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RESUMEN

La necesidad de desarrollar un nuevo modelo energético y los avances en el campo
de la electronica demandan desarrollos industriales significativos. Un reto importante
es comprender, predecir y optimizar el comportamiento de los materiales empleados,
frecuentemente sometidos a condiciones extremas. Existe una fuerte necesidad de
estimar, de manera precisa, si los materiales elegidos en la fase de disefio pueden

garantizar un funcionamiento fiable y seguro durante su vida til.

Los metales se consideran materiales ductiles, lo que implica que el material
“avisa” antes de la fractura, disminuyendo la seccion del area traccionada. Sin embargo,
los materiales metélicos pueden también mostrar un comportamiento fragil bajo
ciertas circunstancias (factores fragilizantes). Esta tesis doctoral estudia tres
fenomenos de especial interés, que constituyen los principales escenarios de
fragilizacion: presencia de hidrégeno, bajas temperaturas y decohesién en la interfaz
de un metal con otro material (compuesto bi-material). Los resultados se han divulgado
a través de tres articulos cientificos, centrandose cada uno de ellos en uno de los tres

fen6menos mencionados.

En el primer trabajo se analiza la fragilizacién generada por la presencia de
hidrogeno, modelizando la difusién de hidrégeno y empleando una nueva formulacién
de campo de fase para capturar la fragilizaciéon. El comportamiento mecéanico se
caracteriza mediante la teoria de plasticidad J2 para deformaciones finitas y el anélisis
se centra en ensayos de tension a bajas velocidades de deformaciéon (SSRT, del inglés
Slow Strain-Rate Testing). La comparacion de los resultados numéricos y los ensayos
revela la aparicion de grietas mucho antes de la ruptura final. Las implicaciones son
importantes, ya que la existencia de grietas previas a la rotura compromete la
aplicabilidad del ensayo SSRT, el méas popular en la caracterizacion de la influencia del

hidrégeno en el comportamiento de materiales.

En el segundo articulo se desarrolla un modelo para predecir clivaje en aceros
ferriticos a bajas temperaturas. El modelo se basa en la estadistica de Weibull, el
principio del eslabon mas débil y el modelo constitutivo de la teoria mecanistica de
gradientes de deformacion plastica (MSG). Los modelos de gradientes de deformacion
plastica pueden capturar la elevacion tensional cerca de la grieta al considerar la

influencia de dislocaciones geométricamente necesarias. Los resultados de elementos
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finitos son comparados con ensayos de fractura para calibrar los parametros
estadisticos, empleando tanto MSG como plasticidad J2. Se observan diferencias
significativas, subrayando la necesidad de incorporar la influencia de los gradientes de

deformacion plastica en el frente de grieta.

En el tercer articulo se investiga la fractura fragil en la interfaz de un bi-material
metal-ceramico. Este fendmeno no puede ser explicado con plasticidad convencional,
ya que las tensiones cerca de la grieta son mucho menores que las necesarias para lograr
la decohesion. Se plantea la hipotesis de que el bloqueo de dislocaciones en la interfaz
y el endurecimiento en local debido a los gradientes de deformaciéon pueden dar lugar
a tensiones suficientemente altas. El caso paradigmatico de una interfaz niobio-zafiro
es analizado empleando la teoria de gradientes de distorsion plastica (DGP) de orden
superior. Los resultados muestran que el modelo puede racionalizar mecanisticamente

este fendmeno

Existe una gran necesidad de disponer de modelos de fractura capaces de predecir
fracturas fragiles, previniendo asi fallos catastroéficos. Estos modelos deben capturar los
micro-mecanismos fisicos que gobiernan la fractura, pero también proporcionar
predicciones a escalas relevantes para la practica ingenieril. Este trabajo tiene el
objetivo de desarrollar un marco teérico-numérico en el medio continuo que capture
los fenémenos fisicos relevantes a una escala apropiada y permita a su vez predecir la

fractura a grandes escalas.
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ABSTRACT

The need of developing a new energetic model and recent progress in the area of
electronics demand significant industrial developments. One of the most important
challenges is to understand, predict and optimise the behaviour of the materials
employed, often under extreme conditions. There is a strong need to accurately
estimate if the materials chosen at the design stage will guarantee a safe and reliable

performance during the service lifetime.

Metals are typically considered ductile materials, meaning that if high stresses
develop, the material will “warn” before fracture by diminishing the section in the area
under tension. However, metallic materials can also exhibit brittle behaviour under
certain circumstances (embrittlement factors). This PhD Thesis studies three
phenomena of particular interest, that constitute the main scenarios where metals
become brittle: presence of hydrogen, low temperatures and interface decohesion in a
bi-material. The results are disseminated via three scientific publications in

international journals, each of them focusing in one of the above described phenomena.

The first work analyses embrittlement due to the presence of hydrogen, modelling
hydrogen transport and using a new phase field formulation for capturing the
embrittlement process. The mechanical behaviour is characterized through finite strain
J2 plasticity and focus is on modelling Slow Strain-Rate Testing (SSRT). Model
predictions are compared with experimental data and it is concluded that early cracking
exists, much before final rupture. The implications are profound, as early cracking
compromises the applicability of SSRT, the experimental setup most widely used to

characterize the influence of environment in the material behaviour.

In the second paper, a predictive model for cleavage in ferritic steels at low
temperatures is developed. The model is grounded on Weibull’s statistics, a weakest-
link approach and a material description given by the mechanism-based strain gradient
(MSG) plasticity theory. Strain gradient plasticity models can capture the influence of
Geometrically Necessary Dislocation in elevating crack tip stresses. Finite element
results are compared with fracture experiments to calibrate the statistical parameters
using both MSG and J2 plasticity. Notable differences are observed, highlighting the

need to resolve the influence of plastic strain gradients close to the crack tip.



In the third and last paper, brittle fracture at the interface of a bimaterial (metal-
ceramic) is investigated. This phenomenon cannot be rationalised with conventional
plasticity, as crack tip stresses are much lower than those needed to achieve decohesion.
This work hypothesises that high crack tip stresses can be attained if the model can
capture dislocation blockage at the interface and crack tip hardening due to plastic
strain gradients. Thus, the paradigmatic case of fracture at a Niobium-Sapphire
interface is modelled using the higher order theory of Distortion Gradient Plasticity
(DGP). The results reveal that this framework is appropriate for providing a

mechanistic understanding of this phenomenon.

There is a strong need in engineering applications for developing fracture models
that are capable of predicting brittle fractures, preventing the associated catastrophic
failures. These models must account for the underlying physical micro-mechanisms but
at the same time deliver predictions at scales relevant to engineering practice. This
work aims at developing a theoretical-numerical continuum framework that can
capture the relevant physical phenomena at the appropriate scale while addressing the

need of reliably predicting fracture at large scales.
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e INTRODUCCION

Tradicionalmente, los metales se conocen por ser materiales que desarrollan un
comportamiento duactil y el desarrollo de fracturas en los mismos se asocia con la
nucleacion de microhuecos internos que acaban por unirse y generar fractura ductil.
La formacion de la fractura dictil consta de varias fases y se desarrolla de una manera

lenta, produciendo cambios visibles en la geometria del elemento.

La fractura fragil, por otro lado, se desencadena de una manera mucho mas
rapida, sin que se produzcan sefiales en la geometria de la pieza previas a la rotura.
Mientras que para llegar a producirse fractura ductil se requiere una carga externa

elevada, las cargas necesarias para desarrollar fractura fragil son bajas.

El disefio de estructuras o componentes metéalicos se realiza convencionalmente
considerando su comportamiento dtctil y por lo tanto, se asume una capacidad del
metal para soportar tensiones aplicadas altas, es decir, se asume que el metal tiene

una tenacidad a fractura alta.

Al estudiar el comportamiento de materiales metalicos se ha observado que, ante
ciertos fenomenos fisicos, estos modifican su comportamiento, presentando fractura
fragil. Esta fragilizacion de los metales, reduce sustancialmente su tenacidad a
fractura, pudiendo desencadenar el fallo estructural y colapso para tensiones

aplicadas mucho menores a las maximas consideradas en su disefio.

La mecanica de la fractura comenzo6 a estudiarse en 1920, cuando Griffith advierte
que la resistencia a tracciéon de un sélido cristalino obtenida experimentalmente, es

mucho menor que su resistencia tedrica. Para explicar estas observaciones
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1. Introduccion

experimentales, Griffith formul6 la hipotesis de que el sélido esta debilitado por la
presencia de grietas o fisuras microscopicas en su superficie o en su interior. La
consideracion de estas microgrietas altera el valor de la resistencia teodrica, ya que
actian como concentradores de tensiones. Griffith aplica el primer principio de la
termodinamica para determinar el crecimiento de una grieta en un sélido, sugiriendo
que una grieta crecera espontaneamente solo si durante esa acciéon disminuye la

energia total del sistema [1].

Posteriormente, la formulacion de Griffith fue modificada por G.R. Irwin [2] y E.
Orowan [3] , para extenderla a metales. Se basa también en un balance energético,
pero considera que la energia necesaria para que se produzca la fractura ha de ser la
suficiente no s6lo para romper los enlaces interatébmicos, como sugeria Griffith, sino

que ademas es necesario producir la plastificacion del material.

Este modelo energético establece la condiciéon para que se produzca la fractura
como la comparacion entre el valor que toman dos factores: la denominada energia
disponible para la propagacion de la grieta, G, y la resistencia a fractura
del material, R. Para el caso de una placa infinita con una grieta de longitud 2a
sometida a una tensiéon remota o, el valor de la energia disponible para la propagacion

de la grieta, viene dado por:

g = , 1)

Siendo G funcién de la carga aplicada o, de la longitud de grieta a y del médulo
elastico del material E. Por el contrario, la resistencia a fractura R es una propiedad
del material, que tras la modificacién de Irwin y Orowan, puede considerarse como la
suma de la energia necesaria para la creacion de la nuevas superficies que suponen el
crecimiento de la grieta, y;, mas la energia necesaria para producir la plastificacion

inherente a los metales, Wy

R=2)/S+V|/p (2)

De esta forma, la fractura se producira cuando ambas cantidades se igualen:

a
= =2ys +Wp =R 3)



1. Introduccion

A pesar de que existe plastificacion, ésta puede considerarse como local, de forma
que el comportamiento del material puede continuar describiéndose mediante

modelos elasticos.

En 1968, Rice [4] amplia el criterio energético para caracterizar materiales no
lineales. Justifica que el célculo de la energia disponible para la propagacion de la
grieta puede hacerse mediante una integral lineal, a la cual denomina integral J, que

evalua la energia a lo largo de un contorno arbitrario alrededor de la grieta.

Por otro lado, G.R. Irwin se apoya en un articulo publicado por Westergaard [5]
para mostrar que las tensiones y desplazamientos en cualquier punto de un sélido
agrietado pueden ser descritos mediante una dnica constante, que caracteriza la
energia disponible para la propagacion de la grieta [6,7]. Este parametro se conoce
como el factor de intensidad de tensiones (K;), una variable que caracteriza las
tensiones y que depende de la longitud de la grieta y la tension aplicada. En el caso de
estudio en condiciones de tension plana para una placa infinita con una grieta de

longitud 2a , K; viene dado por:

K; = ovma (4)

De esta forma, el criterio de fractura puede reformularse en funcion del factor de

intensidad de tensiones, de tal forma que la propagacion de la grieta se producira si:

K; = Ki¢ (5)

Siendo K, una propiedad del material que se denomina tenacidad a fractura.

Para evaluar la distribucion de tensiones, se definen tres modos de carga: el modo
I separa las caras de la grieta en el mismo plano de estudio, el modo II desliza las dos
caras de la grieta en el mismo plano y el modo III desliza las dos caras de la grieta en
el plano perpendicular a la misma. Los casos en los que la grieta no se encuentra en el

plano ortogonal se denominan modos mixtos.
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J ‘ S
Modo I: Apertura Modo II: Deslizamiento Modo III: Desgarro

Figura 1. Modos de fractura

Tanto el criterio energético como el factor de intensidad de tensiones son
métodos que analizan la fractura considerando un enfoque global del componente
o estructura. Se determina una tenacidad a fractura general, la cual se compara con
un valor critico, K; o J, que depende principalmente del tamafio de la grieta y de la

tension global aplicada.

En el estudio de fractura fragil en metales, cobra una especial importancia
comprender y considerar aspectos de la microestructura ya que, al tratarse de
materiales con una red policristalina muy heterogénea, las particularidades de la
pequena escala tienen una gran influencia en el comportamiento general
macroscopico. El enfoque local se basa en el estudio de las tensiones y
deformaciones en el frente de la grieta empleando modelos basados en micro-
mecanismos. Los modelos que consideran un enfoque local, asumen que la fractura
ocurre cuando se alcanza una tension o deformacion critica en un area delimitado, en

las cercanias de la grieta.

Existen dos micro-mecanismos caracteristicos de la fractura fragil en metales:
transgranular e intergranular. La fractura transgranular se produce cuando el
camino de la grieta atraviesa los granos buscando el plano orientado de manera
favorable, perpendicular a las tensiones principales maximas. Esto produce cambios
de direccién al cruzar un limite de grano. Este tipo de fractura también se conoce
como clivaje. Por otro lado, la fractura intergranular se caracteriza por presentar
un avance de la grieta a través de las fronteras de los granos. En general, la rotura de
los enlaces entre granos se genera al debilitarse las uniones en las fronteras de granos

por acumulacién de solutos o presencia de defectos.
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Figura 2. Representacioén de los dos micro-mecanismos de fractura fragil en metales (a)

fractura intergranular y (b) fractura transgranular

Existen numerosos factores fragilizantes que modifican el comportamiento de los
materiales metalicos. Los mas representativos para la caracterizaciéon de la fractura
fragil y que agrupan un mayor espectro son: la exposicion a bajas temperaturas, la
presencia de hidrogeno y la interfaz de materiales compuestos. El presente trabajo se
centra en la comprensién, anlisis y estudio del comportamiento de materiales

metalicos ante la accién de estos agentes fragilizantes.

1.1.1.1. FRAGILIZACION POR HIDROGENO

En los anos 80, el empleo del hidrogeno en procesos petroquimicos impulsoé la
investigacion del comportamiento de materiales metalicos, necesarios para su
almacenamiento y transporte. En la actualidad, el creciente interés para emplear el

hidrégeno como vector energético ha propulsado de nuevo este interés.

Los atomos de hidrégeno tienen un tamafio muy inferior a los 4tomos de
materiales metélicos, hecho que facilita su entrada en la red cristalina de los metales,

tanto intersticialmente como en los contornos de grano. Cuando el hidrogeno entra a
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formar parte de la estructura atémica de un material metalico, modifica su red
atobmica y se produce una reduccion drastica en la tenacidad y la ductilidad,

favoreciendo el crecimiento de grietas.

Figura 3. Cilindros empleados para almacenar hidrégeno tras sufrir fractura intergranular.

Fuente: Air Liquide

El agrietamiento asistido por hidrégeno (HAC, hydrogen assisted
cracking) afecta a todo tipo de metales, observandose que la rotura producida es
mayoritariamente intergranular (IG), aunque dependiendo de la fuerza de union

entre los &tomos también se observan casos con rotura transgranular [8].

Para estudiar el proceso de fragilizacion por hidrogeno (HE, hydrogen
embrittlement), se deben analizar tres factores principales: (1) el origen del
hidrogeno, (2) el mecanismo de fragilizaciéon y (3) el modelo de difusion y transporte
del hidrégeno desde la fuente hasta la posicién en la que interactia con el metal y se

genera la fragilizacion.

El origen del hidrogeno que produce la fragilizaciéon puede dividirse en:
presencia de hidrogeno en el interior del metal (IHAC, internal hydrogen assisted
cracking) y exposicion a un ambiente con hidrogeno (HEAC, hydrogen environment

assisted cracking).

El mecanismo a nivel atomistico que gobierna la fragilizacion por hidrégeno
sigue siendo un tema de discusion, con dos corrientes basadas en las observaciones
experimentales: la decohesion atomistica potenciada por el hidrogeno (HEDE,
hydrogen enhanced decohesion) [9,10] y la plastificacion local producida por el

hidrégeno (HELP, hydrogen enhanced localized plasticity) [11,12]. Aunque todavia no
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existe consenso, algunos autores (por ejemplo, [13]) han aportado evidencias en los
ultimos afios que sugieren que la modelizaciéon del mecanismo de fragilizacién debe

ser una combinacioén de ambos mecanismos.

