudo J 
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integral is based on the previous idea of a yielding region at the crack tip as a 

failure zone, described in section 2.4.3.2. This was further explored with com-

posite solid propellants (Tussiwand et al., 2009). Making use of the corre-

spondence principle, the relation between fracture parameters 𝐽𝑅 and 𝛿𝑅 might 

be defined as 

𝐽𝑅 = 𝜎𝑚𝛿
𝑅 (90) 

where 𝜎𝑚 is the closure or cohesive stress at the failure zone, assumed to be 

constant in the failure zone. 

The previously presented fracture results given in terms of the pseudo 

variables, pseudo J integral, 𝐽𝑅, and pseudo CTOD, 𝛿𝑅, are dependent on the 

choice of the reference modulus 𝐸𝑅. Therefore, pseudo fracture parameters 

themselves cannot be interpreted as material parameters, although they might 

serve for comparison, as in Chapter 5. Nevertheless, the closure stress 𝜎𝑚 is 

independent on the chosen reference modulus since both fracture parameters 

are inversely proportional to 𝐸𝑅. Therefore, 𝜎𝑚 will be studied. 

 

Fig. 88. Pseudo J integral, 𝐽𝑅 versus pseudo CTOD, 𝛿𝑅, of fracture samples tested at 0.5, 5, 50 and 

500 mm/min for the preliminary characterisation. 
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For the preliminary characterisation, experimental 𝐽𝑅 and 𝛿𝑅 registered 

points are plotted against each other in Fig. 88. Expression in (90) assumes a 

linear relation between 𝐽𝑅 and 𝛿𝑅. It is appreciated in Fig. 88 that the linear 

relation exists. The results of linear fitting of the experimental data of the 

curves to (90) are collected in Table 21. The closure stress 𝜎𝑚 as the slope of 

the regression and the coefficient of determination 𝑅2 are reported. The high 

𝑅2 values confirm the linearity between 𝐽𝑅 and 𝛿𝑅. The determined 𝜎𝑚 shows 

an increase for increasing imposed crosshead displacement rate, with the ex-

ception of the 50 and 500 mm/min rates. Comparing those high rates, no dif-

ference is observed. In this case, it is observed that 𝜎𝑑𝑒𝑤 is around 60% of 𝜎𝑚.  

Table 21. Cohesive stress, 𝜎𝑚, and coefficient of determination 𝑅2from the linear regression of the  

𝐽𝑅 − 𝛿𝑅 data to (90) of fracture specimens tested at 0.5, 5, 50 and 500 mm/min for the preliminary 

characterisation, together with the dewetting stress, 𝜎𝑑𝑒𝑤.  

Crosshead speed 

(mm/min) 

𝜎𝑚 

(MPa) 
𝑅2 

𝜎𝑑𝑒𝑤  

(MPa) 

0.5 0.46±0.04 0.97±0.02 - 

5 0.61±0.05 0.98±0.01 0.37±0.03 

50 0.66±0.02 0.97±0.04 0.42±0.02 

500 0.65±0.06 0.98±0.01 0.45±0.03 

The corresponding 𝐽𝑅 − 𝛿𝑅 curves of the aged samples are shown in Fig. 

89. Mechanically aged samples in Fig. 89a experience a change in the slope 

compared to the pristine material, where the slope increases with the higher 

applied prestrain. The curves corresponding to the thermally aged samples in  

Fig. 89b move upwards with respect to the ones of the pristine samples. The 

opposite behaviour is shown by the ozone aged samples, cf. Fig. 89c, whose 

𝐽𝑅 − 𝛿𝑅 curves shift to lower fracture energies, 𝐽𝑅, and CTODs, 𝛿𝑅. 

The closure stress, 𝜎𝑚, determined as the slope of the 𝐽𝑅 − 𝛿𝑅 curves for 

the aged samples are gathered in Table 22, together with the corresponding 

dewetting stress, 𝜎𝑑𝑒𝑤. As mentioned before, mechanically aged samples at 

15% and 30% shows an increase in the slope, i.e., the closure stress. The in-

crease is believed to happen due to a hardening of the elastomeric matrix after 
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the initial “inelastic” region. Closure stress corresponding to the thermally 

aged samples also shows an increase with the increasing ageing times due to 

the reduction of the pseudo CTOD and growth of the fracture energy 𝐽𝑅, cf. 

Fig. 89b, derived from the growth in the crosslinking density. Ozone aged sam-

ples present a reduction of 𝜎𝑚 with respect to the pristine material, as a conse-

quence of the rupture of the polymeric chains. 

 
(a) 

 
(b) 

 
(c) 

Fig. 89. Pseudo J integral, 𝐽𝑅, versus pseudo CTOD, 𝛿𝑅, curves of the fracture samples for: (a) me-

chanical ageing for 15% and 30%, (b) thermal ageing for 24 and 36 days, and (c) ozone ageing for 

14 and 42 days. 
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Table 21, might be explained due to a less accurate determination of the relax-

ation function, which was improved for the ageing characterisation. 

This demonstrates the approximation of the failure zone model to the strip 

yield model where 𝜎𝑚 in (90) would be the equivalent to 𝜎𝑌 in (89). This would 

also mean that one of the most important fracture parameters could be deter-

mined just analysing the uniaxial tensile curves, allowing to have an expanded 

characterisation of the propellant grain without the necessity to carry out more 

tests, saving material, equipment, testing, time and, definitively, costs. 

Table 22. Cohesive stress, 𝜎𝑚, and coefficient of determination 𝑅2from the linear regression of the  

𝐽𝑅 − 𝛿𝑅 data to (90) together with the dewetting stress, 𝜎𝑑𝑒𝑤. Fracture specimens for the ageing 

characterisation. 

Ageing source 
𝜎𝑚 

(MPa) 
𝑅2 

𝜎𝑑𝑒𝑤  

(MPa) 

Pristine 0.47±0.03 0.99±0.01 0.44 

Prestrain 15% 0.57±0.05 0.98±0.01 0.56 

Prestrain 30% 0.8±0.3 0.98±0.02 0.85 

Temperature 24 days 0.69±0.03 0.98±0.01 0.68 

Temperature 36 days 0.8±0.2 0.91±0.2 0.81 

Ozone 14 days 0.43±0.02 0.99±0.01 0.44 

Ozone 42 days 0.35±0.02 0.99±0.01 0.18 
    

6.2. ON THE USE OF THE REFERENCE MODULUS  

Cohesive models are somehow similar to the strip yield type models, in 

the sense that a failure zone ahead of the crack tip is considered. One of the 

simplest models for a cohesive model is a linear model, as represented in Fig. 

90a, where 𝜎 is the stress in a material point, 𝑓𝑡 is the stress at which the crack 

at the material point initiates its opening, 𝑢 is the relative displacement be-

tween the crack’s sides at the material point, 𝑢𝑐 is the relative displacement at 

which the material point is no longer capable of bearing stresses (i.e., complete 

rupture) and 𝑊𝐹 is the fracture energy. 
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The failure process zone is a similar conception. The closure stress, 𝜎𝑚, 

varies along the failure zone, cf. Fig. 90b, although it is usually assumed con-

stant, as in section 0. The definition of 𝛿 is 𝑢 at the material point at the end 

of the failure zone.  

 

(a) 

 

(b) 

Fig. 90. Cohesive analogy to the failure process zone in composite solid propellants. (a) Linear cohe-

sive model, (b) Schematic of a failure process zone at a crack tip for a composite solid propellant. 

Therefore, from a simplistic point of view, a linear cohesive model can be 

inferred for composite solid propellants using the closure stress 𝜎𝑚 as 𝑓𝑡 and 

𝛿𝑐
𝑅 as 𝑢𝑐 or 𝐽𝑐

𝑅 as 𝑊𝐹. All these fracture parameters are obtained through the 

viscoelastic fracture mechanics approach. Nevertheless, 𝜎𝑚 is the only param-

eter that is independent of the reference modulus 𝐸𝑅. The reference modulus 

is used as a normalising constant and its value is arbitrary, so that at least one 

more parameter needs to be defined removing the arbitrariness of the choice 

of 𝐸𝑅.  

The reference modulus can be determined as a material parameter that 

best fits the load versus pseudo displacement curve to the load versus actual 

displacement. In that case, pseudo displacement would be equal to the actual 

displacements. This can also be done for strains. 

An example of a fitting of a load versus displacement curve from a fracture 

test is shown in Fig. 91. The achieved result is fairly good. The difference be-

tween experimental and fitted curves is explained through the 𝑢(𝑡) and 𝑢𝑅(𝑡) 

being the displacements and pseudo displacement functions. Since the 
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displacement is imposed at a constant rate, 𝑢(𝑡) is a linear function of time. On 

its side, the 𝑢𝑅(𝑡) implies the relaxation in the loading process. Thus, 𝑢𝑅(𝑡) is 

a non-linear function. The relation between both function is given by (20), 

where the relaxation function is known. It is then, the reference modulus 𝐸𝑅 

the only fitting parameter involved in the fit. Since 𝐸𝑅 is a constant, it is hard 

to believe that a perfect fitting can be reached. 

 

Fig. 91. Fitting of load versus actual displacement curve with reference modulus 𝐸𝑅 as a fitting pa-

rameter.  