El modelo de difusion del hidrogeno a través de la red cristalina del metal
considerado inicialmente se basaba Gnicamente en la ley de Fick. Esta ley determina
que el flujo difusivo que atraviesa una superficie es directamente proporcional al
gradiente de concentracion del mismo. Troiano [14] y numerosos estudios posteriores
[15,16] sugieren que el proceso se encuentra muy influenciado por los gradientes de
tension hidrostatica, concluyendo que las consideraciones de la ley de Fick no son

suficientes en la descripcion de la difusion del flujo.

Sofronis y McMeeking [17] proponen un modelo de transporte de hidrégeno en
grandes deformaciones basado en la hipotesis de plasticidad de corto alcance. Este
modelo establece que el flujo de hidrogeno J esta determinado por el potencial
quimico Vyu:

DC

]=—ﬁVu (6)

Siendo D el coeficiente de difusién, C la concentracién de hidrégeno, R la
constante universal de los gases y T la temperatura. El potencial quimico del

hidrégeno en la red u se puede expresar como:

u=u’+RTInC + g, )

Donde u° es el potencial quimico para el caso base y u, es la parte de u
dependiente principalmente de la tension hidrostatica. De esta manera, el flujo se
puede expresar tal que:

DC
J = =DVC —— Vi ®

Con este modelo se establece la relacion entre la concentracion y la tension
hidrostéatica, oy, determinando que el valor de la concentraciéon alcanza su valor

maximo en el punto donde se alcanza una mayor tension hidrostéatica. (Figura 4).
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Figura 4. Concentracién de hidrégeno en funcion de la distancia a la punta de la grieta. Alcanza

su maximo valor en el punto de mayor tensién hidrostatica. Adaptada de [17].

Aunque el modelo propuesto por Sofronis et al. [17] se ha ido modificando para
incluir el efecto de distintos factores [18—23], se ha constituido como la base para la
evaluacion de la difusién y transporte de hidrogeno. En la actualidad, se consideran
modelos de difusiéon en los que domina el efecto de la tension hidrostatica, siendo

importante determinar su valor para predecir la concentraciéon de hidrégeno.

De esta forma, la evaluacion de la concentraciéon de hidrégeno se realiza
considerando que el potencial quimico del hidrégeno en la red del metal se puede
expresar como:

0,

‘u=‘u0+RT1nl_9L—VHO'H (9)

Donde 6, es la ocupacion por parte del hidrogeno de huecos en la malla, y Vy es
el volumen molar parcial de hidrogeno disuelto en un s6lido. Considerando la relacion
entre la ocupacion y el namero de huecos N, 6, = C/N, asumiendo baja ocupaciéon
(6, « 1) y concentracion intersticial de huecos constante (VN = 0) se puede expresar

el flujo de hidrogeno como:

DC _
] = —-DVC +ﬁVHVO-H (10)
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1.1.1.2. CLIVAJE A BAJAS TEMPERATURAS

La primera vez que se report6 un problema de clivaje en metales por el efecto de
bajas temperaturas fue durante la IT Guerra Mundial. EEUU requeria disponer de una
numerosa cantidad de barcos para lo cual se implement6 un proceso de fabricacion
mas rapido y barato que el habitual con uniones abulonadas, dando lugar a los barcos
Liberty fabricados con uniones soldadas. El diseno de los barcos se realizd
considerando el comportamiento ductil del acero que parecia funcionar
adecuadamente en los ensayos realizados en el puerto cercano al astillero. Sin
embargo, al adentrarse en aguas a temperaturas menores se produjeron importantes

fracturas que hicieron colapsar los barcos.

Con el conocimiento ganado a dia de hoy es facil saber lo que sucedi6: las uniones
soldadas hacen trabajar a ambas partes del acero como una tnica pieza, generando
tensiones elevadas en la unién. En un ambiente con temperaturas medias, la
tenacidad a fractura es elevada pero al disminuir la temperatura, el comportamiento
de la red cristalina se modifica, cambiando el mecanismo de fallo al disminuir la
energia de fractura y la tension critica. Ademas, la soldadura era un procedimiento
poco extendido por lo que el personal no disponia del conocimiento para ejecutar unas
uniones soldadas con el suficiente grado de calidad, aumentando el ntimero de

impurezas o defectos, susceptibles de iniciar la fractura.

Figura 5. Barco Liberty colapsado debido a fractura fragil.

El comportamiento de los metales a bajas temperaturas cambia sustancialmente

dependiendo de su red cristalina [24]. El comportamiento plastico de los metales,
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viene determinado por los deslizamientos entre atomos. De esta manera, si existe un
alto numero de sistemas de deslizamientos, se favorece el comportamiento ductil y al
reducirse este nimero, el comportamiento es mas fragil. Los planos preferentes de
generar clivaje son aquellos que tienen una menor densidad de empaquetamiento, de
esta manera el nimero de enlaces a separar es menor y la distancia interplanar es

mayor.

Como se puede apreciar en la Figura 6, los &tomos de metales con estructura
cubica centrada en las caras (FCC) disponen de un empaquetamiento de la red
denso, favoreciendo un comportamiento plastico [25]. Sin embargo, los metales con
estructura cabica centrada en el cuerpo (BCC) disponen de una menor

densidad de empaquetamiento, lo que no favorece su comportamiento plastico.

Modelo FCC Modelo BCC

(@) (b)

Figura 6. Representacién de un cristal y sus modos de deslizamiento para (a) FCCy (b) BCC.

A bajas temperaturas, se disminuye la energia de los 4tomos en la estructura
cristalina BCC, reduciendo la propagacion de las dislocaciones y aumentando las
tensiones locales, hecho que favorece un comportamiento local fragil. El micro-
mecanismo de fractura fragil que se aprecia en estos metales a bajas temperaturas es
transgranular, caracterizado por la rotura de los granos y cambio de direccion de la

grieta en la frontera entre granos.

Los metales, por su estructura policristalina no uniforme, contienen una amplia
variedad de elementos microestructurales singulares propiciando un

comportamiento diferente segtin la distribucion y presencia de impurezas o defectos.
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Estos defectos producen una variaciéon en las propiedades mecénicas y fisicas de los

materiales.

Al existir una discontinuidad en el frente de la grieta, puede generarse una
inestabilidad que sea suficiente para exceder la fuerza de adhesion. La distribucion de
estas discontinuidades y por lo tanto, la predisposicion al inicio de la fractura fragil,
solo se puede estudiar de manera estadistica, analizando la probabilidad de existencia

de defectos en el frente de la grieta y considerando un criterio de fallo local.

1.1.1.3. DECOHESION EN LA INTERFAZ DE DOS MATERIALES

La investigacion del comportamiento de materiales compuestos con ntcleo
metalico se ha desarrollado durante los tltimos 50 afios debido a su importante papel
en tecnologias avanzadas, tanto estructurales como biomédicas y electronicas. Sus
buenas propiedades mecanicas y térmicas los hacen especialmente interesantes en

aplicaciones industriales [26].

La resistencia a fractura de los materiales compuestos se ve muy influenciada por
la region de la interfaz y se ha observado fractura fragil en numerosos sistemas

formados por bimateriales, detectando presencia de plasticidad [27—29].

Durante los afios noventa se realizaron numerosas investigaciones sobre el
comportamiento a fractura de materiales compuestos, observando que se produce
fractura por clivaje en la zona de contacto con el metal. Este comportamiento ha sido
observado en la interfaz entre oro-zafiro [30], cobre-cristal [27], cobre-zafiro [31] y

niobio-aliimina [32], entre otros.

Figura 7. Decohesion entre cobre y zafiro segiin ensayos realizados por Beltz et al. [31].
Adaptada de [31]

En 1994, Elssnet et al. [33] vy Korn et al. [34] comienzan un amplio trabajo

investigador en el que se profundiza en el estudio de materiales compuestos con
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matriz metélica, analizando los mecanismos que producen la fractura tanto a nivel
macroscopico como a nivel atomistico. En concreto, Elssnet et al. y Korn et al. centran
su estudio en el comportamiento de la interfaz entre niobio y zafiro, midiendo la
resistencia a fractura macroscopica y realizando un anélisis a nivel atdmico del trabajo

necesario para que aparezca la decohesion en la interfaz.

Los ensayos experimentales llevados a cabo en una probeta sometida a flexion en
4 puntos, determinaron que el trabajo de fractura macroscopico era 1000 veces mayor
que el trabajo de fractura a nivel atbmico necesario para separar los &tomos en el
contacto. Esta gran diferencia entre la pequena y gran escala se asocia a la disipaci6on
plastica en el niobio. Sin embargo, si se aplica la teoria de plasticidad convencional,
las tensiones obtenidas no son lo suficientemente elevadas para producir la

decohesion de la interfaz.

bonding sample fracture test bar
reference face
- F/2 F/2
Nb-crystal sapphire l l
.

alumina Nb alumina F/2 ' interface notchTFaQ

Figura 8. Probeta de flexion en 4 puntos utilizada por Korn et al. [34] para estudiar la

decohesion. Fuente [34]

Al analizar la superficie de fractura, se encontraron caracteristicas similares a las
de una fractura fragil transgranular. Estas observaciones experimentales se
interpretaron como un comportamiento fragil derivado del bloqueo de dislocaciones
en la interfaz, al no poder transmitirse del material metélico al material ceramico, lo

cual generaria una reduccion en la plasticidad general del material metalico.
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El analisis de fractura fragil en materiales metélicos se realiza considerando
propiedades comunes del material a escala macroscépica. Sin embargo, como hemos
visto en los apartados anteriores, el area de mayor importancia a estudiar es la region
proxima a la grieta. Segin se ha analizado en el apartado 1.1.1, por un lado hay que
prestar atencion a las singularidades y bloqueos existentes en el frente de la grieta,
analizando su probabilidad de existencia dentro de una distancia critica desde la
punta de la grieta, y por otro lado, se debe analizar la distancia alcanzada por el agente
fragilizante y el grado de dano del material afectado. Todos estos factores que
determinan las condiciones de propagacion de la grieta se concentran en un area de

pequeiio tamafio.

Con la finalidad de ahorrar en costes computacionales, los modelos desarrollados
en el presente trabajo de tesis centran su atencion en implementar las caracteristicas
de esta area en los modelos macroscopicos. De esta manera, el método de estudio
considera la aplicacion de una carga remota y analiza las condiciones de fallo de forma

local (microestructura en el frente de la grieta).

Las teorias convencionales de plasticidad clasica se basan en parametros
macroscopicos que caracterizan el comportamiento del material para cualquier
geometria. Sin embargo, la realizacion de ensayos experimentales a pequena escala
ha puesto de manifiesto la existencia de un efecto plastico de escala en los materiales
metalicos [35—38]. Los resultados obtenidos en los numerosos experimentos llevados
a cabo ponen de relieve la necesidad de mejorar las teorias convencionales de

plasticidad para capturar estos efectos plasticos de escala.

Las dislocaciones producidas en la zona proxima a la grieta actGan como
obstaculos al movimiento de otras dislocaciones, lo que se traduce por tanto en un
endurecimiento de la zona, aumentando las tensiones. En este endurecimiento estan
involucradas las dislocaciones que quedan atrapadas de manera aleatoria (SSDs—
Statistically Stored Dislocations) y las dislocaciones que son necesarias para
producir una deformacién de los cristales (GNDs—Geometrically Necessary

Dislocations) [35]. La respuesta de los metales, al acumular gradientes de
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deformacion plastica elevados en un volumen pequeio, se expresa mediante el

aumento del limite elastico y del coeficiente de endurecimiento.

La idea principal en la que se trabaja es en implementar el comportamiento en la
pequeiia escala considerando una o varias longitudes caracteristicas del material que
reproduzcan los efectos de escala en la zona préxima a la grieta. Esta idea ha dado
lugar a diversos modelos de Gradientes de Deformaciones Plasticas (SGP), con
diferentes grados de complejidad, que tratan de reproducir los efectos de escala

mediante la integracion en las ecuaciones de uno o varios parametros de escala.

En la Figura 9, se representa esquematicamente la zona con comportamiento
plastico en el frente de grieta en la que se implementan las teorias de deformacién
plastica. Los efectos de los gradientes de deformacion plastica son mayores cuanto
menor es la zona plastica. Si la resistencia a fractura (tenacidad a fractura) de un
material es baja, los efectos de gradientes tienen una mayor influencia, haciendo
especialmente importante la implementacion de estas teorias en el estudio de la

fractura fragil [39—41].

Zona con comportamiento

Direccién de propagacidn .
propag plastico

de la grieta

>

Figura 9. Representacién de la zona plastica en el frente de grieta. Adaptado de [42]

Se pueden diferenciar las teorias desarrolladas en dos subgrupos. Por un lado las

teorias basadas en mecanismos (MSG) [43] y por otro, las fenomenologicas [44—46].

e Teorias basadas en mecanismos (MSG).

Las teorias basadas en mecanismos estdn fundamentadas en el modelo de
dislocaciones de Taylor, expresandose la tensiéon cortante en funcion de la densidad

de dislocaciones:
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T= ocub\/B (1)

Donde p es el modulo de cortante, b es la magnitud del vector de Burgers y « es
un coeficiente empirico que toma valores entre 0.3y 0.5. La densidad de dislocaciones
se compone de la densidad pg, asociada a dislocaciones acumuladas estadisticamente

y la densidad pg, debida a dislocaciones geométricamente necesarias:

P =ps+pa (2)

Donde p; se relaciona con los gradientes de deformacion plastica efectivos

mediante:

P = 77 (13)

Siendo 7 el factor de Nye. ps se determina conociendo la relacion entre la tension

de plastificacion y la curva tension — deformacion del material para tracciéon uniaxial
(P = 0):

Ore f (€M)
ps = |[—————— (14)

M aub

Donde o,.¢ es una tension de referencia y f es una funcion de la deformacion

plastica determinada a partir de la curva tension-deformacion del material.

Al relacionar la tension de traccion con la tension cortante y sustituir (13) y (14)

se obtiene:

Oflow = Mt = Orefy fZ(gp) + P (15)

Donde [ es la longitud intrinseca del material basada en los parametros de

elasticidad (u), plasticidad (o, ) y espacio atomico (b):

b 16
ref

[ = M?7a? (

Como simplificacién de las teorias MSG, Huang et al. [47] desarrollaron una
version de orden inferior denominada teoria convencional de gradientes de
deformacion basada en mecanismos (CMSG). El desarrollo de esta teoria viene

motivado por el amplio espectro de casos en los que los efectos de las condiciones de
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contorno de orden superior son despreciables y el interés de una teoria con mayor
simplicidad de cara a su empleo ingenieril. La implementacion de este modelo se basa
en considerar una formulacion viscoplastica para obtener la velocidad de deformaciéon

plastica (¢?P) como funcién de la tension (o).

e Teorias fenomenolégicas

Las teorias fenomenoldgicas tienen su origen en la generalizacion de la teoria de
flujo J2, propuesta por Fleck y Hutchinson [46] en 2001 en la cual el endurecimiento
producido por los gradientes de deformacion se considera mediante la definiciéon de

una deformacion plastica efectiva generalizada como E,,:

Donde 4, I, y I3 son parametros de longitud del material e I;, I, e I5 son tres

invariantes del tensor gradiente de deformacion plastica.

Considerando la teoria de gradientes de deformacion pléstica desarrollada por
Aifantis [48] en 1984, la expresion anterior se puede reformular considerando una

unica longitud caracteristica del material (I*):
%2
E, = /sf, + 1% i8p (8)

e Teorias de Gradientes de Deformacién Avanzadas teoria de

Distorsion de Gradientes de Plasticidad

En 2004, Gudmunson [49] advirti6 que la teoria desarrollada por Fleck y
Hutchinson no siempre cumple con los principio de la termodinamica relativos a
disipacion plastica. Desde entonces, se ha desarrollado una nueva formulacion SGP
en la cual se incorporan tensiones de alto orden energéticas (recuperables) y

disipativas (no recuperables) [49,50].

En los dltimos anos ha aumentado el interés por extender las teorias SGP
avanzadas para considerar la rotacion plastica segin la teoria de distorsion de
gradientes de deformacién (DGP) de Gurtin [51], con la finalidad de describir
rigurosamente la incompatibilidad de la fluencia plastica y la densidad de

dislocaciones asociada a la misma. En varios trabajos ha quedado demostrado que el
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uso de modelos fenomenolégicos de orden superior que consideran las distorsiones

permiten capturar con mayor precision los ensayos experimentales[52—54].