The explained fit was done for fracture (load versus displacement curves) 

and tensile (stress versus strain curves) tests. The resulting 𝐸𝑅 values are col-

lected in Table 23 and Table 24. Data from the preliminary characterisation in 

Table 23 reveals that, following this methodology, 𝐸𝑅 is dependent on the 

strain rate as it is the apparent elastic modulus 𝐸. It is also observed that 𝐸𝑅 is 

lower than 𝐸 for all tested strain rates, being 𝐸𝑅 similar to an averaged modulus 

during the tests. The 𝐸𝑅 values are coherent with the instantaneous and equi-

librium modulus, 𝐸0 and 𝐸∞, respectively, since 𝐸𝑅 for lower strain rates tends 

to 𝐸∞ and 𝐸𝑅 for higher strain rates tends to 𝐸0. 
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Table 23. Comparison of the reference modulus, 𝐸𝑅, obtained through the fitting of the pseudo vari-

ables to the actual variables from fracture and tensile tests with the instantaneous modulus, 𝐸0, equi-

librium modulus, 𝐸∞,and the apparent elastic modulus, 𝐸, for the preliminary characterisation.  

Crosshead 

displacement 

rate 

(mm/min) 

Modulus 

(MPa) 

𝐸0 𝐸∞ 𝐸 
𝐸𝑅 as best fit 

(fracture) 

𝐸𝑅 as best fit 

(tensile) 

0.5 9.65 4.21 - 4.94±0.01 - 

5 “ “ 6.3±0.5 5.88±0.01 5.14±0.02 

50 “ “ 9.3±0.6 7.17±0.01 6.22±0.06 

500 “ “ 10.4±0.5 8.77±0.05 7.73±0.03 

The 𝐸𝑅 results for the ageing characterisation in Table 24 reveal that 𝐸𝑅 

is more sensitive to strain rate that 𝐸. 𝐸𝑅 is always lower than 𝐸 and matches 

𝐸∞ for all conditions. This is reasonable since all the tests were performed at 

the crosshead displacement rate of 5 mm/min. 

Table 24. Comparison of the reference modulus, 𝐸𝑅, obtained through the fitting of the pseudo vari-

ables to the actual variables from fracture and tensile tests with the instantaneous modulus, 𝐸0, equi-

librium modulus, 𝐸∞, and the apparent elastic modulus, 𝐸, for the ageing characterisation.  

Crosshead 

displacement rate 

(mm/min) 

Modulus 

(MPa) 

𝐸0 𝐸∞ 𝐸 
𝐸𝑅 as best fit 

(fracture) 

𝐸𝑅 as best fit 

(tensile) 

Pristine 8.3 2.2 6.2 2.33±0.01 2.25 

Prestrain 15% 9.1 2.3 5.1 2.39±0.01 2.32 

Prestrain 30% 8.5 2.1 4.5 2.19±0.01 2.14 

Temperature 24 days 349 126 455 132.5±0.7 126 

Temperature 36 days 413 144 494 153.3±0.6 144 

Ozone 14 days 5.7 1.5 7.6 1.57±0.01 1.51 

Ozone 42 days 4.8 1.4 1.4 1.41±0.01 1.36 
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Once the reference modulus is determined, the resulting critical pseudo J 

integral 𝐽𝑐
𝑅 or critical pseudo CTOD 𝛿𝑐

𝑅 could define the cohesive law, i.e., 

characterise the fracture in the composite solid propellant. 

6.3. PRINCIPAL COMPONENT ANALYSIS AS A DECISION-

MAKING TOOL  

Characterisation of composite solid propellant grains is vital to determine 

the usability of the solid rocket motors. An extensive number of tests are car-

ried out in the surveillance programs of composite solid motors worldwide. 

Different approaches are followed to assess the prediction of remaining life of 

the motors. One of the most common is the Layton’s law (2) based on the 

monitoring of chemical properties such as soluble fraction, crosslinking density 

(Dubois et al., 2002), or oxygen consumption (Tayefi et al., 2023), or mechan-

ical properties such as elastic modulus (Adel et al., 2019), strain or stress at 

maximum of stress-strain curves (Shekhar, 2011), amongst others, but also 

through failure criteria under different loading (Wang et al., 2018a, 2023c, 

2022f). As mentioned, different characteristics are tested during surveillance 

programs and generic guidelines are given to assess the in-service life of the 

motors (NATO-AOP-46, 2022). Nevertheless, no standardisation is found to 

determine precise criteria to order the disposal of the composite solid propel-

lant motors. Indeed, most of the work available in the literature is focused on 

accelerated ageing based on isothermal accelerated ageing methods, so that 

developed criteria do not discriminate the source of the ageing that is inducing 

most damage in the propellant grain. To do this accurately, it would require 

intensive monitoring of the storage conditions over the life cycle of the motors 

(Chelner et al., 2005). 

In this thesis, the principal component analysis (PCA) has been explored 

to analyse the determined chemical, mechanical and fracture properties. PCA 

has already been used by some authors for, e.g., in-service time prediction us-

ing FTIR testing (Chelouche et al., 2022) and vacuum stability tests 
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(Chelouche et al., 2021) of homogeneous solid propellants – or both (Che-

louche et al., 2020) –, discrimination of thermal ageing conditions via laser-

induced breakdown spectroscopy (Farhadian et al., 2016), Raman spectros-

copy (Farhadian et al., 2017) or acousto-optic tuneable filtering technology to 

monitor the ageing of M1MP propellant (Feigley et al., 2004). 

Principal component analysis is an algorithm to extract factors for a factor 

analysis (FA), a multivariate data analysis method. The FA methods allow the 

reduction of variables, while preserving most of the information of the original 

data and help to structure the information so that it is possible to devise causes 

that determine the correlation between variables. PCA stands as a useful tool 

for the handling of all properties analysed in the surveillance programs and, 

particularly, in this thesis. A number of properties showing different trends 

presents a challenge. A reduced number of variables can be worked to facilitate 

the identification of samples affected by different ageing sources. 

Firstly, since available data is scarce, Monte Carlo method was used to 

generate an arbitrary large amount of 500 data points for each ageing condition 

and measured variable. Data points were created randomly using the average 

value of each property and within its standard deviation, assuming a normal 

distribution. The standard deviation of properties where there is no standard 

deviation, has been considered as a 5% of the mean value. Since measured 

properties have different natures and employed quantifying magnitudes may 

differ significantly, standardisation of data is necessary before applying the 

PCA algorithm. Standardisation was performed as 

𝑧𝑖𝑗 =
𝑥𝑖𝑗 − 𝑥̅𝑗

𝑠𝑗
 (91) 

where 𝑖 denotes the observation (sample) and 𝑗 the variable (property). Then, 

𝑧𝑖𝑗 is the standardised value of the 𝑗𝑡ℎ variable corresponding to the 𝑖𝑡ℎ obser-

vation, 𝑥𝑖𝑗 is the value of the 𝑗𝑡ℎ variable corresponding to the 𝑖𝑡ℎ observation, 

𝑥̅𝑗 the mean value of the 𝑗𝑡ℎ variable and 𝑠𝑗 the standard deviation of the 𝑗𝑡ℎ 
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variable. Standardisation assures that 𝑧𝑗 has a mean value of 0 and its variance 

and standard deviation are 1. If a variable presents a variance of 0, it means 

that the variable does not carry information for the analysis. 

To determine if a factor analysis is suitable, the correlation matrix 𝑅 must 

be analysed. If 𝑍 is the matrix containing the standardised values, the correla-

tion matrix is 𝑅 can be determined through  

𝑅 =
1

𝑛 − 1
𝑍𝑇𝑍 (92) 

where 𝑛 is the total number of observations (samples). In this case, 𝑛 =

3 00 since there are 500 data point for each ageing condition plus pristine 

condition. The resulting correlation matrix for instantaneous modulus, 𝐸0, ap-

parent elastic modulus, 𝐸, true strain at maximum, 𝜀𝑚𝑎𝑥, true stress at maxi-

mum, 𝜎𝑚𝑎𝑥, true strain at dewetting, 𝜀𝑑𝑒𝑤, critical pseudo J integral, 𝐽𝑐
𝑅, J re-

sistance parameters 𝐶1 and 𝐶2 and cohesive or closure stress, 𝜎𝑚, variables is 

shown in Table 25. Correlation coefficients are, in general, high enough (above 

0.3) to find factor analysis (PCA) suitable. 

Table 25. Correlation matrix, 𝑅, for instantaneous modulus, 𝐸0, apparent elastic modulus, 𝐸, true 

strain at maximum, 𝜀𝑚𝑎𝑥, true stress at maximum, 𝜎𝑚𝑎𝑥, true strain at dewetting, 𝜀𝑑𝑒𝑤, critical pseudo 

J integral, 𝐽𝑐
𝑅, J resistance parameters 𝐶1 and 𝐶2 and cohesive stress, 𝜎𝑚. 

 𝐸0 𝐸 𝜀𝑚𝑎𝑥 𝜎𝑚𝑎𝑥  𝜀𝑑𝑒𝑤 𝐽𝑐
𝑅 𝐶1 𝐶2 𝜎𝑚 

𝐸0 1.000 0.996 -0.860 0.573 -0.740 0.417 0.868 0.472 0.515 

𝐸 0.996 1.000 -0.857 0.571 -0.744 0.414 0.869 0.473 0.509 

𝜀𝑚𝑎𝑥 -0.860 -0.857 1.000 -0.654 0.568 -0.412 -0.753 -0.426 -0.589 

𝜎𝑚𝑎𝑥  0.573 0.571 -0.654 1.000 -0.180 0.371 0.655 0.545 0.660 

𝜀𝑑𝑒𝑤 -0.740 -0.744 0.568 -0.180 1.000 -0.641 -0.734 -0.035 -0.035 

𝐽𝑐
𝑅 0.417 0.414 -0.412 0.371 -0.641 1.000 0.595 0.033 0.070 

𝐶1 0.868 0.869 -0.753 0.655 -0.734 0.595 1.000 0.431 0.436 

𝐶2 0.472 0.473 -0.426 0.545 -0.035 0.033 0.431 1.000 0.487 

𝜎𝑚 0.515 0.509 -0.589 0.660 -0.035 0.070 0.436 0.487 1.000 
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The idea behind factor analysis is to express the observations as a linear 

combination of uncorrelated latent factors (principal components) that max-

imises the variance of data. Then, 𝑍 can be expressed as 

𝑍 = 𝑃𝐾𝑇 (93) 

where 𝑃 is the factor scores matrix and 𝐾 is the factor loading matrix. If stand-

ardised data is used, the correlation matrix 𝑅 is equivalent to the covariance 

matrix and, therefore, singular value decomposition (SVD) can be used to de-

termine the latent factors (principal components) in 𝐾. Following SVD, a ma-

trix can be factorised as 

𝑅 = 𝑈𝑆𝑉𝑇 (94) 

where 𝑈 is a rotation matrix whose columns are the eigenvectors of 𝑅𝑅𝑇, 𝑆 is a 

scaling diagonal matrix whose values correspond to the square root of 𝑅𝑅𝑇 and 

𝑉𝑇 is a rotation matrix who rows are the eigenvectors of 𝑅𝑇𝑅. In the case of the 

correlation matrix 𝑅, both 𝑈 and 𝑉𝑇 are equal and their columns are the prin-

cipal components, i.e., the eigenvectors of 𝑅𝑅𝑇 define the principal compo-

nents. Since the analysis is made through the correlation matrix (standardised 

values), the loading factor matrix 𝐾 presents the correlation between original 

variables and latent variables. 

The loading factor matrix for the case under study is shown in Table 26. 

For the first principal component (PC1), cross-loading is found since all vari-

ables seem to correlate similarly to PC1. Attending to PC2, it is 𝜀𝑑𝑒𝑤, 𝐶2 and 

𝜎𝑚 the most important variables, closely followed by 𝜎𝑚𝑎𝑥 and 𝐽𝑐
𝑅, whereas for 

PC3 the variables that are more correlated are 𝜎𝑚𝑎𝑥 and 𝐽𝑐
𝑅. Analogous analysis 

can be made for all principal components. Nevertheless, the interest lies in the 

reduction of variables. Hence, it is necessary to decide which of the new varia-

bles (principal components) contain enough information. Eigenvalues in 𝑆 ex-

plain the variance of each principal component. Consequently, the higher the 

eigenvalue, the higher the share of variance explained by the PC. Data 
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corresponding to the eigenvalues associated to each of the principal compo-

nents and the percentage of the variance explained by each PC as the ratio of 

the eigenvalue to the sum of all eigenvalues (𝑆𝑖𝑖 = t  (𝑆)) is collected in Table 

27. 

Table 26. Loading factor matrix values for all possible (nine) principal components. Each principal 

component is defined by an eigenvector with loading factor in each variable of the original subspace. 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

𝐸0 0.40646 -0.05587 -0.3098 -0.03996 -0.02542 0.03734 0.2361 0.42942 -0.70137 

𝐸 0.40607 -0.05837 -0.31529 -0.032 -0.03436 0.05003 0.24723 0.39877 0.71235 

𝜀𝑚𝑎𝑥 -0.38389 -0.04676 0.09592 0.26707 0.17579 0.76666 0.33061 0.20472 -0.00526 

𝜎𝑚𝑎𝑥  0.31548 0.31921 0.49887 -0.0276 -0.59534 0.14277 0.38041 -0.17127 -0.00901 

𝜀𝑑𝑒𝑤 -0.29859 0.51473 0.19536 -0.03075 -0.14263 -0.1544 -0.29768 0.68819 0.01951 

𝐽𝑐
𝑅 0.2377 -0.41746 0.6937 0.15434 0.37247 -0.22355 0.04374 0.271 0.01104 

𝐶1 0.39597 -0.12185 0.0558 0.11908 -0.1678 0.49431 -0.73379 0.01115 -0.00004 

𝐶2 0.23077 0.45579 -0.10635 0.78678 0.25743 -0.14184 0.01175 -0.1487 -0.00439 

𝜎𝑚 0.25941 0.47704 0.11285 -0.51702 0.59945 0.22287 -0.00343 -0.12673 0.00333 

  

Table 27. Eigenvalues of  𝑆 scaling matrix for all principal components, together with their corre-

spondent percentage of variance and cumulative variance. 

Principal 

component 
Eigenvalue 

Percentage of 

variance 

(%) 

Cumulative 

percentage of 

variance 

(%) 

1 5.48 60.92 60.92 

2 1.63 18.13 79.05 

3 0.71 7.88 86.93 

4 0.55 6.07 93.00 

5 0.26 2.88 95.88 

6 0.21 2.31 98.19 

7 0.09 0.99 99.18 

8 0.07 0.78 99.96 

9 0.004 0.04 100 
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It is common to represent this data graphically as in Fig. 92, called scree 

plot. The convention is that there are as many necessary PC as PC components 

are before reaching the “elbow”. It is seen that using PC1 and PC2 would main-

tain ≈80% of the original information and using the first three components 

would keep ≈87% of the information. 

 

Fig. 92. Scree plot of the principal component analysis for all the possible principal components. 

Finally, data from each sample must be represented in the new subspace. 

Once 𝐾 is known, scores in 𝑃 matrix can be determined through (95). 

𝑃 = 𝑍𝐾 (95) 

The representation of the data for PC1, PC2 and PC3, i.e., score plot for 

principal components 1, 2 and 3 is displayed in Fig. 93. Data points associated 

with each type of ageing has been identified. It is seen in Fig. 93a that the 

components carrying the most information, PC1 and PC2 explain ≈80% of the 

variance, help to discriminate the propellant affected by the different ageing 

sources at a glance. The observed general trends are that mechanical ageing 

shifts data to higher values of PC2 with respect to pristine propellant, while 

thermal ageing moves to higher PC1 values and ozone aged samples to lower 

PC1 values than pristine material. Smaller shifts are contemplated in the other 

principal component. If PC1 and PC3 are contemplated, cf. Fig. 93b, the 
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reported information is not enough to discriminate mechanical ageing from 

ozone ageing, although it is to differentiate the thermal ageing. Looking at Fig. 

93c, PC2 again seems to carry the information corresponding to the mechani-

cal ageing, while PC3 does not contain the information to differentiate ozone 

ageing from thermal ageing. In all cases, pristine material is distinguished from 

the aged samples. 

(a) 

 

(b) 
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(c) 

 

Fig. 93. Score plot for (a) PC1 and PC2, (b) PC1 and PC3, (c) PC2 and PC3. Data points belonging 

to each ageing type have been identified together with the corresponding 95% confidence ellipse. 

The loading factors in 𝐾 are plotted together with the scores in 𝑃 as shown 

in Fig. 94 for PC1 and PC2. This is a graphical representation of results in 

Table 26 known as biplot. The conclusions are the same as stated above. PC1 

is affected by all variables in a similar manner. PC2 is rather affected by 𝜀𝑑𝑒𝑤, 

𝜎𝑚𝑎𝑥, 𝜎𝑚, 𝐽𝑐
𝑅 and 𝐶2. 

Here, correlation between original variables and principal components is 

translated to the ageing groups. Mechanical aged samples are correlated posi-

tively to 𝜀𝑑𝑒𝑤 and 𝜎𝑚 and inversely to 𝐽𝑐
𝑅. Thermal aged samples undergo great-

est variations of 𝐸, 𝐸0 and 𝐶1 with strong inverse correlation to 𝜀𝑚𝑎𝑥 and 𝜀𝑑𝑒𝑤.  

𝜎𝑚𝑎𝑥, 𝜎𝑚. Ozone ageing is correlated positively to greater 𝜀𝑚𝑎𝑥 while inversely 

to the 𝐸, 𝐸0 and 𝐶1. Conclusions are in line with the mentioned in section 5.2. 

This is a proof of the suitability of PCA to maintain the information given by 

the original variables. 
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Fig. 94. Biplot for principal components 1 and 2. Influence of original variables on the ageing of the 

propellant. 

Thus, it is demonstrated that PCA represents a useful tool to determine 

the ageing of composite solid propellants. Further work is needed to stablish 

criteria to make PCA a decision-making tool when it comes to service life pre-

diction or safety address. As seen, discrimination of the different ageing has 

been achieved without accounting for the chemical characterisation of the pro-

pellant. There is, therefore, possibility to redefine surveillance programs in or-

der to optimise the required testing and data analysis, leading to more eco-

nomic surveillance systems. 
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The main conclusion of this work is that fracture characterisation of com-

posite solid propellants still represents a challenge, although practical infor-

mation can be derived from the fracture behaviour of these materials. Further 

conclusions have arisen throughout the thesis. They are described as follows. 

➢ Schapery’s approach effectively accounts for the viscous behaviour of 

the elastomeric matrix. 

➢ Load separation property is confirmed for composite solid propellants 

when Schapery’s viscoelastic theory is applied. Therefore, constraint 

parameter 𝜂 can be determined experimentally making use of this prop-

erty. 

➢ Primary rupture process in the propellant is the matrix tearing. How-

ever, dewetting damage is induced when the loading rate is sufficiently 

high. Otherwise, fracture occurs only due to matrix tearing. 

➢ After the application of Schapery’s viscoelastic fracture mechanics ap-

proach, determined fracture parameters are still strain rate dependent. 