La teoria de gradientes de distorsion plastica (DGP) propuesta por Gurtin [51]
considera la rotacion pléastica mediante el tensor de dislocaciones de Nye («;;) el cual

se define como el tensor rotacional de la distorsion plastica:
a =curly?, (19)

Y considerando que el vector de Burgers involucra tanto la parte simétrica como

la parte anti-simétrica de la distorsion plastica:

curl y? = curl €° + curl 9P (20)

Para tener en cuenta la influencia de las Dislocaciones Geométricamente
Necesarias (GNDs), la contribucion energética se establece a partir de la siguiente

expresion de la energia libre ¥, que depende asi de la deformacion elastica (¢f;) y el

tensor de Nye («;;):

1
Y= ECijszfjgfz + ®(a;;) (21)

Siendo ®(a;;) la energia de defectos, la cual asumimos que toma una forma

cuadratica:

1
®(a;) = E“LZEaijaij (22)
La tension de defectos corresponde con la siguiente ecuacion:

ad)(au)
e a; = ul}ay; (23)

Donde u es el modulo de cortante y Ly la longitud de escala energética del

material.

Por otro lado, la contribucion disipativa se incluye mediante el factor de

gradientes de deformacion plastica como:

. 2 o0 pep 2.0 .p p (24)
By = |3 &) + 20;9;; + 5 LoE ki
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Donde Lj es la longitud de escala disipativa y y el parametro que controla la

disipacion por el rotacional plastico.

3 oy (Lp\?]
= |-+ — ——)
X [2 ey ( L (25)
Las teorias de gradientes de deformacion plastica son de vital importancia en la
caracterizacibon mecanica del comportamiento de la grieta, ya que

independientemente del tamafio de la probeta, la zona plastica en el frente de la grieta

es pequena y contiene elevados gradientes de deformacion plastica [55].

La fractura por clivaje o transgranular se asocia a la presencia de inclusiones que
generan inestabilidad, reduciendo la resistencia a fractura del material. La presencia
o no de estas inclusiones y su posicion respecto de la punta de la grieta caracterizan el
comportamiento de la grieta y su desarrollo. A la hora de desarrollar modelos de
fractura fragil por clivaje, nos encontramos con que la presencia de estas inclusiones
es aleatoria, haciendo necesario el empleo de modelos estadisticos para determinar el
valor de la resistencia a fractura, que se ve condicionada por la probabilidad de

existencia de defectos en el material.

Ritchie et al. [56] determinaron que el fallo por clivaje ocurre cuando la tension
en el frente de la grieta excede una tension critica a una distancia caracteristica de la
punta de grieta, la cual es igual a dos veces el tamafo de grano. Aunque en trabajos
posteriores se concluyé que no existia relaciéon entre el tamafio de grano y esta

distancia, quedo establecido el concepto de distancia critica (ver Figura 10).

Apoyandose en el trabajo desarrollado por Ritchie et al., Curry et al. [57]
introdujeron una interpretacion estadistica para el concepto de distancia critica,
determinando que se debe analizar un volumen en el frente de la grieta con la
finalidad de determinar la probabilidad de encontrar una particula lo suficientemente

grande para desencadenar clivaje.
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Distance

Figura 10. Valor de las tensiones en funcion de la distancia a la punta de la grieta. El fallo se
produce cuando la tension de fractura excede una distancia caracteristica (x.), asociada a una
tension de fallo ( o). Fuente [42], adaptado de [56]

Numerosos trabajos [58-60] han continuado desarrollando el trabajo
comenzado por Curry et al. para la consecucién de un modelo estadistico de clivaje.
Estos modelos analizan el clivaje bajo la consideracion del principio del eslabon
mas débil, en el cual se establece que la probabilidad de fallo es igual a la

probabilidad de encontrar al menos una particula desencadenante de la fractura.

La probabilidad de fallo en un volumen de material V, con una densidad de
particulas criticas por unidad de volumen p se puede deducir mediante la distribucién

de Poisson:

Pf =1—exp(—pV) (26)

Considerando que la densidad de particulas no es constante en los distintos
puntos de un mismo material, la probabilidad se presenta como una integral que

evalua la densidad en los diferentes volaumenes:

Pf=1—exp [—fpdV] (27)
14

Mediante la adaptacion de la ecuacion de Weibull biparamétrica [61]
llevada a cabo por Beremin [62] se expresa la probabilidad de fallo en funcion de la

tension de fractura de Weibull:

Pf=1—exp [— (Z—Z)m], (28)

la cual representa la tension de fractura para una carga uniforme en una muestra
de volumen V, y donde m y a,, son los dos parametros del modelo, que se denominan

respectivamente: modulo y parametro de escala.
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Despejando el valor de la densidad p, igualando (27) y (28) y despejando la tension
de Weibull:

1 1/m
Oy = —f o"dv (29)
Vo Jys

Donde V, es un volumen de referencia y V; volumen de la zona de fractura. Se

denomina zona de fractura a la regién en la cual las tensiones son lo suficientemente

altas para que exista la probabilidad de clivaje.

Este modelo determina la probabilidad de fallo considerando la distribuciéon de
tensiones y obteniendo una tensién constante equivalente que actiia sobre todo el
elemento de tal modo que la probabilidad de fractura sea la misma que considerando
la distribucién real. Partiendo de este modelo de Beremin, Muniz-Calvente et al. [63]
han desarrollado un modelo triparamétrico, basado en un enfoque de tamafo
equivalente y en el que los tres pardmetros del modelo tienen una base
fenomenologica. Se ha demostrado que este modelo tiene la capacidad de predecir
fractura fragil y ductil sin asunciones experimentales previas, solventando asi uno de

los problemas del modelo biparamétrico.

En el modelo triparamétrico se incluye de forma explicita el pardmetro umbral,
0., que representa el valor de la tension por debajo del cual las fracturas no se pueden

propagar:

1/m

Ne
Ow = Oy + Z(Uli - Uth)m(Vi/Vo) (30)
i=1

El proceso iterativo consiste en asumir un valor de o;;, y determinar el valor de m
y o, empleando un ajuste de los valores experimentales mediante el método de

minimos cuadrados [64,65].

La aplicacion del modelo de campo de fase (phase field), inicialmente
formulado por Francfort et al. [66], a la mecanica de la fractura se basa en el criterio
de energia de Griffith. Se trata de un modelo que considera la degradacion del material

introduciendo el concepto de dafio que evalia la pérdida de rigidez.

-20-
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El modelo de campo de fase aplicado a problemas de fractura se ha desarrollado
enormemente en los tltimos afnos ya que da solucidn a las limitaciones de los modelos
basados en discontinuidades [67—69]. Su primera aplicacion fue el estudio de la
fractura fragil [66] pero desde entonces se han abordado modificaciones para resolver
dafio ductil [68,70], fractura hidraulica [71], materiales funcionalmente graduados

(FGM) [72,73] y agrietamiento por corrosion [74], entre otros.

La capacidad del modelo de campo de fase para capturar la dependencia de la
energia de fractura con la concentracion de hidrégeno le hace especialmente
interesante para evaluar la fragilizacion por hidrégeno [75—77]. Otras caracteristicas
que le hacen Ttil es su capacidad para considerar condiciones complejas de grieta
intrinsecas a fragilizaciéon por hidrogeno y su facil acoplamiento con el problema de

difusioén.

Considerando un sélido agrietado en ausencia de fuerzas externas, la variacion
de la energia total IT debida a un incremento en el 4rea de la grieta dA, empleando el

criterio energético de Griffith [1] puede expresarse como sigue:

dil _ d(e) dW, _ o
dA dA dA
Siendo ¥ (€) la densidad de energia de deformacidn, expresada como funcion del
tensor de deformaciones . W, es el trabajo requerido para crear una nueva superficie.
El altimo término es el valor critico de la energia disponible para la propagacion de la
grieta (G, = dW,/ dA), una propiedad del material que caracteriza su tenacidad a

fractura. Expresando el balance de energia de Griffith de forma variacional:

I = f l,l)(s)dV + f chr (32)
0 r

Donde V es el volumen del sélido y I' la superficie de fractura. Este tltimo valor
es desconocido, dificultando la resolucion de la ecuacion (32). Sin embargo, es posible
utilizar el parametro de campo de fase ¢ para localizar la interfaz de la grieta, segin

se muestra en la Figura 11.
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(a) (b)

Figura 11. Representacion esquemdatica del cuerpo sélido con (a) discontinuidad interna y (b)

aproximacion de campo de fase de las discontinuidades discretas. Fuente [75]

La evaluacion del dafio se cuantifica con una variable de campo conocida como

parametro de fractura ¢(x) y se determina mediante una funcion exponencial:

|x]

p(x)=e 7 (33)

Este parametro ¢ es una variable de dafio que toma el valor cero si un
determinado elemento del material est4 intacto y el valor uno cuando un elemento del

material estd completamente agrietado.

Considerando la funcién de degradacién de manera continua como g(¢) =

(1 — ¢)?, la energia potencial total puede ser formulada como:

1 ¢
1= [ {0 - 7woe) + G (5 + 5 V912 av 6
n
Donde 7 es el parametro de longitud de escala que gobierna el tamafio del 4rea de
fractura y i, representa la energia de deformacion elastica de un solido sin dano. El
trabajo necesario para crear una superficie agrietada I', se expresa ahora como una

integral de volumen, consiguiendo que el problema sea computacionalmente
abordable.

Martinez-Pafieda et al. [75] han extendido la teoria de campo de fase para evaluar
el agrietamiento por hidrégeno. En este trabajo se define la energia de fractura como

una funcién de la cobertura de hidrégeno:

Gc(8) = (1 — xg) G:(0) (35)
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Donde G.(0) es la energia de fractura en ausencia de hidrogeno, 0 es un factor

que determina la ocupacion de las fronteras de granos y x es el coeficiente de dafo.

El coeficiente de dafio x, simboliza la reducciéon de energia de fractura debida a
la presencia de hidrégeno y su valor se obtiene mediante ensayos o estudios
atomisticos. El valor de 6 depende de la concentracion de hidrégeno en la red
cristalina. Para su calculo se emplea la isoterma de Langmuir-McLean que determina

la cobertura en la superficie conociendo la concentraciéon de hidrégeno (C):

C +exp (—Ag?) (36)

Siendo R la constante universal de los gases, T la temperatura y Agp la diferencia
de energia libre de Gibbs entre la interfaz decohesionada y el material alrededor de la

misma.

e Evaluacion de la fractura

El efecto del hidrégeno en la resistencia a fractura se puede evaluar expresando
la ecuacion de campo de fase mediante la tension de Cauchy para un problema cuasi-
estatico unidimensional, ¢ = g(¢)Ee, siendo E el mddulo de Young y € la deformacion
y teniendo en cuenta la densidad de energia de deformacién v, = E€?/2:

3 Ee??
=G0 + Ee?t (57)
De esta forma, se obtiene la relacién caracteristica entre la deformacién

homogénea y la tensién homogénea:

~( Ge(6) )2 £
7=\G.0) + Eeze) “€ (38)
Adoptando un valor maximo que se corresponde con la tension critica
_ (27506(9))1/2
¢ =\" 2560 (39)

Como se puede ver en la ecuacion anterior, el valor de ¢ gobierna la magnitud de

la tension critica a la cual se inicia el dafio y el tamaiio de la zona de fractura.
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1. Introduccion

El acuerdo de Paris de 2015 marco un hito historico al establecer las bases para
una transicion ecologica con una serie de objetivos, cuya consecucion esta ligada a una
transformacion en el sistema energético. El mercado y sistema actual se encuentra en
un punto de maximo desarrollo y se estd produciendo un cambio que deriva en la
necesidad de optar por nuevas tecnologias. Por otro lado, los avances electréonicos en
un mundo global y conectado requieren conocer con mayor precision el

comportamiento de los microcomponentes para asegurar su correcto funcionamiento.

El desarrollo de estas tecnologias esta reclamando un mejor conocimiento del
comportamiento de materiales metalicos que, bajo el efecto de agentes fragilizantes,
sufren una mayor degradacion y hacen colapsar estructuras durante la vida 1til para
la cual fueron disefiadas. Como bien es sabido, la propagaciéon de una fractura fragil
requiere mucha menos energia que la de una fractura dactil, pudiendo ocurrir que
para un elemento disenado considerando que el comportamiento del material es
dtctil, como es el caso de los metales, se produzca fallo estructural aplicando una
tension mucho menor que la maxima justificada en el disefio [78]. Este hecho justifica
la importancia de analizar y comprender el comportamiento de los metales

susceptibles de fragilizacion.

Tradicionalmente se ha asociado fractura fragil en metales inicamente a los
aceros ferriticos, que por su estructura BCC son més vulnerables de sufrir clivaje a
bajas temperaturas. Sin embargo, existen otros factores fragilizantes, en los cuales se

aprecian fendmenos fisicos diferentes que afectan a un mayor rango de metales.

La fractura fragil cuenta con una caracteristica comun en todos los casos, siempre
va asociada a una concentracion de tensiones en un pequefio area en el frente de la
grieta. Esta particularidad depende de la existencia de impurezas, huecos o una
debilitaciéon de la red cristalina haciendo necesario un conocimiento preciso de esta
area a nivel microscopico. Con este fin, para una correcta identificacion numérica del
problema se hace indispensable el empleo de las teorias de gradientes de deformacion
plastica junto con el aporte de un conocimiento predictivo para determinar la
probabilidad de existencia de un fallo. Una buena manera de visualizar el problema y
hacer mas intuitiva la determinacion del grado de afeccién en una seccion de estudio,

es introduciendo el concepto de coeficiente de dano. Con este parametro se pueden
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obtener graficos que determinan el grado de dafio en cada elemento, haciendo mas

sencilla la interpretacion ingenieril.
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La tesis comienza con una Introduccién donde se presentan los principales

fenémenos fisicos en los cuales se ha detectado fractura fragil en metales:

e Fragilizacion por hidrégeno
e Clivaje a bajas temperaturas

e Decohesion en la interfaz de dos materiales.

Una vez expuesto el amplio espectro en el que nos encontramos con fractura
fragil en metales, se continda la revision bibliografica de los modelos numéricos

involucrados en el anélisis de fractura fragil, subdividiendo el estudio en:

e Teorias de gradientes de deformacion plastica
e Modelos probabilisticos

e Modelos phase field (0o modelos de campo de fase)

Con el conocimiento del estado del arte y las necesidades actuales para
caracterizar correctamente y unificar los criterios para el anélisis numérico de fractura

fragil, se fijan los Objetivos del presente trabajo.

En el capitulo Discusion de Resultados se aclaran y complementan los
trabajos desarrollados en los tres articulos presentados como compendio, ofreciendo

una mayor explicacion de los puntos clave de estudio en esta tesis doctoral.

En el capitulo Conclusiones se ofrece una vision global de los resultados

obtenidos con el desarrollo del trabajo asi como un anélisis de los retos futuros.

Al tratarse de una Tesis Doctoral presentada bajo la modalidad de compendio de
publicaciones, en el capitulo Publicaciones se recogen los articulos publicados en
revistas de alto impacto que componen el conjunto del trabajo de investigacion

desarrollado.
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e OBJETIVOS

El objetivo principal que ha motivado el desarrollo de esta tesis doctoral es:

“Contribuir al desarrollo de un modelo numérico que caracterice la fractura
fragil en materiales metdlicos consiguiendo unificar y racionalizar las diferentes

teorias para su implementacioén ingenieril”

La consecucion del objetivo principal se puede dividir en los siguientes objetivos

intermedios:

- Identificar los mecanismos fisicos que caracterizan los diferentes
modos de fractura fragil en metales con el fin de seleccionar los métodos

numéricos mas adecuados para reproducir el fenémeno fisico.

- Adaptar las teorias de gradientes de deformacion plastica para su

implementacion en problemas especificos de fractura fragil en metales.

- Implementar un modelo estadistico que ayude a determinar la
probabilidad de fallo sin considerar suposiciones previas que pueden

distorsionar los resultados.