➢ Mechanical ageing at high strain rates is linked to dewetting and slight 

hardening of the elastomeric matrix, without resulting in changes in the 

crosslinking density. Relaxation behaviour did not vary with this ageing 

and mechanical behaviour showed Mullin’s effect affectation. Fracture 

behaviour was hardly modified, requiring little less energy to propagate 

the crack in aged propellant. While propagation initiates easier in me-

chanically aged material, crack propagation takes place in a similar 

manner as in non-aged propellant. The variation of the fracture energy 

was associated to the energy already used in the ageing to produce the 

dewetting, since the elastomeric matrix does not experience significant 

changes. Regarding the CTOD, similar trend was observed as for J in-

tegral. 

➢ Thermal ageing has been associated with the increase in crosslinking 

density and, therefore, in propellant stiffness and strength. Comparing 
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J integral and CTOD response, once the viscoelastic part is discarded, 

the resistance curves in terms of J integral are above the ones of the 

pristine material but those in terms of CTOD of aged samples tend to 

collapse to one curve independently of the ageing time.  This is directly 

correlated to the changes in the mechanical capabilities of the elasto-

meric matrix and the fact that the fracture process is produced primarily 

through the matrix tearing, with a more stable crack propagation with 

ageing time. 

➢ Ozone ageing has been successfully employed to simulate the ageing 

produced due to the exposition to ambient conditions. The ozonolysis 

reactions affected the elastomeric matrix reducing its crosslinking den-

sity. This resulted in lowered stiffness, mechanical and fracture perfor-

mances. Cracks in ozone aged propellant begin to grow at lower frac-

ture energies and its propagation is less resistant and stable as com-

pared to the non-aged material, which directly related to the weakening 

of the polymeric chains, since fracture progress happens fundamentally 

through the tearing of the matrix. Due to the lack of cohesion in the 

aged material, the CTOD resistance curves of aged samples were above 

those of the pristine material. 

➢ The concept of pseudo fracture parameters as defined through Schap-

ery’s viscoelastic fracture mechanics approach presents as a main draw-

back the dependence of the parameters on the arbitrarily chosen refer-

ence modulus. 

➢ The unique fracture parameter that is free of the chosen reference mod-

ulus is the closure or cohesive stress, which has been found suitable to 

describe partially the fracture behaviour of the composite solid propel-

lant. 

➢ The cohesive or closure stress has been correlated to the identified 

dewetting stress. 
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➢ Principal component analysis represents a suitable tool to assess the in-

service life prediction of composite solid propellant. Moreover, with 

this method, it is possible to account for the ageing source affecting the 

propellant grain. 
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The results and conclusions of this thesis have put some issues to the table 

and greater efforts are needed to solve them. It has opened the door to new 

possible pathways to walk as well. Some of the most interesting issues or future 

work to address could be the following: 

➢ Fracture tests have been analysed removing the creep effects of the ma-

terial. Nevertheless, in this analysis, the effect of the induced damage 

in the bulk of the sample during the loading has not been accounted for. 

Further analysis to account for the damage or even ageing would im-

prove the characterisation. 

➢ To correlate microstructural variables that depend on ingredients of the 

binder system to the fracture parameters.  

➢ The constraint factor 𝜂 has been assumed independent on the ageing 

of the propellant, i.e., material properties, and crack length. A study of 

the constraint factor evolution with the different ageing procedures 

would provide more knowledge about, constraint factor in elastomeric 

materials. 

➢ Mentioned issues with reference modulus in the application of Schap-

ery’s viscoelastic fracture mechanics approach requires further analysis 

and derivations of the methodology, making it an exciting field to ex-

plore in order to have trustful and handy testing and analysis proce-

dures to implement in the surveillance programs. 

➢ The work summarised in this thesis is based on experimental approach. 

Then, there is a large set of data that could be exploited to develop con-

stitutive or fracture numerical models that accounts for the different 

types of ageing. Multiscale approach seems a good start point. 

➢ Mechanical ageing in this thesis was chosen as an extreme case. To sim-

ulate different mechanical ageing conditions, it is suggested to explore 

the application of the loading based on small dynamic loadings (vibra-

tions). 
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➢ The ozone ageing is a novel approach to simulate the exposition of the 

propellant grain to ambient air. There are lots of remaining issues to 

address here such as the determination of how the ageing is taking place 

or settle appropriate ozone concentration and ageing times to repro-

duce actual ageing of the composite solid propellants.   

➢ Surveillance systems for composite solid propellants in Spain are not 

fully optimised. As seen, there are tools to redefine the programs based 

on the relevance of the measured characteristics. Therefore, a research 

opportunity arises to determine the pertinent variables and the corre-

sponding tests to perform. 

➢ Following the latter, PCA might be a useful and widespread known sta-

tistical tool, but it has limitations. To optimise the surveillance pro-

grams and help in the service life predictions of composite solid propel-

lant motors, neural networks and artificial intelligence are alternative 

approaches to PCA as they are more versatile and powerful. 
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The ozone ageing chamber in Fig. 95 was manufactured for the specific 

purpose of the ageing of composite solid rocket propellant samples. The cham-

ber consists simply in a box, which is instrumented with an ozoniser and an e-

nose sensor to measure the ozone concentration. The ease of implementation 

and handiness, as well as low cost, were considered for the adequation of the 

chamber. 

 

Fig. 95. Ozone ageing chamber with ozoniser and ozone monitoring system. 

An IONCARE GH-2128 Mini Ionic Freshener & Deodorizer was used to 

produce the ozone in the chamber. It was manipulated to adapt it to the cham-

ber and remove the automatic control, so that the production of ions is fully 

controlled by the operator, cf. Fig. 96. 

 

Fig. 96. IONCARETM GH-2128 Mini Ionic Freshener & Deodorizer. 

To measure the ozone concentration during the ageing process, a MQ131 

gas sensor from Winsen®, cf. Fig. 97a, was employed on an electronic nose (e-

Removed 
controller
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nose) platform developed at the National Institute of Aerospace Technology 

(INTA) facilities, with the capability to use up to three different sensors. The 

e-nose is based in an Arduino Nano board microcontroller. This principal 

board with the installed sensor was connected to a second board by wireless 

means to register and visualise measured data, cf. Fig. 97b. 

 
(a) 

 
(b) 

Fig. 97. Ozone concentration measurement setup. (a) MQ131 gas sensor, (b) MQ131 gas sensor 

installed on the e-nose platform. 

The schematic of the basic test circuit configuration of the MQ131 gas 

sensor is shown in Fig. 98, where the sensor is identified with pins 1 to 6. The 

connection of the sensor to the e-nose platform was done following that con-

figuration, with same voltages for sensor and heating circuits, 𝑉𝑠 and 𝑉𝑐, respec-

tively, of DC 8.35 V and using a resistance 𝑅𝐿 = 2.    Ω. Further modifications 

of the circuit were implemented in the e-nose platform to assure stable and 

durable connection between the sensor and e-nose. 
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Fig. 98. Schematic of the basic test circuit configuration for the MQ131 gas sensor. 

The determination of the concentration using the MQ131 gas sensor was 

calculated through the resistance of the sensor 𝑅𝑠, which varies under the ex-

position to certain gases, such as ozone. The variation of 𝑅𝑠 with ozone con-

centration is given in Fig. 99, where 𝑅0 is the resistance 𝑅𝑠 in clean air. 

 

Fig. 99. Resistance ratio vs ozone concentration in ppm. Sensitivity characteristics of the MQ131 gas 

sensor. Adapted from (Ozone Gas Sensor. Model: MQ131 High Concentration, 2021). 

Calculation of resistance 𝑅𝑠 is done through 

𝑅𝑠 = 𝑅𝐿
𝑉𝑐 − 𝑉𝑅𝐿
𝑉𝑅𝐿

 (96) 

where 𝑉𝑐 the feed voltage of the circuit, 𝑉𝑅𝐿 is the measured voltage at the re-

sistance 𝑅𝐿 and 𝑅𝐿 is the resistance in series with the gas sensor. The previously 
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mentioned setup conditions are not as specified in the datasheet of the com-

ponent (Ozone Gas Sensor. Model: MQ131 High Concentration, 2021). 

Therefore, a calibration of this sensor was done. Several measures of ozone 

were taken, along with the corresponding measuring voltage 𝑉𝑅𝐿. 

The ozone concentration was measured by the indigo colorimetric method 

proposed by Bader and Hoigné for the detection of ozone in water (Bader et 

al., 1981; Bader, 1982), based in the indigo trisulfonate reaction with ozone, 

shown in Fig. 100. 

 

Fig. 100. Indigo trisulfonate reaction with ozone producing sulfonated isatine. 

For that, Dräger tubes for ozone detection were employed, cf. Fig. 101. 

Dräger tubes are colorimetric gas detectors used to detect leaks or measure air 

quality through a chemical reaction between a reagent and the objective gas. 

Particularly, these ozone detection tubes work under the reaction of ozone with 

indigo trisulfonate leading to isatine, previously mentioned. This reaction re-

sults in the decolouration of the reactive indigo material in the tube, which 

turns from a turquoise colour to yellow/white, as it can be seen in Fig. 101. 

 
(a) 

 
(b) 

Fig. 101. Dräger tubes used for ozone detection. (a) Before use, (b) after exposure to ozone. 

The measured voltage 𝑉𝑅𝐿 is represented against the measured ozone con-

centration via Dräger tubes in Fig. 102. Measurements were taken until 

+
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concentration levels reached a maximum at around 160 ppm. All measure-

ments were carried out at room temperature. 

 

Fig. 102. Sensing voltage, 𝑉𝑅𝐿, versus ozone concentration. Experimental calibration of the MQ131 

gas sensor. 

To interpolate ozone concentration values using the measured 𝑉𝑅𝐿, least 

squares fit of the data in Fig. 102 was done using an exponential decay function 

as in (97). 

𝑉𝑅𝐿 = 𝑉𝑅𝐿,0 + 𝐴𝑒
−
𝐶−𝐶0
𝐶1  (97) 

where 𝑉𝑅𝐿,0 is the measured voltage at 𝑅𝐿 at the asymptotic concentration, 𝐶 is 

the concentration and 𝐴, 𝐶0 and 𝐶1 are constants. 
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% This script is used to fit stress relaxation test data to a Prony series 

function. 

clear all; 

close all; 

 

% Data file reading 

ID_file = 'pristine'; % pristine, pr_15%, pr_30%, oz_14d, oz_21d, oz_32d, 

oz_42d, te_24d, te_36d 

T = readtable(['average_',ID_file,'.txt']); 

 

% Saving data in variables 

t_data = table2array(T(:,1)); % Time data 

s_data = table2array(T(:,2)); % Stress data 

t_1 = t_data(s_data==max(s_data)); % Time at maximum stress (end of load-

ing ramp) 

 

% Experimental procedure data 

if strcmp(ID_file,'te_24d') || strcmp(ID_file,'te_36d') 

    e_0 = 0.0015; % Applied strain for temperature conditions! 

 

else 

    e_0 = 0.03; % Applied strain for all conditions 

 

end 

 

% Set model equation of Prony series of order n 

n = 4; % Order of the Prony series 

[eqn_left, eqn_right] = stress_prony_eqn(n, e_0, t_1); 

 

% Convert string into function handles 

eqn_left = str2func(eqn_left); 

eqn_right = str2func(eqn_right); 

 

% Set optimization conditions 

if strcmp(ID_file,'pr_15%') || strcmp(ID_file,'pr_30%') || 

strcmp(ID_file,'te_24d') || strcmp(ID_file,'te_36d') 

    P0 = [2, 2, 0.01, 0.5, 1, 0.5, 10, 0.2, 1000]; % Initial guess parame-

ters 

 

elseif strcmp(ID_file,'oz_14d') || strcmp(ID_file,'oz_21d') || 

strcmp(ID_file,'oz_42d') 

    P0 = [2 2 0.1 0.5 1 0.5 100 0.1 1000]; % Initial guess parameters 

 

elseif strcmp(ID_file,'pristine') || strcmp(ID_file,'oz_32d') 

    P0 = [1 1 0.1 0.5 1 0.2 100 0.1 1000]; % Initial guess parameters 

 

end 
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A = []; % Matrix, left-hand side linear inequalities 

b = []; % Vector, right-hand side linear inequalities 

Aeq = []; % Matrix, left-hand side linear equalities 

beq = [];% Vector, right-hand side linear equalities 

lb = [0 0 0 0 1 0 10 0 100]; % Vector, lower bounds of the parameters 

ub = []; % Vector, upper bounds of the parameters 

nonlcon = []; % Function, non-linear constraints 

 

% Perform minimization 

P = fmincon(@(P)obj_func2(s_data, t_data, t_1, P,eqn_left,eqn_right), P0, 

A,b,Aeq,beq, lb,ub,nonlcon); 

 

% Computing stresses from fit 

s_fit = stress_prony2(P,t_data, t_1, eqn_left, eqn_right); 

 

% Saving data .mat file 

save(['RelaxationFitData_',ID_file, '.mat']) 

 

% Saving fitting parameters 

fileID = fopen(['FittingParameters_',ID_file,'.txt'],'w'); 

fprintf(fileID, 'Einf\t%f\n',P(1)); 

fprintf(fileID, 'E1\t%f\n',P(2)); 

fprintf(fileID, 't1\t%f\n',P(3)); 

fprintf(fileID, 'E2\t%f\n',P(4)); 

fprintf(fileID, 't2\t%f\n',P(5)); 

fprintf(fileID, 'E3\t%f\n',P(6)); 

fprintf(fileID, 't3\t%f\n',P(7)); 

fprintf(fileID, 'E4\t%f\n',P(8)); 

fprintf(fileID, 't4\t%f\n',P(9)); 

fclose('all'); 

 

% Saving fitting stress results 

fileID = fopen(['FittedCurve_',ID_file,'.txt'],'w'); 

fprintf(fileID, 'Time\tStress\n'); 

fprintf(fileID, 's\tMPa\n'); 

fprintf(fileID, '%f\t%f\n',[t_data,s_fit]'); 

fclose('all'); 

 

% Function to optimize in the least squares sense using a given Prony se-

ries (J. Xu, 2013 - doi:10.1007/s11043-012-9203-z). 

% Inputs: 

%    - s_data = vector, experimental stress values. 

%    - t_data: vector, experimental time values. 

%    - t_1: scalar, time employed for the loading ramp. 

%    - mp: vector, material parameters. Should be written as [Einf, E1, 

t1, 

%    E2, t2, ..., En, tn]. 
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%    - eqn_left: equation handle, equation during loading ramp. 

%    - eqn_right: equation handle, equation during strain holding. 

% Outputs: 

%    - F: scalar, sum of the squared residuals. 

%    - s_fit: vector, stresses at times t_data. 

function [F, s_fit] = obj_func2(s_data, t_data, t_1, 

mp,eqn_left,eqn_right) 

 

% Compute stresses 

s_left = eqn_left(mp,t_data(t_data<=t_1)); 

s_right = eqn_right(mp,t_data(t_data>=t_1)); 

s_fit = [s_left;s_right(2:end)]; 

% Compute the squared residuals 

F = sum((s_fit - s_data).^2); 

 

end 

% Function to compute stresses for a linear viscoelastic solid in a stress 

% relaxation test using a given Prony series (J. Xu, 2013 - 

doi:10.1007/s11043-012-9203-z). 

% Inputs: 

%    - mp: vector, material parameters. Should be written as [Einf, E1, 

t1, 

%    E2, t2, ..., En, tn]. 

%    - t: vector, times at which stresses are computed. 

%    - t_1: scalar, time employed for the loading ramp. 

% Outputs: 

%    - s: vector, stresses at times t. 

function [s] = stress_prony2(mp,t, t_1, eqn_left, eqn_right) 

 

s_left = eqn_left(mp,t(t<=t_1)); 

s_right = eqn_right(mp,t(t>=t_1)); 

s = [s_left;s_right(2:end)]; 

 

end 

% Function to create a string with the function of a Pony series of order 

% n for a stress relaxation curve. 

% Outputs: 

%    - eqn_left: equation for stresses below ramp time. 

%    - eqn_right_ equation for stresses above ramp time. 

% Inputs: 

%    - n: order of the Prony series 

function [eqn_left, eqn_right] = stress_prony_eqn(n,e_0,t_1) 

 

    eqn_left = ['@(mp,t)(',num2str(e_0./t_1),').*(mp(1).*t + 

mp(2).*mp(3).*(1-exp(-t./mp(3)))']; 

    eqn_right = ['@(mp,t)(',num2str(e_0./t_1),').*(mp(1).*',num2str(t_1),' 

+ mp(2).*mp(3).*(exp(-(t-mp(3))./mp(3))-exp(-t./mp(3)))']; 
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    if n<2 

        eqn_left = [eqn_left,')']; 

        eqn_right = [eqn_right,')']; 

 

    else 

 

        for i = 2:n 

 

            eqn_left = [eqn_left, ' + 

mp(',num2str(2*i),').*mp(',num2str(2*i+1),').*(1-exp(-

t./mp(',num2str(2*i+1),')))']; 

            eqn_right = [eqn_right, ' 

+mp(',num2str(2*i),').*mp(',num2str(2*i+1),').*(exp(-(t-

mp(',num2str(2*i+1),'))./mp(',num2str(2*i+1),'))-exp(-

t./mp(',num2str(2*i+1),')))']; 

        end 

 

        eqn_left = [eqn_left,')']; 

        eqn_right = [eqn_right,')']; 

 

    end 

 

end 

 

 



 

 

Appendix III. Strain analysis. 

Dewetting point determination 
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The determination of the dewetting point is not defined by a specific 

method. It is usually inferred from the analysis of the stress-strain curve, Pois-

son’s ratio or dilatation. Here, the 𝜈 − 𝜀𝑙, 𝜎 − 𝜀𝑙 and 𝑉/𝑉0 − 𝜀𝑙 curves are exam-

ined to identify the most feasible solution to determine the dewetting point. 

This significant point in the mechanical behaviour of the composite solid pro-

pellant is assumed to exist in the vicinity of the region where the elastic slope 

of the uniaxial stress versus strain curve shifts to the hardening slope.  

The analysis includes the determination of the two first derivatives of the 

mentioned curves in this transition region. The dewetting point is identified 

for the 𝜀𝑙 at which a local maximum or minimum of the derivatives is found. 

Since the curves present two different slopes in the analysed region, the 

dewetting point has also been determined at the corresponding 𝜀𝑙 at which 

both slopes intersect. 

All analysed 𝜈 − 𝜀𝑙, 𝜎 − 𝜀𝑙 and 𝑉/𝑉0 − 𝜀𝑙 curves are shown in Fig. 103 to 

Fig. 105 for the preliminary characterisation samples and in Fig. 106 to Fig. 

109 for the samples used in the ageing characterisation. 