- Interpretacion de las ecuaciones constitutivas de un modelo DGP para
su empleo en el estudio de la fractura fragil y el analisis de los micro-

mecanismos que suceden en la punta de la grieta.
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e DISCUSION DE
RESULTADOS

3.1. ON THE SUITABILITY OF SLOW STRAIN
RATE TENSILE TESTING FOR
ASSESSING HYDROGEN
EMBRITTLEMENT SUSCEPTIBILITY

- Sobre la idoneidad del ensayo SSRT para evaluar la susceptibilidad de la
fragilizacion por hidrégeno .- Ref.[77]

El hidrogeno es un elemento que por su abundancia y caracteristicas, es
especialmente interesante para el desarrollo de un nuevo modelo energético y
procesos industriales. Uno de los principales problemas con los que se encuentra la
industria energética es la vulnerabilidad de los materiales metélicos en presencia de
hidrogeno. El hidrogeno entra a formar parte de la malla cristalina del metal,
modificandola y debilitando sus enlaces. Esto tiene como consecuencia un
comportamiento fragil de los metales favoreciendo el desarrollo de fractura

intergranular [79—81].

Uno de los ensayos experimentales mas extendidos para la evaluacion del
agrietamiento asistido por el ambiente (EAC, Environment Assisted Cracking) es el
ensayo de traccion a bajas velocidades de deformacion (SSRT, Slow Strain-Rate
Testing). Se trata de un ensayo a tracciéon realizado mediante la aplicacién de una
deformacion a baja velocidad mientras se expone a la probeta al ambiente de interés,

obteniendo el tiempo de fallo asociado al grado de contaminacion del ambiente. Su
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uso esta muy extendido y es la base de numerosas normativas internacionales por su

sencillez y flexibilidad para adaptarlo a los requerimientos técnicos [82,83].

En el presente estudio, se analiza el comportamiento de las probetas a las que se
ha realizado una entalla en la zona central. Las probetas fueron cargadas durante 10
dias a distintos potenciales quimicos. El material de las mismas es una superaleacion
de niquel, Monel K-500, sometida a distintos tratamientos térmicos. Se llevaron a
cabo ensayos sobre 4 materiales distintos (cuatro tratamientos térmicos distintos) y 3
concentraciones iniciales de hidrégeno (tres cargar electroquimicas distintas) ademéas

de los ensayos en aire.

3| e = 1100 mV
----- E4 = 950 mV Allvac

-==E; = -850 mV e

— T

1[]'1 1 1 1 1 1
0 2 4 6 8 10 12 14

Time (s) x10*

Figura 12. Influencia de diferentes concentraciones de hidrogeno en la resistencia de un
material (hidrégeno aplicado como potencial)

En la Figura 12 se muestran las curvas carga-desplazamiento obtenidas para uno
de los tratamientos térmicos bajo cuatro condiciones de carga de hidrogeno, pudiendo
apreciarse el efecto fragilizante del mismo. Tras observaciones fractograficas se ha
detectado la presencia de crecimiento de grietas sub-criticas, que anularian la validez
de los resultados. Este hecho estd en consonancia con recientes investigaciones
llevadas a cabo mediante analisis de morfologia y topografia de grietas con rayos X
[84,85]. Bajo este supuesto, no se podria tomar la tensiéon aplicada maxima como la
fuerza impulsora caracteristica de ese material, poniendo en entredicho la validez de

los ensayos SSRT para analizar metales ante ambientes agresivos.

El trabajo llevado a cabo en esta tesis tiene como objetivo demostrar
numéricamente la existencia de grietas sub-criticas. Para ello, se analizan los

mecanismos implicados y se opta por la implementacion numérica mediante un
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modelo de campo de fase. Segiin explicado en el apartado 1.1.2.3., este modelo ha sido
recientemente implementado para la evaluacion de agrietamiento asistido por
hidrégeno [75,76]. En el presente trabajo se complementa considerando plasticidad
en deformaciones finitas con la teoria de Von Mises (J2) para modelizar las

deformaciones elasticas y plasticas.

La formulacion del modelo de campo de fase proporciona la base para el estudio
de fractura de manera difusa, a través de la variable de fase ¢ que caracteriza el dafio
en cada punto del material y la funcién de degradacion (1 — ¢)2. La variable de fase
caracteriza el grado de degradacion del material en un punto asignando un valor entre

0y 1, siendo 0 cuando no existe dafio y 1 cuando esta completamente danado.

La energia potencial de un cuerpo agrietado se obtiene mediante la suma de la
energia de superficie asociada con la formacion de la grieta I1° (¢, C) y la energia del

solido I1° (e, ¢):

n=1"¢)+1°(¢,C) = L{(l — )PP (&) + Go (O (¢, )} AV (40)

La energia del s6lido viene definida por la densidad de energia de deformaciéon
Y(&) del solido elasto-plastico y la funcién de degradacion (1 — ¢)? Donde la densidad
de energia de deformacion se descompone a su vez en un término eléstico ¢ y otro
plastico P, tal que y = ¢ + P. La energia disponible para la fractura se determina
a partir de la densidad de energia de deformacion total i, considerando la parte

plastica en cada punto de integracion como:

t t
lpP:folppdt:an:sPdt (41)

El modelo completo de calculo se incluye en una subrutina en la que se integra
plasticidad de Von Mises (J2), transporte de hidrogeno y la teoria de campo de fase.
Para la resolucion se emplea el software de elementos finitos Abaqus, donde se
modelan las probetas SSRT, con las cuatro mismas variantes de Monel K-500 que en
los ensayos experimentales y se simulan las condiciones de concentracion de
hidrogeno correspondientes a los tres potenciales asi como su exposicion en aire. La
carga se aplica mediante un desplazamiento en el extremo superior de las probetas,
reproduciendo el método experimental. Ademés, para evaluar el transporte de

hidrégeno, se consideran los coeficientes de difusion efectiva D,.fr, medidos en

estudios anteriores.
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En primer lugar, se realiza un analisis de difusion del hidrogeno para determinar
la profundidad hasta la cual se detecta la presencia de hidrogeno en el frente de la
entalla considerando la misma duraciéon de exposicion que el ensayo experimental. El
objetivo de este estudio es revisar si el hidrogeno puede alcanzar mediante difusion la
misma profundidad en el frente de la entalla que las zonas afectadas por fractura fragil

observadas experimentalmente en la fractografia de las probetas.

En la Figura 13 se representan los valores de concentraciones normalizadas en el
contorno de la grieta (siendo Cb la concentracion de hidrogeno difusible). Se ha
representado la profundidad experimental hasta la cual se observa fractura
intergranular mediante una linea vertical discontinua. La linea continua representa la
concentracion de hidrégeno normalizada en el frente de entalla. Como se puede
observar, considerando la difusion tedrica durante el tiempo del experimento, el
hidrégeno solo alcanza una profundidad de aproximadamente 0.2mm desde la
entalla, mientras que la fractura intergranular tiene lugar hasta una profundidad
cercana a los 0.6mm. Considerando que la rotura intergranular en este tipo de
materiales estd asociada a una fragilizaciéon por la presencia de hidrogeno, se aboga
por la hipotesis de la existencia de grietas sub-criticas que favorezcan la difusion del

hidrogeno y justifiquen la profundidad de fractura IG observada experimentalmente.

I . I ‘ - :
Allvac : IG depth TR2 : IG depth
| ;
08— FED | 08 —FED
- -FED* = 10D | - =FE D* = 10D
e FED (0 =0)| e FE D (o =0)
0.6 ; | 0.6 : |
=1 -~
O I Si I
— | I
S : SN :
[ I
| I
[ I
| a! o |
I % . i
1 _-" — I L
—=o=Lo o o 06—o—o—e—be="2" o
0. 038 02 04 06 08
r (mm) r (mm)
(a) (b)

Figura 13. Perfiles de concentracion de hidrégeno normalizados (a) Allvac y (b) TR2 en
ausencia de tensiones hidrostaticas (circulos) y considerando tensiones hidrostaticas (linea solida).
La linea vertical a trazos indica la profundidad de fractura intergranular observada en los ensayos

de -1100mV en 0.6M NaCl. La linea a trazos de color representa el perfil de concentracion si la

difusividad del hidrégeno se eleva un orden de magnitud.
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e Efecto del valor del coeficiente de difusion empleado.

El coeficiente de difusiéon es un parametro clave para validar las conclusiones
presentadas por su influencia en la longitud afectada por la entrada de hidrégeno en
el frente de la entalla. Se ha tomado un valor de D.¢y = 1.3x1071° cm?/s, el cual se
encuentra en linea con la informacion recogida en la bibliografia experimental. Segtin
indicado por Ai et al. [86], el rango de valores de este coeficiente en las aleaciones

Monel K-500 se encuentra entre 8x10* y 4x107° cm?2/s.

Algunos autores han especulado que la difusién de hidrogeno puede acelerarse si
se produce por las fronteras de granos, encontrando diversos estudios que relacionan
este aumento en el coeficiente de difusion con: el tamano de grano [87-89]; las
caracteristicas del contorno de grano [90,91]; las conexiones entre los borde de grano
[92]; la presencia de solutos en los borde de grano [93] y las concentraciones de
hidrégeno [93]. Los estudios llevados a cabo con niquel puro con un tamano de grano
similar al evaluado han observado que, debido a estos factores, la difusion efectiva

podria verse aumentada como maximo entre 2 y 8 veces [87,89,94].

Conociendo que el coeficiente de difusion en niquel no puede llegar a alcanzar un
valor mayor de 8 veces su valor caracteristico se realiza un analisis considerando un
coeficiente de difusién 10 veces superior al inicialmente considerado para estudiar la
longitud afectada. Lo que se observa en los resultados obtenidos y mostrados en la
Figura 13, es que la longitud afectada por hidrégeno sigue siendo menor que las
longitudes de grieta con rotura IG, manteniendo valida la hipotesis de la existencia de

grietas sub-criticas que aceleren la difusiéon de hidrégeno.

e Implicaciones de la interpretacion de los experimentos SSRT.

El modelo se calibra con los datos experimentales en ambiente normal (aire, sin
potencial de hidrogeno). En la Figura 14 (a) se pueden observar que los resultados
obtenidos determinan rotura dtctil, con estrechamiento e iniciacion de grieta en el
centro de la probeta. Este resultado encaja con el comportamiento esperado para este

tipo de material sin presencia de hidrégeno.

Por el contrario, al realizar los analisis para ambientes con hidrogeno la rotura se

produce por fractura fragil en el exterior de la hendidura, en la zona de entalla,
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validando el modelo empleado también para ambiente hidrégeno, como se puede

observar en la Figura 14 (b).

®  Experiment Allvac
Numerical model Ejs=—-1100 mV |

Load (kN)

¢ Experiment

—— Numerical model

0 2 4 6 8 10 12 !
. 4
Time (s) =10 Time (s) x10*

(a) (b)

Figura 14. Comparacion entre la carga experimental y simulada en funcién del tiempo de
respuesta para el material Allvac (a) sin hidrogeno y (b) con potencial hidrégeno 1100mV. Las
imagenes muestran la distribucion del pardmetro de dafno de phase field. El color azul corresponde a

material intacto y el color rojo al completamente danado.

Segtin mostrado en la Figura 14, el modelo de campo de fase permite evaluar el
tiempo necesario para que se produzca inicio de grieta, siendo una herramienta muy
atil para establecer cuantitativamente las implicaciones del crecimiento de grietas

sub-criticas e interpretar los ensayos SSRT.

En la Figura 15 (a) se puede observar como el tiempo para el inicio de fractura
disminuye segin aumenta el potencial en todos los tratamientos de Monel K-500
ensayados. Actualmente, la eleccidon de los materiales para disefios estructurales se
suele realizar mediante un ranking que clasifica los diferentes materiales empleados
en la industria segin su vulnerabilidad a un determinado ambiente corrosivo. Esta
calificacion se basa en los resultados experimentales obtenidos de ensayos SSRT [95].
Al comparar dicha clasificacién con los resultados numéricos obtenidos en el presente
trabajo, se observan discrepancias. Se puede observar que, por ejemplo en el material
NRL HS, reconocido en la bibliografia por tener un buen comportamiento frente a
fragilizacion asistida por hidréogeno (HEAC), el tiempo hasta el inicio de grieta es
similar a tratamientos considerados més susceptibles de HEAC como son NRL LS o
TR2. Igualmente, si se analiza el ratio entre el tiempo discurrido hasta el inicio de

grieta y el tiempo hasta el fallo, segin se presenta en la Figura 15 (b), el material NRL
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HS tendria el peor comportamiento ya que el agrietamiento comienza a un tiempo

menor del 40% del tiempo de fallo.

14
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Figura 15. (a) Tiempo hasta el inicio de grieta y (b) ratio entre el tiempo para el inicio de grieta
y el tiempo hasta el fallo de la probeta en funcién del potencial aplicado para los cuatro tratamientos
de Monel K-500 ensayados. Los simbolos rellenos indican fractura ductil y los simbolos vacios

fractura intergranular.

Estos resultados ponen en duda la eficacia de la metodologia SSRT empleada en
la industria como evaluacion de la susceptibilidad a la fragilizacién por ambientes
agresivos, como el hidrégeno, y se sugiere la re-evaluacion cautelosa de los ensayos,
ya que los resultados obtenidos determinan que pueden ser susceptibles de

desarrollar fracturas sub-criticas por la concentraciéon de tensiones.
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- Analisis estadistico de fractura por clivaje considerando la influencia de los

gradientes de deformacion plastica.- Ref. [96]

Una de las causas més frecuentes de fractura por clivaje en metales a bajas
temperaturas es la presencia de grietas sub-criticas provenientes de defectos o
inclusiones en los materiales [97]. Estos defectos, dependiendo de su ubicacion y
condiciones ambientales, pueden causar una disminucion en la tenacidad a fractura
de los metales. La presencia de defectos en la red cristalina de materiales tan
heterogéneos microestructuralmente como los metales solo se puede estudiar desde

un punto de vista estadistico.

El trabajo desarrollado en esta tesis tiene como objetivo contribuir al desarrollo
de un modelo que caracterice la fractura fragil mediante el analisis de la probabilidad
de fallo sin suposiciones iniciales, y el estudio de los mecanismos que suceden en la
microestructura. Para ello, se presenta un marco numérico en el que se acopla un
modelo triparamétrico de Weibull [63,98], aplicando el principio del eslabén maés
débil, y se realiza la caracterizacion de tensiones mediante teorias basadas en
mecanismos de gradientes de deformacién plastica (MSG). El estudio de clivaje se
basa en el marco estadistico desarrollado por Beremin, en el cual se relaciona

probabilidad de fallo con la tensiéon de fractura local [62].

El modelo numérico se implementa mediante el programa de elementos finitos
Abaqusy el programa de anéalisis matematico Matlab. La vinculacién de los resultados
entre los dos programas, necesaria para relacionar el anélisis probabilistico de
Weibull con la evaluacion de las teorias SGP, se ha realizado mediante la herramienta
Abaqus2Matlab [99], que permite el intercambio automatico de informacion entre
ambos programas. La implementacién de las teorias de gradientes plasticos en el

programa ABAQUS se realiza mediante la subrutina UMAT.

La teoria de deformacion plastica (SGP) empleada se fundamenta en el modelo

basado en mecanismos (MSG) desarrollado por Gao et al. [43], que considera la teoria
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de dislocaciones de Taylor teniendo en cuenta tanto las dislocaciones
geométricamente necesarias como las estadisticamente almacenadas. Seguin lo
explicado en el apartado 1.1.2.1, el modelo MSG considera la longitud intrinseca del
material, obtenida tras un ajuste experimental, y cuya funcion es caracterizar la
pequena escala. Asi, cuando ¢ =0 seria el equivalente a evaluar plasticidad
convencional, caso también estudiado en el trabajo desarrollado con el fin de analizar
las diferencias entre modelos SGP y plasticidad convencional. La consideracion de un
modelo SGP es fundamental para caracterizar los micro-mecanismos de plasticidad
que tienen lugar en la vecindad de la punta de la grieta, lo que puede dar lugar a un
estado tensional muy diferente del considerado con teorias de plasticidad

convencional [100].

Como se ha comentado en el apartado 1.1.2.2, los modelos de Weibull cuentan
con dos parametros de ajuste denominados parametro de escala (o,,) y modulo (m).
El modelo probabilistico empleado en el presente estudio, desarrollado por Muiiiz-
Calvente et al. [63], incluye un tercer pardmetro que analiza la tensiéon umbral para

que se produzca el crecimiento de la grieta (o;):

— m
Pf=1-exp [_ (GW o Gth) ] (42)
u

Para obtener el ajuste de estos tres parametros, se requiere de un proceso
iterativo asi como de un ajuste por minimos cuadrados mediante el cual se determina
el valor de o,y m para un valor inicial de o;,. Para realizar el ajuste por minimos
cuadrados se presenta la probabilidad de fallo acumulada siguiendo la ecuaciéon de

una recta:
1
log(ay) + log(— log(l - Pf))E = log(a,, — os1) (43)

El proceso iterativo finaliza cuando la tolerancia entre los valores de inicio de la
iteracion y los valores al final es menor a 0.0001, garantizando asi un buen ajuste. El
proceso completo llevado a cabo se presenta en forma de diagrama de flujo en la

Figura 16.
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Se obtiene la probabilidad Calculo mediante elementos finitos Calculo de la tensién de Weibull
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Figura 16. Diagrama de flujo del proceso iterativo para determinar los tres parametros

estadisticos de Weibull

La validacion del modelo numérico desarrollado se realiza mediante la
comparacion de sus predicciones con la serie de experimentos desarrollada en el
proyecto Euro Toughness [101]. En este proyecto se llevaron a cabo numerosos
experimentos estudiando el acero definido por la normativa DIN como 22NiMOCr37.
Este tipo de acero ferritico se ensaya en un amplio rango de temperaturas (siete
temperaturas entre -154 °C y +20 °C) y en cuatro tamanos de probetas de fractura

compactas.

El primer paso consiste en ajustar el modelo numérico mediante la ley de

endurecimiento uniaxial que relaciona tensiones y deformaciones:

eP\"
0 = oy (1 + _> (44)

Oy

Donde N es el coeficiente de endurecimiento por deformacion. Para ello, se
consideran los siguientes valores caracteristicos del material: coeficiente de Poisson
v = 0.3 y médulo de Young E = 200 GPa y se procede a calibrar los valores de N y gy
mediante la ecuacion (44) y los ensayos uniaxiales del proyecto Euro Toughness. Los

valores obtenidos para las diferentes temperaturas se indican en la Tabla 1.

Temperature (C) -154 -91 -60 —-40 -20 O 20

Yield stress oy (MPa) 570 490 470 450 440 430 425
Strain hardening exponent N 0.14 0.14 0.13 0.13 013 012 012

Tabla 1. Propiedades de los materiales segun la temperatura de estudio.
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Una vez ajustado el modelo numérico, se obtienen las tensiones en las
proximidades de la punta de la grieta, mediante la teoria MSG y plasticidad
convencional. Segin se observa en la Figura 17, al alejarse de la punta de la grieta
ambas teorias presentan tensiones similares pero, en las cercanias de la punta de la
grieta la teoria MSG predice unas tensiones mayores. Este aumento de tensiones
representa el efecto de considerar dislocaciones geométricamente necesarias (GND)
que actiian como obstéaculos en el movimiento de las dislocaciones estadisticamente

acumuladas (SSD) y consiguen elevar las tensiones en el frente de grieta.

40

———MSG plasticity (£ =5 pm)

30 — = =Conventional plasticity

Figura 17. Valor de la tension a lo largo del plano de fractura para plasticidad MSG y

plasticidad convencional. La distancia en el frente de la grieta se indica en escala logaritmica.

Esta elevacion de las tensiones afecta al modelo de clivaje ya que se traduce en un
aumento de los valores de la tension de Weibull o,,. Este hecho se representa
graficamente en la Figura 18, mostrando como al considerar una longitud de escala
mayor (mayor efecto de los gradientes de deformacion plastica), aumenta el valor de
la tension de Weibull (0,,). Una mayor tensiéon de Weibull, implica una mayor

probabilidad de fallo considerando unos valores fijos de o,,, my o;, (segin la ecuacion

(42)).
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Figura 18. Representacion de la dependencia entre oy, y la carga externa aplicada para

plasticidad MSG con ¢ = 5, ¢ = 10 y plasticidad convencional (¢ = 0).

En la Tabla 2 se presentan los parametros de Weibull calibrados para cada
temperatura, tanto para el estudio de plasticidad convencional como el estudio

considerando teorias de gradiente de deformacioén pléstica.

Plasticidad MSG
-20 1] 20

Temperatura (°C) -154 -91 -60 -40
Ty [:MPa) 23.6 46.9 632.3 611.7 1060.4 183.0 16948.0
Tepy (MPa] 2489.3 7295.1 7670.6 B8136.7 B8295.9 19888.0 13516.0
m 2.0 1.9 2.9 3.1 3.2 1.7 12.7

Plasticidad Convencional

Temperatura (°C) -154 -91 -60 -40 -20 0 20
o, (MPa) 9.2 14.9 1380.4 911.3 146.0 46.1 17317
ey (MPa) 2251.7 2459.0 1015.7 1477.5 2289.1 2205.0 1474.7
m 1.9 1.8 13.5 12.8 3.2 0.8 19.9

Tabla 2. Calibracion de los parametros de Weibull para plasticidad convencional y MSG en

funcién de la temperatura.

Considerando los valores presentados en la Tabla 2, se representa la probabilidad
de fallo en funcién de la carga remota aplicada (J), considerando tanto plasticidad
convencional como teorias MSG y se analizan los resultados con las curvas obtenidas
de los ensayos experimentales. Segiin se muestra en la Figura 19, ambas teorias

muestran una buena correspondencia con los resultados experimentales:
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Figura 19. Probabilidad de fallo en funcion de la carga externa aplicada. Se representan los
valores de los datos experimentales [101] y las predicciones estadisticas para los valores de g, m y
oy, calibrados para plasticidad convencional y MSG (ver Tabla 2) (a) Temperatura -154°Cy (b)

Temperatura -60°C.

Al analizar los valores presentados en la Tabla 2, se pueden observar las
principales diferencias entre considerar plasticidad convencional o gradientes de
deformacion plastica. El valor de la tensién umbral (o;), anticipa la necesidad de
mayores tensiones para propagar grietas sub-criticas si se tienen en cuenta las
dislocaciones. Igual de importante es resaltar la relacion entre el parametro g, y la
temperatura. La teoria MSG muestra que a menor temperatura, menor es el valor de
tension umbral para que se produzca el crecimiento de la grieta, anticipando el
comportamiento fragil del metal al reducir la temperatura. Esta relacién no es

capturada considerando plasticidad convencional.

Una vez analizadas las diferencias numéricas entre teorias MSG y plasticidad
convencional, se recurre a los mapas de dano como método para representar de
manera grafica e intuitiva la probabilidad de fallo. Los mapas de dafio, desarrollados
por Muniz-Calvente et al. [64], representan el valor de la probabilidad de fallo en cada
unidad de material mostrando, de una manera intuitiva, el area en el que estan

confinados los defectos capaces de desencadenar el fallo.

En la Figura 20 se estudia el dafio en las inmediaciones de la grieta considerando
plasticidad MSG y plasticidad convencional. Mientras que las teorias de gradientes de
deformacion plastica determinan que los defectos que pueden ocasionar dafio estan
confinados a una zona mas cercana al area de la grieta (10 micras desde el frente de

grieta), con plasticidad convencional se considera que los defectos desencadenantes
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de fallo pueden estar en un area 100 veces mayor (varios milimetros desde el frente

de grieta).

MSG Plasticity ~ Conventional plasticity

20 um

Figura 20. Mapa de dafio donde se muestra la probabilidad de fallo considerando plasticidad

convencional y plasticidad MSG.

Con el presente trabajo se pone de manifiesto la importancia de considerar
gradientes de deformacion plastica a la hora de evaluar el comportamiento a fractura
de materiales metalicos y su importancia para evaluar la probabilidad de fallo. Se ha
demostrado que para unos valores de los parametros de Weibull fijos, la probabilidad
de fallo con teorias MSG es mayor que con plasticidad convencional, hecho
importante a la hora de garantizar el buen comportamiento estructural. Ademas, el

andlisis particularizado de los parametros de Weibull pone de relieve que la tendencia
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del valor de la tension umbral varia de diferente manera con la temperatura, cobrando

més sentido fisico los valores obtenidos mediante teorias MSG.
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- Fractura considerando gradientes de distorsion plastica.- Ref. [102]

El empleo de materiales compuestos metal-ceramicos es cada vez mas comdn en
la industria. Comenzaron a desarrollarse en el &mbito aeroespacial y se han
popularizado por su utilidad en componentes electronicos. Ademas, sus buenas
propiedades térmicas, que mejoran las de los metales, los hacen especialmente
interesantes para un amplio rango de aplicaciones estructurales e industriales, como

en el campo de la biomecanica.

Numerosos estudios de los materiales compuestos se centran en comprender el
comportamiento en la interfaz entre los dos materiales. En experimentos llevados a
cabo en bimateriales, formados por un elemento metéalico y otro ceramico o cristalino,
se ha detectado fractura fragil en presencia de plasticidad [27-32]. Como se ha
mencionado en el apartado 1.1.1.3., Elssner et al, [33] y Korn et al. [34] desarrollaron
una serie de experimentos en los que estudiaban la decohesion entre niobio y zafiro
tanto a nivel macroscopico como atomistico, dando lugar al trabajo experimental mas
completo sobre la decohesion de un bimaterial formado por un metal monocristalino
y un material ceramico. La resistencia tedrica a nivel macroscopico resulta ser 1000
veces mayor que el trabajo de separacion atomistica, atribuyendo esta diferencia a las

dislocaciones observadas en el niobio.

En el presente trabajo se estudia este fendmeno y la caracterizacion de los
mecanismos en la interfaz, optando por implementar el problema considerando
teorias de distorsion plastica (DGP). La idea de implementar el problema
considerando DGP, viene motivada por el trabajo desarrollado por Bardella [103—
105] y Poh y Peerlings [53], en el cual resaltan la importancia de considerar la parte
plastica no simétrica de los gradientes de desplazamiento para -capturar
caracteristicas esenciales de plasticidad en cristales. Ademas, Poh y Peerlings [53]
realizan un anélisis del problema de referencia investigado por Bittencourt et al.

[106], reflejando la importancia de considerar las teorias DGP puesto que, son las
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Unicas que capturan el fenémeno local. Los trabajos anteriormente citados muestran
que las teorias de distorsion plastica tienen mayores capacidades de modelizacion.
Ademas, aportan un enfoque maés riguroso debido a que el vector de Burgers se

caracteriza macroscopicamente por el rotacional de la distorsion.

El objetivo del trabajo desarrollado es caracterizar correctamente la interfaz
entre un sdlido plastico y uno elasto-plastico incorporando condiciones de contorno
de alto orden para modelar la obstruccion de dislocaciones. Para ello, se consideran
por primera vez las teorias de gradientes de distorsion plastica para modelizar el
comportamiento de la punta de la grieta y se realiza un analisis sobre la importancia

de considerar el tensor de Nye en el estudio de la mecanica de la fractura.

El trabajo desarrollado combina un estudio analitico sobre la naturaleza
asintodtica de los campos de tensiones en la punta de la grieta con el analisis numérico
detallado mediante elementos finitos de estos campos bajo condiciones de modo I y
modo mixto. Para el estudio con elementos finitos se emplea el software Abaqus
implementando a través de una subrutina de usuario de elemento (UEL) el modelo
numérico de las teorias DGP. Aplicando este marco numérico, se investiga la
influencia del rotacional plastico y de los parametros del material en los campos de

tensiones en el frente de grieta.

e Comportamiento asintético en Modo I y estudio de las longitudes de

escala Ly Ly

En el estudio asintotico se revela la existencia de un area elastica cercana a la
punta de la grieta, sugiriendo que se trata de una zona sin dislocaciones. La existencia
de estos campos elasticos se confirma mediante el analisis numérico por elementos
finitos, asumiendo condiciones de Modo I (K;; = 0) y flujo de plasticidad irrotacional
(x = o0). Como se puede ver en la Figura 21 (a), para todos los valores ¢/R,, > 0 existe
una zona cercana a la punta de la grieta en la que el comportamiento es elastico

(oyy~r~1/2).

En la Figura 21 (b) se observa que considerando plasticidad convencional (£ =
0), la relaciéon entre deformaciones a traccion plasticas y elasticas aumenta segin nos
acercamos a la punta de la grieta. Sin embargo, cuando ¢ > 0 el ratio effy /&y alcanza
un maximo que después decrece segin se acerca a la punta de la grieta debido al
dominio de las deformaciones elasticas. De ambas figuras se concluye que existe una

zona en la punta de la grieta en la cual las deformaciones plasticas son insignificantes.
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Figura 21. Zona elastica cerca de la punta de la grieta(a) Distribuciéon de tensiones en el frente

de grieta para varios valores de £ /R, y (b) Distribucién en el frente de grieta del ratio entre la

., . e D e
deformacién a traccién plastica y elastica ey, /e5, .

A continuacion, se investiga la contribucion individual de la parte energética (L)
y la parte disipativa (Lp). En las Figura 22 (a) y (b) se muestran respectivamente la
distribucion de tensiones en la punta de la grieta y la distancia a la punta de la grieta
donde los efectos de gradientes elevan las tensiones relativas a plasticidad

convencional, viendo que los efectos de alto orden disipativos dominan la respuesta
en la punta de la grieta.

En la Figura 22 (a) se observa que la magnitud de Lg/R,, se ha tenido que
incrementar 50 veces relativo al valor de Lj, /R, para llegar a una tension en el frente
de la grieta similar. De la misma manera, en la Figura 22 (b) se analiza la zona
dominada por gradientes, siendo rp;p la longitud del area en el frente de la grieta
donde la distribucion de tensiones se desvia de la plasticidad convencional op;p >
20yrr [107]. En este caso se observa que para el caso L; > 0 apenas hay desviacion
respecto de la plasticidad convencional pero en el caso L, > 0 el efecto de los

gradientes modifica la distribucion de tensiones en el frente de la grieta.
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Figura 22. Influencia de las longitudes de escala energética y disipativa: (a) Distribucién de la
tension a traccion en el frente de grieta y (b) distancia a la punta de la grieta donde los efectos de

gradientes elevan las tensiones relativas a plasticidad convencional

Los resultados muestran que son necesarios mayores valores de L /R, para que
la energia asociada a los rotacionales tenga un impacto en las distribucion de
tensiones similar a las teorias constitutivas basadas en gradientes, haciendo necesario
un estudio experimental que analice los valores de L; que mejor se adaptan a los

ensayos en la microescala segun las teorias DGP.

e Estudio de la influencia de y

El parametro y gobierna la disipacion generada por el rotacional pléastico bajo
condiciones de modo mixto (eq. (25)). En el presente trabajo, se estudian las
condiciones de modo mixto considerando K; > 0 y K;; > 0 y siendo el dngulo que

caracteriza el grado del modo mixto ¥ = tan™*(K;;/K}).

En la Figura 23 (a) se muestran los campos de tensiones en la punta de la grieta
para iy = 45° y diferentes valores representativos de y, confirmando la tendencia
observada por Bardella [105]: al aumentar el valor de y se produce un endurecimiento
del material. En la Figura 23 (b) se representa la elevacion de las tensiones relativas a
la plasticidad convencional op;p/oyrr para diferentes angulos de modo mixto,

observando que la influencia del rotacional plastico aumenta segin se disminuye .
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Figura 23. Influencia del valor de y en condiciones de modo mixto: (a) Distribucion de la tension
de traccién en el frente de grieta y (b) Elevacion de las tensiones previstas en funcion de plasticidad

convencional.

e Estudio de fractura en la interfaz de un material compuesto.

El estudio de fractura fragil en presencia de importante flujo plastico es un
problema no resuelto en fractura de metales. El objetivo del presente trabajo es
caracterizar la interfaz entre un sélido elastico y un sélido elasto-plastico empleando,
por primera vez en fractura, las condiciones de contorno de orden superior que
consideran el bloqueo de dislocaciones. Para ello, se reproducen numéricamente los
experimentos llevados a cabo por Elssner et al.[33] y Korn et al. [34] en la interfaz

entre niobio y zafiro.