The resulting dewetting strains for each method, 𝜀𝑑𝑒𝑤, are listed in Table 

28 and Table 29 for the preliminary and ageing characterisations, respectively. 

The identified dewetting strain through the second derivative of the stress 

versus strain curves has been chosen as the best method to determine the 

dewetting point. The main reasons are: 

➢ Only stress versus strain curve is needed. Uniaxial tensile tests are 

usually a part of the surveillance programs for composite solid pro-

pellant. Therefore, it is information easily available. 

➢ No calculation or additional equipment is required, unlike it is 

necessary to measure strains in the transverse direction. 

➢ The identified dewetting point corresponds to a change in the 

trend of the curves before the dewetting point in the correspond-

ing 𝜈 − 𝜀𝑙 and 𝑉/𝑉0 − 𝜀𝑙 analysed curves, specifically, the results 
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are similar to the ones obtained through the 𝜈 − 𝜀𝑙 curves for most 

of the cases. 

➢ It has been proved to be more consistent when applied to all dif-

ferent conditions. 

 

  



Strain analysis. Dewetting point determination
 

 

  257 

 

5
0

0
 

5
0

 

5
 

C
ro

ssh
ead

 

sp
eed

 

(m
m

/m
in

) 

 

T
able 28. D

ew
ettin

g strain
, 𝜀
𝑑
𝑒
𝑤

, d
eterm

in
ed

 from
 th

e an
alysis of th

e d
ilatation

, 𝑉
/𝑉
0 , u

n
iaxial stress, 𝜎

, an
d

 P
oisson

’
s ratio, 𝜈

, versu
s ap

p
lied

 

lon
gitu

d
in

al strain
 𝜀
𝑙  cu

rves for th
e p

relim
in

ary ch
aracterisation

. 

      

0
.1

3
±

0
.0

1
 

0
.1

2
±

0
.0

1
 

0
.1

4
±

0
.0

1
 

S
lo

p
es 

In
tersectio

n
 

𝑉
/𝑉
0
−
𝜀
𝑙  

𝜀
𝑑
𝑒
𝑤

 
 

- - 

0
.0

3
±

0
.0

3
 

1
st  

D
erivative 

0
.0

8
±

0
.0

1
 

0
.0

7
±

0
.0

1
 

0
.0

6
±

0
.0

5
 

2
n

d  

D
erivative 

      

0
.0

6
4
±

0
.0

0
7

 

0
.0

7
0
±

0
.0

0
3

 

0
.0

9
3
±

0
.0

0
4

 

S
lo

p
es 

In
tersectio

n
 

𝜎
−
𝜀
𝑙  

- - 

0
.0

1
9
±

0
.0

0
4

 

1
st  

D
erivative 

0
.0

4
6
±

0
.0

0
3

 

0
.0

5
2
±

0
.0

0
6

 

0
.0

6
4
±

0
.0

0
3

 

2
n

d  

D
erivative 

      

0
.0

4
±

0
.0

1
 

0
.0

4
±

0
.0

1
 

0
.0

7
±

0
.0

1
 

S
lo

p
es 

In
tersectio

n
 

𝜈
−
𝜀
𝑙  

0
.1

0
±

0
.0

1
 

0
.0

9
±

0
.0

1
 

0
.0

9
±

0
.0

4
 

1
st  

D
erivative 

0
.1

3
±

0
.0

1
 

0
.0

7
±

0
.0

2
 

0
.0

8
±

0
.0

1
 

2
n

d  

D
erivative 

 

 



Structural integrity of CSP based on CTPB binder 
 

 

258 

 

T
ab

le
 2

9.
 D

ew
et

ti
n

g 
st

ra
in

, 𝜀
𝑑
𝑒
𝑤

, d
et

er
m

in
ed

 f
ro

m
 t

h
e 

an
al

ys
is

 o
f 

th
e 

d
ila

ta
ti

on
, 𝑉
/𝑉
0
, u

n
ia

xi
al

 s
tr

es
s,

 𝜎
, a

n
d

 P
oi

ss
on

’
s 

ra
ti

o,
 𝜈

, v
er

su
s 

ap
p

lie
d

 

lo
n

gi
tu

d
in

al
 s

tr
ai

n
 𝜀
𝑙 

cu
rv

es
 f

or
 t

h
e 

ag
ei

n
g 

ch
ar

ac
te

ri
sa

ti
on

. 
  

 
𝜀 𝑑
𝑒
𝑤

 

𝜈
−
𝜀 𝑙

 

2
n

d
 

D
er

iv
at

iv
e 

0
.0

9
6

 

0
.1

1
9

 

0
.1

7
8

 

0
.0

0
9

 

0
.0

0
8

 

0
.1

1
3

 

 

*C
h

o
se

n
 a

s 
th

e 
en

d
 o

f 
th

e 
el

as
ti

c 
sl

o
p

e 

 

1
st
 

D
er

iv
at

iv
e 

0
.1

7
9

 

0
.2

0
1

 

0
.2

5
7

 

0
.0

0
8

 

0
.0

0
7

 

0
.1

7
6

 

 

 

S
lo

p
es

 

In
te

rs
ec

ti
o

n
 

0
.1

0
5

 

0
.1

2
6

 

0
.1

7
4

 

0
.0

0
4

* 

0
.0

0
5

* 

0
.1

0
8

 

 

          

 

𝜎
−
𝜀 𝑙

 

2
n

d
 

D
er

iv
at

iv
e 

0
.0

9
6

 

0
.1

3
8

 

0
.2

6
7

 

0
.0

1
3

 

0
.0

0
8

 

0
.1

0
6

 

0
.1

1
2

 

 

1
st
 

D
er

iv
at

iv
e 

0
.0

5
1

 

0
.1

1
8

 

0
.1

7
5

 

0
.0

1
2

 

0
.0

0
7

 

0
.0

7
8

 

0
.0

9
5

 

 

S
lo

p
es

 

In
te

rs
ec

ti
o

n
 

0
.1

2
4

 

0
.1

5
6

 

0
.2

6
3

 

0
.0

0
6

* 

0
.0

0
5

* 

0
.1

5
1

 

0
.2

2
5

 

          

 

𝑉
/𝑉
0
−
𝜀 𝑙

 

2
n

d
 

D
er

iv
at

iv
e 

0
.1

2
7

 

0
.1

2
9

 

0
.1

8
9

 

0
.0

0
4

 

0
.0

0
5

 

0
.1

4
2

 

 

 

1
st
 

D
er

iv
at

iv
e 

0
.0

7
2

 

0
.0

9
7

 

0
.1

0
6

 

0
.0

0
2

 

0
.0

0
4

 

0
.0

6
9

 

 

 

S
lo

p
es

 

In
te

rs
ec

ti
o

n
 

0
.1

8
2

 

0
.1

9
8

 

0
.2

2
8

 

0
.0

2
1

 

0
.0

1
7

 

0
.1

7
 

 

           

 

A
g

ei
n

g
 s

o
u

rc
e 

P
ri

st
in

e 

P
re

st
ra

in
 1

5
%

 

P
re

st
ra

in
 3

0
%

 

T
em

p
er

at
u

re
 2

4
 

d
ay

s 
T

em
p

er
at

u
re

 3
6

 

d
ay

s 
O

zo
n

e 
1

2
 d

ay
s 

O
zo

n
e 

4
2

 d
ay

s 

 



Strain analysis. Dewetting point determination
 

 

  259 

 

F
ig. 103. D

ilatation
 𝑉
/𝑉
0
−
𝜀
𝑙 , u

n
iaxial stress 𝜎

−
𝜀
𝑙  an

d
 P

oisson
’

s ratio 𝜈
−
𝜀
𝑙  cu

rves for th
e sam

p
les tested

 at 5
 m

m
/m

in
 for th

e p
relim

in
ary ch

ar-

acterisation
. 

 

   

   

   

0
.0

0
.1

0
.2

0
.3

0
.4

1
.0

0

1
.0

5

1
.1

0

1
.1

5

V/V0

e
l

5
 m

m
/m

in
 - 3

0
.0

0
.2

0
.4

d(V/V0)/del

-2 0 2 4 6

d2(V/V0)/de
2
l

0
.0

0
.1

0
.2

0
.3

0
.4

1
.0

0

1
.0

5

1
.1

0

1
.1

5

V/V0

e
l

5
 m

m
/m

in
 - 2

0
.0

0
.1

0
.2

0
.3

0
.4

d(V/V0)/del

-1 0 1 2 3

d2(V/V0)/de
2
l

0
.0

0
.1

0
.2

0
.3

0
.4

1
.0

0

1
.0

5

1
.1

0

1
.1

5

V/V0

e
l

5
 m

m
/m

in
 - 1

-0
.2

0
.0

0
.2

0
.4

0
.6

d(V/V0)/del

-3
5
0

-3
0
0

-2
5
0

-2
0
0

-1
5
0

-1
0
0

-5
0

0 5
0

1
0
0

d2(V/V0)/de
2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

 (MPa)

e
l

5
 m

m
/m

in
 - 3

1 2 3 4 5 6 7 8

d/del

-4
5
0

-4
0
0

-3
5
0

-3
0
0

-2
5
0

-2
0
0

-1
5
0

-1
0
0

-5
0

0 5
0

d2/de2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

 (MPa)

e
l

5
 m

m
/m

in
 - 2

1 2 3 4 5 6 7

d/del

-1
5
0

-1
0
0

-5
0

0 5
0

d2/de2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

 (MPa)

e
l

5
 m

m
/m

in
 - 1

1 2 3 4 5 6 7

d/del

-6
0

-4
0

-2
0

0

d2/de2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.3

0
.4

0
.5

n

e
l

-0
.9

-0
.8

-0
.7

-0
.6

-0
.5

-0
.4

-0
.3

dn/del

-2
0

-1
5

-1
0

-5 0 5 1
0

1
5

2
0

d2n/de2
l

5
 m

m
/m

in
 - 3

0
.0

0
.1

0
.2

0
.3

0
.4

0
.3

0
.4

0
.5

n

e
l

5
 m

m
/m

in
 - 2

-0
.8

-0
.6

-0
.4

-0
.2

0
.0

dn/del

-1
2

-1
0

-8 -6 -4 -2 0 2 4 6 8

d2n/de2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.3

0
.4

0
.5

n

e
l

5
 m

m
/m

in
 - 1

-1
.0

-0
.5

0
.0

0
.5

1
.0

dn/del

-1
2
0

-1
0
0

-8
0

-6
0

-4
0

-2
0

0 2
0

d2n/de2
l



Structural integrity of CSP based on CTPB binder 
 

 