La probeta empleada en los ensayos experimentales y, reproducida en el presente
trabajo, es una probeta sometida a flexiéon en 4 puntos. Las caracteristicas y las
dimensiones, indicadas en milimetros, se pueden observar en la Figura 24. El espesor

de la probeta de estudio es de 2mm.
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Figura 24. Geometria y dimensiones de la probeta estudiada en los experimentos por Korn et al. [34].
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La lamina de zafiro estd dispuesta entre dos laminas, una de niobio (Nb)
policristalino y otra de niobio monocristalino, que a su vez estan situadas entre dos
laminas de alimina. La probeta cuenta con una grieta de 0.4mm en el contacto entre
el niobio de un cristal y el zafiro y la carga aplicada F es de 42.5 N. Las propiedades de
los diferentes componentes se han obtenido de referencias en la literatura [33,34,108]

y se presentan en la Tabla 3, considerandose tanto la alimina como el zafiro elastico

lineales.
E (GPa) v oy (MPa) N
Niobio 105 0.39 105 0.24
policristalino
Niobio de 1 grano 145 0.36 145 0.05
Altimina 390 0.27 - -
Zafiro 425 0.16 - -

Tabla 3. Propiedades de los materiales empleados en los experimentos [34,47].

Los parametros de longitud de escala se consideran iguales L = L, = £. Para
determinar el valor de la longitud de escala se realiza una revision bibliografica
mediante la cual, se valida el valor £ = 5.29 ym empleado por Qu et al. [108] para Nb
policristalino. Segtn el trabajo desarrollado por Nix y Gao [36], los experimentos
realizado en muestras monocristalinas se reproducen de manera mas precisa
considerando una longitud de escala del doble del valor que en las muestras
policristalinas. Aplicando esta observacion, se determina una longitud de escala para
Nb monocristalino igual a # = 10.58 ym. En ambos casos, para Nb policristalino y
monocristalino, se considera el parametro que gobierna la disipacion debido al
rotacional plastico como y = 2/3. Las condiciones de contorno se simulan empleando
micro-endurecimiento para emular el bloqueo de las dislocaciones en las intercaras

entre dos materiales.

En la Figura 25 se representan los valores de la tension de traccion obtenidos en
la interfaz en el frente de la grieta mediante gradientes de distorsion plastica y
plasticidad convencional, normalizando la distribucién de tensiones por la tension de

fluencia del Nb monocristalinos.
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Figura 25. Tensién de traccion en la interfaz entre niobio y zafiro en el frente de la grieta.

Mientras que, con plasticidad convencional la maxima tensiéon se encuentra
cuatro veces por debajo de su tension de fluencia (40y), y no se podria desencadenar
la fractura fragil, la tension que se predice mediante gradientes de distorsion plastica
supera la fuerza teoérica de cohesion (100y). La consideracion de gradientes de
distorsion plastica y la consideraciéon de bloqueo de dislocaciones genera un método
racional para el estudio de la decohesion en la interfaz de bi-materiales en presencia

de plasticidad.
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e CONCLUSIONES

El trabajo investigador de la presente tesis doctoral se ha centrado en el estudio
de las condiciones que generan fractura fragil en metales, determinando los
mecanismos de fallo asociados para desarrollar modelos mecanisticos capaces de
capturar la fisica que gobierna el proceso. En paralelo con estas formulaciones
tedricas se han desarrollado modelos numéricos que permiten su implementacion y
aplicacion para interpretar las observaciones experimentales y la prediccion de la

fractura, tanto a nivel de laboratorio como en casos practicos ingenieriles.

La tesis se puede dividir en tres etapas, que se corresponden con cada uno de los
articulos publicados. En primer lugar, se ha estudiado el comportamiento de un metal
en presencia de hidrégeno para lo que se ha empleado plasticidad J2 y un modelo de
campo de fase con el objetivo de conocer en detalle la degradacion de un metal en
presencia de un agente fragilizante. Se contintia el trabajo estudiando el caso de clivaje
en metales producido por la exposicion a bajas temperaturas. Para este segundo
trabajo, se realiza un modelo numérico que considera las teorias de gradientes de
deformacién plastica (MSG) y un nuevo modelo probabilistico triparamétrico. La
influencia de los gradientes de deformacioén pléstica se cuantifica relativa a los
resultados obtenidos con la plasticidad convencional. En el tltimo trabajo se utiliza
la teoria de gradientes de distorsion plastica (DGP) de orden superior para evaluar
por primera vez su influencia en fractura e interpretar problemas de fractura fragil en
la interfaz de materiales compuestos metal-ceramicos, donde hay presencia de
plasticidad. En particular, del trabajo realizado se pueden extraer las siguientes

conclusiones especificas:

e La consideracion de la teoria de campo de fase para la evaluacion del
concepto de dafio permite interpretar de manera sencilla e intuitiva el
grado de degradacion en el que se encuentra cada elemento, siendo una

eficaz herramienta ingenieril.
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4. Conclusiones

e La relacion entre fractura fragil y existencia de defectos a una distancia
critica en el frente de la grieta exige un estudio estadistico capaz de
predecir la probabilidad de fallo determinando las tensiones locales y
estableciendo un valor umbral asociado a la energia necesaria para que se

propague una grieta.

e Lasteorias de gradientes de deformacion plastica son fundamentales para
analizar el comportamiento de fractura fragil. La fractura fragil se
produce con energias de fractura menores que la fractura ductil,
generando una zona plastica mas pequena donde los gradientes de

deformacion plastica son mayores.

e Esnecesario considerar el papel de las condiciones de contorno de orden
superior para modelizar el bloqueo en la transmision de dislocaciones y
capturar asi la fractura fragil que se observa en el estudio de interfaz de

materiales compuestos.

Asi, la conclusién general principal es que el desarrollo de un marco tedrico/numérico
en el medio continuo que de lugar a predicciones fiables de fractura fragil en metales

requiere de tres ingredientes fundamentales:

(1) Una caracterizacion micro-mecanica del fenomeno de plasticidad, capaz de
capturar la influencia de las dislocaciones geométricamente necesarias
asociadas con los gradientes de deformaciéon y de simular efectos como el

bloqueo de las dislocaciones.

(2) Un tratamiento probabilistico riguroso para caracterizar la distribucion
estadistica de defectos como inclusiones o particulas de segunda fase, y su

influencia en la nucleacion de micro-grietas que favorezcan clivaje.

(3) El desarrollo de un marco computacional multi-fisico capaz de capturar, en
geometrias y dimensiones arbitrarias, la difusién de especies agresivas y su
impacto sobre la tenacidad local del material. Los resultados obtenidos revelan
que los modelos de fase constituyen un candidato idoneo para estas

simulaciones
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4. Conclusiones

El analisis del trabajo realizado pone de manifiesto la necesidad de completar la

bisqueda de un modelo comdn que permita analizar la fractura fragil en metales,

incorporando las particularidades de cada agente fragilizante. Con este fin, se

establecen los siguientes objetivos intermedios en los que continuar el trabajo

investigador:

Desarrollar un modelo comun en el que se implementen las teorias de
campo de fase y teorias avanzadas de gradientes de deformacion plastica.
Como se ha observado, aunque en entallas la influencia es menor, en la
evaluacion de grietas es fundamental considerar el endurecimiento

debido a las dislocaciones.

Ampliar y mejorar el marco numérico de transporte de hidréogeno para
introducir modelos de difusiéon méas avanzados, fundamental en los casos
que no se dispone de la difusion efectiva. Estos modelos deben incluir la
consideracion de existencia de trampas y dislocaciones geométricamente

necesarias.

Completar el estudio de las teorias de gradientes de distorsion plastica
reproduciendo un amplio espectro de casos experimentales que
proporcionen informacion fenomenolégica que sirva para ajustar los
diferentes parametros, con especial importancia determinar la longitud

de escala energética (Ly) asociada a diferentes materiales.
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The onset of sub-critical crack growth during slow strain rate tensile testing (SSRT) is assessed through a
combined experimental and modeling approach. A systematic comparison of the extent of intergranular fracture
and expected hydrogen ingress suggests that hydrogen diffusion alone is insufficient to explain the intergranular
fracture depths observed after SSRT experiments in a Ni-Cu superalloy. Simulations of these experiments using a
new phase field formulation indicate that crack initiation occurs as low as 40% of the time to failure. The

implications of such sub-critical crack growth on the validity and interpretation of SSRT metrics are then ex-

plored.

1. Introduction

Hydrogen (H)-induced, premature failure of structural metals un-
dermines decades of metallurgical optimization, compromises struc-
tural integrity frameworks, and negatively affects industries spanning
the aerospace, marine, transportation, and energy sectors [1-4]. While
the microscale mechanism(s) governing the H-embrittlement (HE)
phenomenon continue to be debated [3-7], it is universally recognized
that HE must be explicitly accounted for when designing components
that will be exposed to H-containing/producing environments and
processes [8]. Historically, the susceptibility of structural metals to
environment-assisted cracking (EAC; such as HE) has been assessed via
a diverse array of experimental protocols' (e.g. NACE MR0175 [10],
NACE TMO0198 [11], ASTM G30 [12], ASTM G39 [13], ASTM G129
[14], ASTM E1681 [15], ASTM F1624 [16], and ISO 7539-7 [17]),
which are then utilized to inform a “go/no-go” decision regarding
material selection. Specifically, if the evaluated material is found to
exhibit susceptibility below an empirically defined ‘threshold’ para-
meter level for a given environment/loading combination [18], then
the material is generally considered immune to EAC for the lifetime of
the component.

The most commonly employed experiment for the assessment of
EAC susceptibility is the slow strain rate test (SSRT), as demonstrated
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E-mail address: mail@empaneda.com (E. Martinez-Pafieda).
! For a complete listing of pertinent standards, see Ref. [9].
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by two ASTM STP collections being dedicated to the method [19,20]
and its documented use in > 40% of EAC-related publications [21]. The
SSRT experimental protocol is codified in the ASTM G129 [14], NACE
TMO0198 [11], and ISO 7359-7 [17] standards, and can be broadly de-
scribed as a tensile experiment conducted using a slow, but constant
extension rate (which typically yields an initial strain rate < 10 °s™1)
while the specimen is exposed to the environment of interest
[18,21,22]. Numerous changes to this basic framework have been
employed in the literature [14,21]. For example, specimens may be (1)
exposed to the environment prior to testing (i.e. pre-exposed or pre-
charged) and/or during the experiment (in situ), (2) smooth or notched,
(3) cyclically loaded prior to monotonic testing to generate a ‘fatigue
pre-crack’, and (4) modified to include specific features of interest
(coatings [23], different microstructural zones induced by welding
[24,25], tubular cross-sections [26], etc.). Metrics of interest depend on
the specimen geometry [21], with reduction in area (i.e. ductility; also
assessed via strain-to-failure), fracture stress, and time-to-failure
quantified for smooth specimens, while notch tensile strength and time-
to-failure are typically evaluated for notched specimens.

The primary advantages of the SSRT approach are the simplicity and
modularity of the experimental setup, the reduced cost relative to
fracture mechanics-based approaches, and the reasonable test duration
relative to static testing approaches [21,27]. Specifically, by virtue of
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the specimen being strained to failure, the SSRT approach avoids spe-
cifying a time for test completion, which is often a source of criticism
for constant displacement and constant load-based testing strategies
[27]. However, there are several complications that affect the efficacy
of the SSRT method [18,22,27,28]. First, the results of SSRT experi-
ments have been reported to inadequately compare with in-service
performance, with separate reports indicating that SSRT results are
either overly conservative or not sufficiently conservative [18,27]. This
limitation is explicitly incorporated into ASTM G129 [14], which states
that SSRT “results are not intended to necessarily represent service
performance” and that the test method is only meant to act as a
screening process to identify susceptible materials. These challenges in
assessing susceptibility relative to in-service conditions are further
complicated by the significant scatter in obtained SSRT metrics [28,29].
Second, depending on the environment of interest, SSRT metrics have
been shown to be strongly dependent on testing variables and specimen
geometry. In particular, SSRT results have been found to be affected by
the applied displacement rate [30-32], the specimen surface finish
[26,28,33], and the specimen diameter [30]. For example, McIntyre
noted that a slight change in strain rate from 4.0 x 107° to
3.5 x 10~ %5~ ! resulted in a 14% decrease in time to failure for testing
in a simulated sour gas environment (alloy not specified) [30]. Lastly,
and perhaps most critically, if sub-critical crack growth (i.e. growth of
one or multiple cracks that does not immediately lead to failure) occurs
during the SSRT experiment, then the applied remote stress (or nominal
net-section stress if the sample is notched) is no longer representative of
the operative mechanical driving force (which would instead be de-
scribed by a stress intensity [34,35]). Clear experimental evidence of
such crack growth has been documented by Holroyd and coworkers in
5xxx-series Al alloys [35-37]. This sub-critical crack growth will also
obfuscate the physical meaning of other traditional SSRT metrics, such
as time to failure and elongation. For example, the time to failure under
such a scenario would be comprised of both the time for crack initiation
and crack propagation [26]. However, despite significant evidence of
sub-critical cracking in the SSRT literature [26,35-41], studies that
systematically assess (1) the onset of sub-critical cracking during SSRT
experiments and (2) the implications of such cracking on the inter-
pretation of SSRT metrics are limited.

The objective of this study is to provide evidence that sub-critical
crack growth can occur during typical SSRT experiments and then in-
form the possible implications of this crack growth on the interpretation
of SSRT results. Recent efforts examining the H environment-assisted
cracking (HEAC) behavior of a peak-aged Ni—Cu superalloy, Monel K-
500, using both SSRT and linear elastic fracture mechanics (LEFM)-
based approaches offers a well-characterized platform to assess such
effects [42,43]. The potential onset of sub-critical crack growth prior to
failure during SSRT testing is evaluated based on systematic compar-
isons between expected H diffusion distances and the extent of inter-
granular cracking on the fracture surface of SSRT specimens. Based on
this evidence, the time for crack initiation is estimated using an ex-
perimentally-calibrated phase field model for H-induced cracking. The
results of these calculations are then utilized to discuss how the inter-
pretation of SSRT metrics could be compromised by this sub-critical
cracking phenomenon and to inform possible testing strategies to avoid
this experimental complication.
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2. Experimental methods
2.1. Materials

Monel K-500 is a precipitation-hardened, Ni-base alloy nominally
comprised of a face-centered cubic (fcc) Ni-Cu solid solution (y) matrix
and a homogeneous distribution of highly coherent (< 0.1 pct misfit
strain), intermetallic y’ (Ni3(Al,Ti)) precipitates [44-47]. The y’ pre-
cipitates have an ordered Ll, structure composed of Ni atoms at the
faces and Al (or Ti) atoms on the corners of the unit cell [44,47]. Due to
the low misfit and interfacial energy anisotropy between the y and y’
phases, the precipitates form as spherical particles [44]. Two types of
carbides have been observed in Monel K-500: a heterogeneous dis-
tribution of MC-type carbides (typically TiC) in the y matrix and iso-
lated My3Ce-type carbides (where M: Cr, Mn, Fe, or Ni) on grain
boundaries [44]. Regarding the former, literature indicates that the TiC
distribution does not appreciably change under typical aging conditions
for Monel K-500 [48] and that their contribution to the strength of
Monel K-500 is minimal [44].

Four Monel K-500 material heats were evaluated in this study. One
heat (termed Allvac) was supplied by Allegheny Technologies
Incorporated and underwent the following aging protocol: direct aging
at 593°C (866K) for 16 h, followed by a furnace cool at 14°C/h to
482°C (755K) and then air cooling. A second heat (termed TR2) was
harvested from an engineering component after exposure to a marine
environment for 10-15 years; the exact heat treatment and exposure
time/conditions are not known for this material heat. However, in order
to enter service, the material heat was required to pass the QQ-N-286G
federal procurement specification [49], which mandates heat-treating
to the near-peak aged condition. The final heats, supplied by the U.S.
Naval Research Laboratory, were heat-treated [50] to obtain the lower
and upper bound strengths possible under the QQ-N-286G federal
specification [49]; denoted as NRL LS (low strength) and NRL HS (high
strength), respectively. NRL LS and NRL HS were received in the form
of 10.16-cm and 11.29-cm diameter barstock and then thermo-
mechanically processed as follows [50]. NRL LS was hot rolled, con-
tinuously annealed at 982 °C (1255 K) followed by water quench, ro-
tatory straightened, rough turned (6.35 mm removed from diameter),
3-point straightened, and then aged at 593 °C (866 K) for 2 h, followed
by a furnace cool to 482 °C (755K) at 55°C/h and then air cool. The
NRL HS was direct-aged at 593 °C (866 K) for 16 h, furnace cooled at
14°C/h up to 538 °C (811 K), held for 1 h then furnace cooled at 14 °C/h
to 482 °C (755K), held for 1 h, and then air cooled. The bulk and trace
composition for each material heat are given in Table 1.