260 

 

   

F
ig

. 1
04

. D
ila

ta
ti

on
 𝑉
/𝑉
0
−
𝜀 𝑙

, u
n

ia
xi

al
 s

tr
es

s 
𝜎
−
𝜀 𝑙

 a
n

d
 P

oi
ss

on
’

s 
ra

ti
o 
𝜈
−
𝜀 𝑙

 c
u

rv
es

 f
or

 t
h

e 
sa

m
p

le
s 

te
st

ed
 a

t 
50

 m
m

/m
in

 f
or

 t
h

e 
p

re
lim

in
ar

y 

ch
ar

ac
te

ri
sa

ti
on

. 

 

   

   

0
.0

0
.2

0
.4

0
.2

0
.3

0
.4

0
.5

n

e l

5
0

 m
m

/m
in

 -
 1

-1
.2

-1
.1

-1
.0

-0
.9

-0
.8

-0
.7

-0
.6

-0
.5

-0
.4

-0
.3

-0
.2

dn/del

-2
0

-1
5

-1
0

-5051
0

1
5

2
0

2
5

d
2
n/de

2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.2

0
.3

0
.4

0
.5

n

e l

5
0

 m
m

/m
in

 -
 2

-1
.2

-1
.0

-0
.8

-0
.6

-0
.4

-0
.2

0
.0

0
.2

dn/del

-3
5

-3
0

-2
5

-2
0

-1
5

-1
0

-505

d
2
n/de

2
l

0
.0

0
.2

0
.4

0
.2

0
.3

0
.4

n

e l

5
0

 m
m

/m
in

 -
 3

-1
.2

-1
.0

-0
.8

-0
.6

-0
.4

-0
.2

0
.0

0
.2

0
.4

0
.6

dn/del

-3
5

-3
0

-2
5

-2
0

-1
5

-1
0

-5051
0

d
2
n/de

2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

 (MPa)

e l

5
0
 m

m
/m

in
 -

 1

1234567891
0

1
1

1
2

d/del

-2
2
0

-2
0
0

-1
8
0

-1
6
0

-1
4
0

-1
2
0

-1
0
0

-8
0

-6
0

-4
0

-2
0

02
0

d
2
/de

2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

 (MPa)
e l

5
0

 m
m

/m
in

 -
 2

123456789

d/del

-1
6
0

-1
4
0

-1
2
0

-1
0
0

-8
0

-6
0

-4
0

-2
0

02
0

d
2
/de

2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

 (MPa)

e l

1234567891
0

1
1

d/del

-2
2
0

-2
0
0

-1
8
0

-1
6
0

-1
4
0

-1
2
0

-1
0
0

-8
0

-6
0

-4
0

-2
0

02
0

d
2
/de

2
l

5
0
 m

m
/m

in
 -

 3

0
.0

0
.2

0
.4

1
.0

0

1
.0

5

1
.1

0

1
.1

5

1
.2

0

V/V0

e l

-0
.1

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

d(V/V0)/del

-101234

d
2
(V/V0)/de

2
l

5
0

 m
m

/m
in

 -
 1

0
.0

0
.1

0
.2

0
.3

0
.4

1
.0

0

1
.0

5

1
.1

0

1
.1

5

V/V0

e l

5
0

 m
m

/m
in

 -
 2

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

d(V/V0)/del

-101234

d
2
(V/V0)/de

2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

1
.0

1
.1

1
.2

V/V0

e l

0
.1

0
.2

0
.3

0
.4

0
.5

d(V/V0)/del

-1
0

-8-6-4-2024

d
2
(V/V0)/de

2
l

5
0

 m
m

/m
in

 -
 3



Strain analysis. Dewetting point determination
 

 

  261 

 

F
ig. 105. D

ilatation
 𝑉
/𝑉
0
−
𝜀
𝑙 , u

n
iaxial stress 𝜎

−
𝜀
𝑙  an

d
 P

oisson
’

s ratio 𝜈
−
𝜀
𝑙  cu

rves for th
e sam

p
les tested

 at 500
 m

m
/m

in
 for th

e p
relim

in
ary 

ch
aracterisation

. 

 

   

   

   

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

1
.0

0

1
.0

5

1
.1

0

1
.1

5

1
.2

0

1
.2

5

V/V0

e
l

5
0

0
 m

m
/m

in
 - 3

-0
.1

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

d(V/V0)/del

0 1 2 3 4

d2(V/V0)/de
2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

1
.0

0

1
.0

5

1
.1

0

1
.1

5

1
.2

0

1
.2

5

V/V0

e
l

5
0

0
 m

m
/m

in
 - 2

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

d(V/V0)/del

0 1 2 3 4

d2(V/V0)/de
2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

1
.0

0

1
.0

5

1
.1

0

1
.1

5

1
.2

0

V/V0

e
l

-0
.1

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

d(V/V0)/del

5
0

0
 m

m
/m

in
 - 1

-1 0 1 2 3 4

d2(V/V0)/de
2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

1
.4

1
.6

 (MPa)

e
l

0 2 4 6 8 1
0

1
2

d/del

-1
4
0

-1
2
0

-1
0
0

-8
0

-6
0

-4
0

-2
0

0 2
0

d2/de2
l

5
0

0
 m

m
/m

in
 - 3

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

1
.4

 (MPa)

e
l

0 5 1
0

1
5

2
0

2
5

d/del

-2
5
0
0

-2
0
0
0

-1
5
0
0

-1
0
0
0

-5
0
0

0

d2/de2
l

5
0
0
 m

m
/m

in
 - 2

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

1
.4

 (MPa)

e
l

0 5 1
0

1
5

2
0

2
5

d/del

-2
0
0
0

-1
5
0
0

-1
0
0
0

-5
0
0

0

d2/de2
l

5
0
0
 m

m
/m

in
 - 1

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.2

0
.3

0
.4

0
.5

n

e
l

5
0

0
 m

m
/m

in
 - 3

-1
.2

-1
.0

-0
.8

-0
.6

-0
.4

-0
.2

dn/del

-2
5

-2
0

-1
5

-1
0

-5 0 5

d2n/de2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.2

0
.3

0
.4

0
.5

n

e
l

5
0

0
 m

m
/m

in
 - 2

-1
.2

-1
.0

-0
.8

-0
.6

-0
.4

-0
.2

dn/del

-2
5

-2
0

-1
5

-1
0

-5 0 5

d2n/de2
l

0
.0

0
.2

0
.4

0
.2

0
.3

0
.4

0
.5

0
.6

n

e
l

-1
.4

-1
.2

-1
.0

-0
.8

-0
.6

-0
.4

-0
.2

dn/del

5
0

0
 m

m
/m

in
 - 1

-5 0 5 1
0

d2n/de2
l



Structural integrity of CSP based on CTPB binder 
 

 

262 

 

 

F
ig

. 1
06

. D
ila

ta
ti

on
 𝑉
/𝑉
0
−
𝜀 𝑙

, u
n

ia
xi

al
 s

tr
es

s 
𝜎
−
𝜀 𝑙

 a
n

d
 P

oi
ss

on
’

s 
ra

ti
o 
𝜈
−
𝜀 𝑙

 c
u

rv
es

 f
or

 t
h

e 
p

ri
st

in
e 

sa
m

p
le

 f
or

 t
h

e 
ag

ei
n

g 
ch

ar
ac

te
ri

sa
ti

on
. 

 

 
 

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.2

0
.3

0
.4

0
.5

n

e l

P
ri
s
ti
n

e

-0
.6

-0
.5

-0
.4

-0
.3

-0
.2

-0
.1

0
.0

0
.1

dn/del

-1
0

-8-6-4-202

d
2
n/de

2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

 (MPa)

e l

P
ri

s
ti
n

e

12345678

d/del

-3
0
0

-2
0
0

-1
0
0

0

d
2
/de

2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

1
.0

0

1
.0

5

1
.1

0

V/V0

e l

P
ri
s
ti
n
e

0
.0

0
.2

0
.4

d(V/V0)/del

-3-2-1012345

d
2
(V/V0)/de

2
l



Strain analysis. Dewetting point determination
 

 

  263 

 

F
ig. 107. D

ilatation
 𝑉
/𝑉
0
−
𝜀
𝑙 , u

n
iaxial stress 𝜎

−
𝜀
𝑙  an

d
 P

oisson
’

s ratio 𝜈
−
𝜀
𝑙  cu

rves for th
e m

ech
an

ically aged
 sam

p
les for th

e agein
g ch

aracterisa-

tion
. 

 

  

  

  

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

1
.0

0

1
.0

5

1
.1

0

V/V0

e
l

P
re

s
tra

in
 3

0
%

0
.0

0
.2

0
.4

d(V/V0)/del
-2 -1 0 1 2 3

d2(V/V0)/de
2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

1
.0

0

1
.0

5

1
.1

0

V/V0

e
l

P
re

s
tra

in
 1

5
%

0
.0

0
.2

0
.4

d(V/V0)/del

-1 0 1 2 3

d2(V/V0)/de
2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.0

0
.5

1
.0

 (MPa)
e

l

P
re

s
tra

in
 3

0
%

1 2 3 4

d/del

-8
0

-6
0

-4
0

-2
0

0 2
0

d2/de2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

 (MPa)

e
l

P
re

s
tra

in
 1

5
%

1 2 3 4 5 6

d/del

-2
0
0

-1
5
0

-1
0
0

-5
0

0 5
0

1
0
0

d2/de2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.3

0
.4

0
.5

n

e
l

P
re

s
tra

in
 3

0
%

-0
.6

-0
.4

-0
.2

0
.0

0
.2

0
.4

0
.6

dn/del

-2
0

-1
5

-1
0

-5 0

d2n/de2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.3

0
.4

n

e
l

P
re

s
tra

in
 1

5
%

-0
.6

-0
.4

-0
.2

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

dn/del

-5
0

-4
0

-3
0

-2
0

-1
0

0 1
0

d2n/de2
l



Structural integrity of CSP based on CTPB binder 
 

 

264 

 

  

F
ig

. 1
08

. D
ila

ta
ti

on
 𝑉
/𝑉
0
−
𝜀 𝑙

, u
n

ia
xi

al
 s

tr
es

s 
𝜎
−
𝜀 𝑙

 a
n

d
 P

oi
ss

on
’

s 
ra

ti
o 
𝜈
−
𝜀 𝑙

 c
u

rv
es

 f
or

 t
h

e 
th

er
m

al
ly

 a
ge

d
 s

am
p

le
s 

fo
r 

th
e 

ag
ei

n
g 

ch
ar

ac
te

ri
sa

-

ti
on

. 

 

  

  

0
.0

0
.1

0
.2

0
.3

0
.4

0
.1

0
.2

0
.3

0
.4

0
.5

n

e l

T
e

m
p

e
ra

tu
re

 2
4

 d
a

y
s

-1
0

-5051
0

1
5

2
0

2
5

dn/del

-1
2
0

0
0

-1
0
0

0
0

-8
0
0

0

-6
0
0

0

-4
0
0

0

-2
0
0

0

02
0
0
0

d
2
n/de

2
l

0
.0

0
0
.0

5
0
.1

0
0
.1

5
0
.2

0
0
.2

5
0
.3

0
0
.3

5
0
.4

0
0
.1

5

0
.2

0

0
.2

5

0
.3

0

n

e l

-1
5

-1
0

-5051
0

1
5

2
0

dn/del

T
e

m
p

e
ra

tu
re

 3
6

 d
a

y
s

-2
5
0
0
0

-2
0
0
0
0

-1
5
0
0
0

-1
0
0
0
0

-5
0
0
0

05
0
0
0

d
2
n/de

2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

1
.4

 (MPa)

e l

024681
0

1
2

1
4

d/del

T
e

m
p

e
ra

tu
re

 2
4

 d
a

y
s

-3
5
0
0

-3
0
0
0

-2
5
0
0

-2
0
0
0

-1
5
0
0

-1
0
0
0

-5
0
0

05
0
0

d
2
/de

2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

1
.4

 (MPa)
e l

T
e

m
p

e
ra

tu
re

 3
6

 d
a

y
s

-8-6-4-20246

d/del

-8
0
0
0

-6
0
0
0

-4
0
0
0

-2
0
0
0

02
0
0
0

d
2
/de

2
l

0
.0

0
.1

0
.2

0
.3

0
.4

1
.0

0

1
.0

5

1
.1

0

1
.1

5

1
.2

0

V/V0

e l

T
e

m
p
e

ra
tu

re
 2

4
 d

a
y
s

-0
.1

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

d(V/V0)/del

-2
0
0

-1
5
0

-1
0
0

-5
0

05
0

1
0
0

d
2
(V/V0)/de

2
l

0
.0

0
.1

0
.2

0
.3

0
.4

1
.0

0

1
.0

5

1
.1

0

1
.1

5

1
.2

0

V/V0

e l

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

1
.4

d(V/V0)/del

-6
0
0

-5
0
0

-4
0
0

-3
0
0

-2
0
0

-1
0
0

01
0
0

2
0
0

d
2
(V/V0)/de

2
l

T
e

m
p

e
ra

tu
re

 3
6

 d
a

y
s



Strain analysis. Dewetting point determination
 

 

  265 

 

F
ig. 109. D

ilatation
 𝑉
/𝑉
0
−
𝜀
𝑙 , u

n
iaxial stress 𝜎

−
𝜀
𝑙  an

d
 P

oisson
’

s ratio 𝜈
−
𝜀
𝑙  cu

rves for th
e ozon

e aged
 sam

p
les for th

e agein
g ch

aracterisation
. 

 

 

 

  

 

 

 

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

1
.0

0

1
.0

5

1
.1

0

1
.1

5

V/V0

e
l

O
z
o

n
e

 1
4

 d
a

y
s

0
.1

0
.2

0
.3

0
.4

d(V/V0)/del

-3 -2 -1 0 1 2 3

d2(V/V0)/de
2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.0

0
.2

0
.4

0
.6

0
.8

 (MPa)
e

l

1
.2

1
.4

1
.6

1
.8

2
.0

d/del

-4
0

-2
0

0 2
0

d2/de2
l

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

 (MPa)

e
l

1 2 3 4

d/del

-1
8
0

-1
6
0

-1
4
0

-1
2
0

-1
0
0

-8
0

-6
0

-4
0

-2
0

0 2
0

4
0

6
0

d2/de2
l

O
z
o

n
e

 1
4

 d
a

y
s

0
.0

0
.1

0
.2

0
.3

0
.4

0
.5

0
.3

0
.4

n

e
l

O
z
o

n
e

 1
4

 d
a

y
s

-0
.6

-0
.4

-0
.2

0
.0

0
.2

dn/del

-8 -6 -4 -2 0 2

d2n/de2
l


	Acronyms and symbols
	Chapter 1.  Problem statement
	Chapter 2.  Introduction
	2.1. Solid propellants. Description and performance characteristics
	2.1.1. Solid propellant types
	2.1.1.1. Homogeneous solid propellants
	2.1.1.2. Heterogeneous solid propellants
	Fuels
	Binders
	Plasticisers
	Curing agents or crosslinkers
	Burning rate modifiers



	2.2. Degradation of composite solid propellants
	2.2.1. Accelerated mechanical ageing
	2.2.2. Accelerated thermal ageing
	2.2.3. Accelerated humid ageing
	2.2.4. Accelerated ozone ageing

	2.3. Difficulties in the mechanical characterisation of composite solid propellants
	2.4. Structural integrity of composite solid propellants
	2.4.1. Linear viscoelasticity
	2.4.2. Correspondence principle
	2.4.3. Viscoelastic Fracture Mechanics
	2.4.3.1. Path-independent contour J integral
	2.4.3.2. Viscoelastic J integral

	2.4.4. Calibration η factor. Load separation method


	Chapter 3.  Objectives
	Chapter 4.  Experimental procedure
	4.1. Grain extraction from the rocket
	4.2. Ageing processes
	4.2.1. Accelerated mechanical ageing
	4.2.2. Accelerated temperature ageing
	4.2.3. Accelerated ozone ageing

	4.3. Chemical characterisation
	4.4. Mechanical characterisation
	4.4.1. Time dependent characterisation
	4.4.1.1. Relaxation functions

	4.4.2. Tensile tests
	4.4.3. Fracture tests
	4.4.3.1. J resistance curves
	4.4.3.2. CTOD resistance curves
	4.4.3.3. Determination of the 𝜼 factor

	4.4.4. Fractographic characterisation


	Chapter 5. Results
	5.1. Propellant preliminary characterisation
	5.1.1. Time dependent response
	5.1.2. Tensile behaviour
	5.1.2.1. Stress-strain curves
	5.1.2.2. Strains analysis

	5.1.3. Fracture behaviour
	5.1.3.1. Determination of the  𝜼 factor
	5.1.3.2. J resistance curves
	5.1.3.3. CTOD resistance curves
	5.1.3.4. Micromechanisms of failure


	5.2. Propellant ageing characterisation
	5.2.1. Effects of the ageing sources on the crosslink density
	5.2.2. Effects of the ageing sources on the time-dependent response
	5.2.3. Effects of the ageing sources on the tensile behaviour
	5.2.3.1. Stress-strain curves
	5.2.3.2. Strains analysis
	5.2.3.3. Mechanisms of failure

	5.2.4. Effects of the ageing sources on the fracture behaviour
	5.2.4.1. J resistance curves
	5.2.4.2. CTOD resistance curves
	5.2.4.3. Mechanisms of failure



	Chapter 6.  Discussion
	6.1. Cohesive stress as a fracture characterising parameter
	6.2. On the use of the reference modulus
	6.3. Principal component analysis as a decision-making tool

	Chapter 7.  Conclusions
	Chapter 8.  Future work
	References
	Scientific contributions
	List of figures
	List of tables
	Appendix I. Ozone ageing chamber
	Appendix II. Stress relaxation fitting MATLAB code
	Appendix III. Strain analysis. Dewetting point determination