Uniaxial tension tests are conducted to characterize the elastic—
plastic response of each material heat. The experimental results are
then fitted to a Ramberg-Osgood power law hardening relationship

34 , as
(_)
Oy (1)

where E is Young's modulus, oy is the yield stress, n is the strain
hardening exponent and a is the Ramberg-Osgood hardening para-
meter. The values measured are reported in Table 2, along with the
average grain size for each material heat.

o o
e=—+a—
E E

Table 1

Composition of evaluated Monel K-500 material heats.
Heat Ni Cu Al Fe Mn Si Ti C S P Sn Pb Mg 7r

Weight percent (wt.%) Weight parts per million (wppm)

Allvac 66.12 28.57 2.89 0.80 0.81 0.08 0.45 0.17 1.6 92 2.4 2.1 39 370
TR2 64.66 30.15 2.73 0.69 0.73 0.09 0.45 0.20 11.0 71 6.9 2.5 130 330
NRL LS 63.06 30.67 3.46 1.27 0.78 0.08 0.47 0.14 0.92 56 1.4 4.8 210 230
NRL HS 63.44 30.74 3.20 0.91 0.85 0.10 0.57 0.14 17.0 40 2.2 3.5 40 650
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Table 2
Material properties.

Heat E (GPa) v oy (MPa) n a Avg. grain size (um)
Allvac 180 0.3 794.3 20 0.39 13.8
TR2 202 0.3 795 22 0.385 35.3
NRL LS 198 0.3 715.7 21 0.5 22.5
NRL HS 191 0.3 910.1 18 0.405 11.2
Table 3

Diffusible hydrogen concentration Cp,pys (in wppm) for each Monel K-500 heat
versus applied potential E,.

Heat E, = —850mV E4 = —950 mV E4 = —1100mV
Allvac 1.9 4.1 7.5

TR2 3.7 18.6 26.2

NRL LS 1.3 4.7 18.3

NRL HS 4.7 11.9 23.4

The diffusible H concentration, Cy pyy, for each tested material heat
was previously assessed using electrochemical extraction [42,51].
Briefly, these electrochemical extraction measurements were completed
on samples that were pre-charged for 10 days at potentials ranging from
—0.7 to —1.2 Vg in 0.6 M NaCl with pH adjusted to 8.0 using NaOH.
Extraction measurements were taken immediately after H charging via
H oxidation at —0.85V versus mercury-mercury sulfate electrode
(MMSE) in deaerated borate buffer at pH 10 under ambient tempera-
ture conditions [51]. For additional details of the experimental proce-
dure for obtaining Cppyy, see Refs. [42,51]. The values of Cy pyr mea-
sured for each material heat are given as a function of the applied
potential E4 in Table 3.

2.2. Slow strain-rate testing and characterization

The SSRT experiments modeled in this study were completed using
a Cortest, Inc. servo-electric mechanical frame operated at an average
cross-head speed of 6 x 10~ ®mm/s. Some subtle variations in the
cross-head speed were noted across the test matrix (range was
4-8 x 10~®mm/s), but the cross-head speed within a given test was
observed to be nominally constant. The cylindrical SSRT specimens
were machined with a circumferential notch with dimensions shown in
Fig. 1. SSRT testing was completed with the specimen fully immersed in
deaerated 0.6 M NaCl (pH of 5.5-6.0) at 25°C using a cylindrical
Plexiglass cell. For each SSRT experiment, the specimen was baked at
450 °C for 48 h to remove any residual H and then placed within the
testing cell. Then, prior to the onset of straining, each specimen was
pre-charged with H at the testing potential for 48h using a three-
electrode setup, with a Pt mesh as the counter electrode, the specimen
as the working electrode, and a saturated calomel electrode (SCE) as the
reference electrode. It should be noted that this charging time was not
sufficient to achieve H saturation across the specimen thickness, re-
gardless of the applied potential. Each material heat was tested at three
applied potentials (—0.95, —1.0, and —1.1 Vgcg) and the potential for
a given experiment was also applied throughout the duration of the
SSRT. It should be understood that the use of a constant applied

R 0.54

5 24 12.7

254

Fig. 1. Dimensions (in mm) of the specimens tested.
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potential results in a fixed H surface coverage, which is in equilibrium
with the lattice H concentration. This lattice H concentration in turn
determines the diffusible H concentration that participates in the H-
induced fracture process [52]. Comparison SSRT experiments were
completed in laboratory air; these samples were also baked prior to
straining for 48 h at 450 °C to ensure the removal of any residual H, but
were not pre-charged with H. Additional details of the SSRT experi-
ments are presented elsewhere [42].

Overview fractography was captured for each specimen using a FEI
Quanta 650 FEG scanning electron microscope (SEM) after test com-
pletion to quantify the extent of intergranular cracking on the fracture
surface. From these images, the 2D area of the fracture surface con-
taining evidence of ductile failure was measured using the ImageJ
software package and then utilized to calculate an effective ductile area
radius. As the ductile region occurred in the center of the SSRT spe-
cimen, the intergranular crack penetration distance can then be ap-
proximated by subtracting this effective radius from the total radius of
the specimen.

3. Numerical model

Hydrogen transport towards the notch tip and subsequent cracking
are investigated by means of a coupled deformation—diffusion-phase
field fracture finite element framework. The implementation follows
the recent work by Martinez-Pafieda et al. [53], and extends it to ac-
count for the role of plasticity by means of J, flow theory. For simpli-
city, we choose to neglect the stress elevation associated with plastic
strain gradients, which is notably less prominent in notches than in
cracks [54,55]. However, gradient effects become relevant with crack
advance and play an important role in understanding crack growth
from existing sub-micron flaws [56]; the implications of adopting
conventional plasticity theory will be subsequently discussed in the
context of the results.

3.1. Phase field fracture of embrittled elastic—plastic solids

Consider an elastic—plastic solid occupying the domain Q with a
discontinuous surface I'. The fracture resistance of the solid is char-
acterized by a critical fracture energy Go, which is a macroscopic
variable, akin to the fracture toughness, and can be employed to phe-
nomenologically capture any damage mechanism. In the limiting case
of an ideally brittle solid, Gy corresponds to the Griffith critical energy
release rate. As Monel K-500 exhibits predominantly intergranular
fracture in the presence of H [42,43,52,57-61], it is assumed that Gy is
dependent on the H coverage at the grain boundary 6, which can be
related to the bulk H concentration C through the Langmuir-McLean
isotherm:

g ¢
C + exp(—Ag/RT) ()

Here, C is given in units of impurity mol fraction, R is the universal gas
constant, T is the temperature, and Agbo is the binding energy for the
impurity at the site of interest. We follow Serebrinsky et al. [62] and
assume Agb0 = 30 kJ/mol for H trapped at a grain boundary. While it is
anticipated that variations in grain boundary character will give rise to
a distribution of trap binding energies, the use of 30kJ/mol in the
current study as an average value for H trapped at grain boundaries is
justified based on experimental and computational studies [63-65].
Assuming that H linearly degrades the fracture energy, the variation in
Go with grain boundary H coverage can be defined as:

Go(6) = (1 — x6)Go (0) 3

where y is the H damage coefficient, which describes the potency of a
unit coverage of H in degrading the fracture resistance of a material.
This parameter may be calibrated with experimental data or connected
with variables characterizing the underlying physical mechanism(s).
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For example, in the case of H-enhanced grain boundary decohesion, it
can be inferred from atomistic calculations. The assumption of a linear
degradation is supported by recent density function theory (DFT) ana-
lyses of H-induced decohesion in nickel, which observed a linear de-
crease in the surface energy with increasing H coverage [66].

Under the phase field formulation, the discrete crack is approxi-
mated via the phase field ¢, which is an auxiliary parameter that re-
sembles the concept of a scalar damage variable in continuum damage
mechanics. The phase field order parameter varies from 0 to 1, with
¢ = 0 describing an intact material and ¢ = 1 indicating a completely
damaged material. The size of the regularized crack surface is governed
by the choice of a phase field model-inherent length scale, defined by £.
As shown by I'-convergence, a regularized crack density functional
I,(¢, ¢) can then be defined, which converges to the functional of the
discrete crack as £—0 [67]. As such, the fracture energy due to the
creation of a crack can be approximated as a volume integral

/F’ GO(C)szJ;Z Go (O)LL (2, ¢)dQ=_/s; GO(C)(%¢Z+§IV¢IZ)dV
&)

This regularized description of the crack topology makes the problem
suitable for numerical analysis and enables the capturing of complex
crack topologies and trajectories, as well as fracture phenomena such as
crack nucleation, branching, and coalescence [68].

The total potential energy of a cracked body can be obtained from the
sum of the surface energy associated with the formation of a crack
Ws(¢, C) and the bulk energy Wo(u, ¢), where u is the displacement field:

W= Whu, §) + ¥, O) = [ [(1 - $PP@) + Go(OL (e, $)]dV
(5)

Here, the bulk energy is given by the strain energy density ¥ (u) of the
elastic—plastic solid and a term accounting for the degradation of the
stored energy with evolving damage. The strain energy density is addi-
tively decomposed into its elastic y* and plastic y* parts, such that
w = y* + y£. In previous studies, see Ref. [53] and the works by Duda and
co-workers [69,70], fracture was assumed to be driven purely by the
elastic strain energy density. However, here we follow Miehe et al. [71]
and consider, for the first time in the context of hydrogen embrittlement,
the contributions from both the elastic and plastic strain energy densities.
In addition, we choose not to define an explicit relation between the
plastic yield condition and the damage variable. No plastic-damage cou-
pling is typically defined in similar fracture models, such as cohesive zone
approaches (see, for example, Refs. [72,73]).

The strain tensor ¢ is computed from the displacement field in the
usual manner ¢ = sym Vu and additively decomposes into an elastic
part € and a plastic part €. The Cauchy stress tensor is defined as
o = d.y. Taking the first variation of the total potential energy of the
solid (Eq. (5)) with respect to ¢ and ¢ renders the weak form of the
deformation-phase field fracture problem. Thus, in the absence of body
forces and external tractions,

j(; {(1 — $)20: Be — 2(1 — P)SP P + GO(C)(%aqs + ev¢-v5¢)} av=0
©6)

Upon making use of Gauss’ divergence theorem, the following
coupled field equations are obtained for any arbitrary value of the ki-
nematic variables du and §¢,

(1-=¢)*V-o =0in Q

¢ .
G(C)(——ﬁA -21-¢)p =0in Q
e 7 @ &Y o
It is important to note that the phase field length scale £ is the
material parameter that governs the critical stress at which damage
initiates, which can be shown as follows. Consider the homogeneous
solution to a one dimensional linear elastic solid with Young's modulus
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E subjected to a strain e. The strain energy reads y = Ee>/2 and the
homogeneous phase field can be readily obtained from Eq. (7)b as

Ee2¢

?=GoC) 1 B0 ®

Thus, the effective stress 6 = (1 — ¢)?c reaches a maximum at

1/2
o= (ZE6))

2566 ©

As such, for a finite 4, the phase field model resembles cohesive zone
approaches, with the phase field length scale governing the size of the
fracture process zone and the critical stress.

3.2. Hydrogen transport

Mass conservation requirements relate the rate of change of the H
concentration C with the H flux J through the external surface as fol-
lows

j; dcdv+f JndsS=0

dt (10)

The strong form of the balance equation can be readily obtained by
making use of the divergence theorem and noting that the expression
must hold for any arbitrary volume,

ac

— +VJ=0

dt an
For an arbitrary, suitably continuous, scalar field, §C, the varia-

tional statement Eq. (11) can be written as:

f 6C(d—c + V-J)dV: 0
Q dt (12)

Rearranging Eq. (12), and making use of the divergence theorem,
the weak form of the balance equation can be obtained:

dc
S [5c(d ) J-vac] v+ [, 6Cq dS=0

where q = J-n is the concentration flux exiting the body across 0Q,.
The diffusion is driven by the gradient of the chemical potential V.
Accordingly, the mass flux follows a linear Onsager relationship,

DC
J=—-——V,

RT X a4
where D is the diffusion coefficient (under typical H-charging condi-
tions, this would be the trap-modified effective H diffusivity Deg). The
chemical potential of H in lattice sites is given by:

13

— Vuon

=u’ 4+ RT In
H=H -6, 15)

where 1° is the chemical potential in the standard case, 6, is the oc-
cupancy of lattice sites, Vi is the partial molar volume of H in solid
solution, and oy is the hydrostatic stress. By substituting Eq. (15) into
Eq. (14), and considering the relation between 6;, and the site density N,
0; = C/N, the flux can be described as follows:
___DC ( ve VN)
S a-a) N

Now, substituting Eq. (16) into Eq. (13), and assuming low occu-
pancy (6, < 1) and a constant interstitial site concentration (VN = 0),
the governing H transport equation becomes:

f [ac ld—c + Vacve — vac(—wﬂ)]dv=—%f 5Cq ds
9Q,

q
a7n

Details of the coupling and the finite element implementation of the

D
+ =V
RT A 16)
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Fig. 2. Experimental load versus time results as a function of applied potential for the four evaluated material heats of Monel K-500: (a) Allvac, (b) TR2, (c) NRL LS,

and (d) NRL HS.

deformation-diffusion-fracture problem are given in Appendix A. Ad-
ditionally, it is critical to accurately define the environmental condi-
tions in the presence of a propagating crack. In the current study, a
penalty approach is employed to capture how the electrochemical so-
lution promptly occupies the space created with crack advance; details
regarding implementation are provided in Appendix B.

4. Results

4.1. SSRT results and assessment of intergranular cracking depth as a
function of applied potential and material heat

The force-time data obtained from each SSRT experiment as a
function of applied potential for the four tested Monel K-500 material
heats are shown in Fig. 2. Consistent with prior fracture mechanics-
based testing of HEAC susceptibility in Monel K-500 [7,43,52,58], the
time to failure was generally found to decrease across all tested material
heats with increasingly negative applied potential; a similar trend was
also noted for the applied load. As reported in prior work [42], all
specimens exhibited intergranular fracture during testing at
—1100 mVscg, though the center of the specimens failed via ductile
microvoid coalesence. For potentials more positive than —1100 mVgcg,
the fracture morphology became increasingly different amongst the
tested material heats. Specifically, neither Allvac or NRL HS contained

any evidence of intergranular fracture at —950 or —850 mVscg, TR2
had intergranular fracture at —950 mVscg, but not —850 mVscg, and
NRL LS exhibited intergranular fracture at both —950 and
—850 mVgcg. Such heat-to-heat variations in apparent HEAC suscept-
ibility as a function of applied potential are consistent with prior frac-
ture mechanics-based evaluations of Monel K-500 [43].

To assess the extent of intergranular fracture penetration as a
function of applied potential and material heat, overview fractographs
were collected for each tested specimen. These images were then uti-
lized to determine the effective radius of the central region where
ductile fracture was observed, which was then subtracted from the
specimen radius to identify the effective depth of intergranular fracture.
An example fractograph, from NRL LS tested at —1100 mVscg, illus-
trating this procedure (with the ductile core region delineated by the
red line) is shown in Fig. 3a, while the calculated depth of intergranular
cracking as a function of material heat and applied potential are shown
in Fig. 3b. The depth of intergranular fracture was found to increase
with increasingly negative applied potentials, consistent with the in-
creased HEAC susceptibility previously measured in fracture me-
chanics-based experiments under such conditions [43,52,58]. Interest-
ingly, this depth of integranular penetration was found to appreciably
vary across the tested material heats, with NRL LS and TR2 consistently
exhibiting increased integranular fracture depths relative to NRL HS
and Allvac. A representative, high magnification micrograph of the
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Fig. 3. (a) Overview micrograph of the fracture

—&— Allvac surface obtained for NRL LS tested at
—&—TR2 | —1100 mVgcr with the region exhibiting ductile
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observed intergranular fracture morphology, taken from the TR2 spe-
cimen tested at —1100 mVgcg, is shown in Fig. 3c. Lastly, given the
sensitivity of SSRT metrics to the applied strain rate [22], it is im-
portant to establish that the cross-head speed does not appreciably vary
during SSRT experiments. As demonstrated by the observed stroke
displacement as function of testing time for the Allvac specimen tested
in laboratory air, shown in Fig. 3d, the cross-head speed throughout a
given experiment was found to be nominally constant.

4.2. Comparison between integranular cracking depth and hydrogen
diffusion distance

Examination of Fig. 3b shows that an intergranular fracture mor-
phology was observed at depths ranging from approximately 0.45 to
0.65 mm for the four Monel K-500 material heats tested in 0.6 M NaCl
at an applied potential of —1100 mVscg. Such differences in the depth
of intergranular fracture across the four material heats are consistent
with the heat-to-heat variations in HEAC susceptibility observed in
fracture mechanics-based testing of Monel K-500 [43]. These prior ef-
forts also established that all evaluated heats of Monel K-500 failed via
microvoid coalescence during inert environment testing, suggesting
that H must be present for intergranular fracture to occur [43,52,58].
However, as addressed in detail below, non-negligible differences are
found between the measured extent of intergranular cracking and the
expected H diffusion distance.

The expected extent of H penetration into the specimen is assessed
via several avenues. First, assuming one-dimensional diffusion, the ex-
tent of H diffusion into the SSRT specimen can be estimated from the
material diffusion coefficient by the following equation:

d= 2,/th

(18)

where d is the diffusion distance” and t; is the time over which H was
allowed to diffuse. Based on the work of Scully and co-workers [42,51],
the H diffusivity for the NRL HS material heat was measured as
D = 1.3 x 10~ ° cm?/s. Using this diffusivity and tr = 245,960 s (based
on a 48-h pre-charge and 20.3-h test duration), the expected diffusion
distance of H is 0.113 mm, which is ~4 X smaller than the experi-
mentally observed intergranular crack depth for NRL HS tested at

The simple analytical approach captured by Eq. (18) neglects cri-
tical aspects of the experimental reality that will impact the diffusion
behavior (e.g. 3D geometry and hydrostatic stress during loading [75]).
As such, more rigorous finite element-based numerical analyses were
performed to determine if higher levels of correspondence could be
achieved by accounting for such complexities. The H concentration
profiles predicted for each material heat are shown in Fig. 4. The results
are obtained using the numerical framework described in Section 3 but
in the absence of damage, ¢ = 0 V x throughout the numerical experi-
ment. Circular points denote the predictions of a purely diffusion ana-
lysis (ignoring the notch-induced stress field) while a solid line re-
presents the results obtained with the coupled mechanical-diffusion
analysis. A nearly identical concentration profile is observed if the local
notch-enhanced stress profile is accounted for in the numerical simu-
lation. The limited effect of the hydrostatic stress was not unexpected
given the reduced triaxiality associated with a blunt notch, as compared
to a sharp crack tip where strong effects of stress are observed on the
diffusion behavior [55,76]. In all material heats, the model results show

21t should be noted that the diffusion distance predicted by Eq. (18) does not
calculate the full extent of H diffusion, but instead represents the distance from
the surface where the concentration ratio C/C, = 1 — erf(1) = 0.157 will be
located after t; [74]. However, the quantity of 2\/D_t_,» is commonly considered a
characteristic quantity for diffusion distance and is therefore utilized as a first-
order approximation herein.
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Fig. 4. Normalized hydrogen concentration profiles for (a) Allvac, (b) TR2, (c) NRL LS, and (d) NRL HS in the absence of hydrostatic stress (circular points) and with
hydrostatic stress accounted for (solid line). The dashed vertical line indicates the depth of intergranular fracture observed during testing at —1100 mV in 0.6 M
NaCl. The dashed colored curve represents the concentration profile if the hydrogen diffusivity is elevated one order of magnitude.

that the H ingress is below 50% of the intergranular fracture depth
(indicated by a vertical dashed line); ~30% for NRL LS at
—1100 mVSCE.

The highly localized calculated concentration profile relative to the
observed depth of intergranular cracking could potentially be caused by
the use of a H diffusivity (D = 1.3 x 10~ '°cm?/s) that is lower than
reality. As summarized by Ai et al. [51], H diffusivities ranging from
D~8x10"" to D ~ 4 x10~'°cm?/s have been measured in Monel
K-500, depending on heat treatment and analysis methodology. In ad-
dition to such experimentally-induced variations, ‘fast’ diffusion path-
ways (e.g. grain boundaries) could also facilitate deeper H penetration
over expectations based on the lattice H diffusivity. Such enhanced H
diffusion along grain boundaries is supported by both experimental
[77-86] and computational results [87-90], which collectively indicate
that this diffusivity can be 1000-fold faster than the lattice H diffusivity
in Ni. However, the potency of this accelerated local diffusion on the
‘effective’ diffusivity is strongly sensitive to grain boundary character
[88,90,91], grain boundary connectivity [87], grain size [79,86,92],

the presence of other solutes at the grain boundary [89], and the H
concentration [81,85,89]. While significant scatter exists in the litera-
ture [80,82,92,93], experimental studies conducted on pure Ni with
grain sizes similar to the materials used herein (10-30 um) generally
observed a 2- to 8-fold increase in the effective diffusivity
[77,79,83,86]. An 8-fold increase in the effective diffusivity is also
nominally consistent with the maximum enhancement predicted for
grains larger than 1um by the computational results of Osman Hoch
et al [87].

To assess whether such possible variations in H diffusivity could
explain the discrepancy between the intergranular fracture depths and
the H penetration distances, the concentration profile for each material
was calculated using a H diffusivity (D = 1.3 x 10~° ecm?/s) that is an
order of magnitude faster than that used in the original calculation
(D =1.3 x 10" °cm?/s). The modeling results with this enhanced
diffusivity (dashed line in Fig. 4) do result in a non-zero H concentra-
tion at the intergranular fracture distance. However, the H concentra-
tions achieved at the intergranular fracture depth are likely below the
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Table 4
Fracture energy Gy obtained for each material lot by calibrating with the ex-
periments in air.

Allvac TR2 NRL LS NRL HS

Go (MPamm) 18.5 18.1 15.4 16.9

level necessary for the onset of H-induced cracking. Specifically, it is
reasonable to assume (based on the results of Fig. 3b) that the diffusible
H concentrations reported for each material heat (Table 3) at the most
positive applied potential before intergranular fracture was observed
(e.g. —850 mVscy for TR2) are the minimum concentrations required
for intergranular cracking. As such, H-induced intergranular fracture is
not expected at —1100 mVs¢g in the tested material heats until C/C;, of
at least > 0.5 (Allvac and NRL HS), > 0.1 (TR2), and > 0.05 (NRL LS)
are achieved. As shown by the dashed line in Fig. 4, even with a 10-fold
enhancement in the H diffusivity, none of the tested material heats
reach the H concentrations necessary for intergranular fracture at the
experimentally observed intergranular fracture depth. In fact, in order
for C/Cp to reach a value of 0.5 at the intergranular fracture depth in
the NRL HS and Allvac alloys tested at —1100 mVscg, simulations in-
dicate that H diffusivities of D = 5.4 x 10~ ° and D = 7.1 x 10~ ° cm?/
s would be required, respectively. These values are approximately 40-
and 55-fold larger than experimentally measured H diffusivity for these
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material heats [42], suggesting that neither experimental variability
nor ‘fast’ diffusion along grain boundaries are sufficient to induce the
observed depth of intergranular fracture. This limited influence of grain
boundary diffusion in the current study was not unexpected given the
grain boundary characteristics of the tested material heats. Specifically,
prior work on NRL HS demonstrates that the grain size and the fraction
of low-angle and coincident site lattice (CSLs; predominantly X3)
boundaries were 11.2 um and ~62%, respectively [43]. Based on the
simulations of Osman Hoch et al., these grain boundary characteristics
would therefore result in the effective H diffusivity being ~70% of the
true lattice diffusivity [87], implying that a grain boundary effect
should not be expected in the current testing.

The above results suggest that H diffusion from the broad surface is
insufficient to induce the observed depth of intergranular fracture in
any of the material heats, even when aided by applied stresses or the
expected contribution of ‘fast’ diffusion pathways. As such, these find-
ings support the occurrence of sub-critical crack growth during the
SSRT experiment. During such growth, the electrochemical conditions
responsible for H generation move along with the propagating crack,
which functionally acts as a moving line source in the context of the
diffusion problem [52,94]. This set of boundary conditions has pre-
viously been shown to enable embrittlement to depths well beyond
what would be possible from diffusion from the specimen surface [94].
To validate this finding and enable commentary on its implications to
the SSRT testing method, an experimentally-calibrated phase field
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Fig. 5. Comparison of the simulated and experimental load versus time response in the absence of hydrogen for (a) Allvac, (b) TR2, (¢) NRL LS, and (d) NRL HS. The
inset images indicate the spatial distribution of the phase field damage parameter over a domain of a width of ~0.8 mm centered at the mid-plane of the specimen.
Blue and red colors correspond to the completely intact and the fully broken state of the material, respectively.
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Table 5
Sensitivity of the hydrogen damage coefficient ) to the material heat for
E, = —1100mV.

Material lot Allvac TR2 NRL LS NRL HS

Hydrogen damage coefficient y 0.85 0.86 0.82 0.79

model is utilized in the following sections to predict the onset and
subsequent propagation of fracture in the absence and presence of H.

4.3. Phase field modeling of SSRT experiments in laboratory air

Under the phase field modeling paradigm, the fracture response in
the absence of H is characterized by the fracture energy G, and phase
field length scale {. For the current simulations, £ is assumed to be
0.015 mm and the value of Gy was calibrated for each material heat to
match the onset of failure in the experimental force versus time data
collected during testing in laboratory air (Fig. 2). The magnitude of ¢
governs the size of the fracture process zone, which is on the order of
tens of microns for high strength metals in aggressive environments.
One should note that the ratio £/G, is what governs the critical stress,
see Eq. (9). Thus, the magnitude of { is typically chosen based on mesh
size considerations, approximately 7 elements are needed to resolve £
[53], and the experimental result can then be fitted by calibrating Go.
Here, a total of approximately 24,000 axisymmetric quadratic quad-
rilateral elements are employed, with the characteristic element size
being h < £/10. The values of G, for each material heat that provide
the best fit for these laboratory air SSRT experiments are shown in
Table 4 and a comparison between the experimental results and nu-
merical simulations using these values of Gy and ¢ are shown in Fig. 5.
The inset maps depicting the spatial distribution of the phase field
parameter ¢ in the specimen cross-section show that the model predicts
that damage will initiate in the center, high-constraint region of the
specimen (indicated by the red color contour). The onset of damage is
very close to maximum force, as it is triggered by the necking-induced
stability. Such results are consistent with expectations for a ductile
fracture event in a notched specimen [95].

While Fig. 5 shows reasonable correspondence between the ex-
perimental results and the model, the finite element results (with and
without phase field damage) over-predict the hardening behavior in
each material heat. Specifically, the numerical results have an increased
force for a given time relative to the experimental data. This dis-
crepancy is not unexpected given the inherent differences between the
modeling configuration and experimental set-up. The model only ac-
counts for the specimen response utilizing the uniaxial stress-strain data
(Table 2) to predict the hardening behavior, with G, only informing the
conditions required for the onset of fracture. Conversely, the experi-
mental data inherently includes displacement responses associated with
both the sample and the load train of the frame operated under stroke
control; due to the notched geometry of the specimens (Fig. 1), an ex-
tensometer was not employed during testing. Therefore, the displace-
ment observed during the experiment (which is proportional to time
since all testing was operated at a fixed stroke displacement rate) is
described by:

6r (F) = 8y (F) + 65 (F) (19

where §r is the total displacement, &y, is the machine displacement, and
ds is the specimen displacement, all of which are functionally depen-
dent on the applied force (F). A common testing artifact induced by this
coupled displacement is an apparent reduction in the elastic modulus
due to the dominant role of 8y, during the initial stages of deformation
[96]. This coupled displacement is likely the source of the discrepancy
between the experimental data and model prediction. The implication
of this artifact is that the actual displacement of the test specimen (Js)
will be less than that predicted by the model, suggesting that the Go
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calibrated from the experimental data is an over-prediction. However,
given that damage does not initiate until the G, criteria is locally sa-
tisfied, it is expected that the use of an inflated Go will yield con-
servative results, since an increased amount of deformation relative to
reality is inherently required to induce the onset of fracture. The impact
of this artifact on the interpretation of modeling results for H-charged
specimens will be explored in subsequent sections.

4.4. Phase field modeling of SSRT experiments in 0.6 M NaCl exposed to
cathodic polarization

Using the experimentally-calibrated values of Gy from the testing
conducted in laboratory air (Table 4), the H damage coefficient ) for
each material heat was calibrated using the experimental results ob-
tained under the most aggressive environmental conditions (0.6 M NaCl
at —1100 mVscg; Fig. 2). x establishes the extent to which Gy is de-
graded as a function of H concentration Eq. (3) and is fit such that the
final fracture of the model is consistent with that observed during the
experiments. Variation of the values of ¥ (shown in Table 5) indicate a
change in the H potency for the different heats of Monel K-500; this is
consistent with the results of prior fracture mechanics-based testing
[43]. Coupling (1) variations in ) and (2) lot-to-lot differences in the H-
uptake and solubility, can be used as the basis to understand the factors
governing lot specific HEAC susceptibility. For example, despite con-
sistently exhibiting increased resistance to H-assisted cracking [42,43],
the Allvac heat was found to have a y value (0.85) similar to the more
susceptible TR2 (0.86) and NRL LS (0.82) heats. The higher levels of
HEAC resistance despite a similar y likely arises from the low con-
centration of H available to participate in the fracture process relative
to the other heats (Table 3).

It is important to note that the value of y will likely be affected by
other modeling assumptions, such as accounting for the increase in
apparent solubility due to hydrostatic stresses [97-99] or the use of
strain gradient plasticity to resolve micro-scale deformation [6,100].
Moreover, physical interpretation of the values of y is hindered by the
phenomenological, macroscopic approach adopted, where both the
elastic and plastic parts of the strain energy density contribute to
fracture and where the damage micromechanisms are not explicitly
resolved. While the phase field modeling framework can be extended to
provide a direct connection with potential HE mechanisms (AIDE
[101], HELP [102], HEDE [103,104], etc.), our objective is to provide a
hydrogen-assisted fracture mechanics assessment of cracking in SSRT.
Thus, y does not have the same physical meaning as the hydrogen
damage coefficients that can be determined from the atomistic simu-
lations of Jiang and Carter [105] or Alvaro et al. [66]. In these prior
studies, a brittle fracture paradigm was invoked, where  would gen-
erally be interpreted as the potency of hydrogen in reducing the ideal
work of fracture. However, a total energy framework is here employed
[106], given that Monel K-500 exhibits tangible plastic deformation
prior to failing via intergranular fracture, even when charged with
hydrogen contents reaching > 200 weight part per million [107].

The experimental and simulated force versus time curves for each
material heat at —1100 mVgcg in 0.6 M NaCl are shown in Fig. 6. A
difference in the hardening behavior between the model prediction and
experimental data is noted for the testing in 0.6M NaCl at
—1100 mVsce. However, as was argued for the similar discrepancy in
the lab air results, this difference is reasonably attributed to the in-
clusion of both the specimen and actuator displacement in the experi-
mental data (19). The results demonstrate reasonable agreement be-
tween the predicted and experimentally-observed rapid decrease in
load associated with specimen failure. Furthermore, the inset maps of
the spatial distribution of the phase field parameter ¢ in the specimen
cross-section (Fig. 6) reveal the initiation of cracks at the root of the
notch in all material heats. This location is notably different from the
initiation of damage at the center of the SSRT specimen in the labora-
tory air testing (Fig. 5). Interestingly, the model predicts crack
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Fig. 6. Comparison of the simulated and experimental load versus time response at —1100 mVscg in 0.6 M NaCl for (a) Allvac, (b) TR2, (c¢) NRL LS, and (d) NRL HS.
The inset images indicate the spatial distribution of the phase field damage parameter over a domain of a width of ~1.2 mm. Blue and red colors correspond to the

completely intact and the fully broken state of the material, respectively.
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sponse at —950 mVgcg in 0.6 M NacCl for the material heat. The inset images for
each material heat indicate the spatial distribution of the phase field damage
parameter in the cross-section of the SSRT specimen, with the blue representing
¢ = 0 and red representing ¢ = 1.
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initiation at between 40% and 60% of the total time to failure for the
SSRT experiments at —1100 mV;¢g. Critically, these results imply that
sub-critical crack growth will occur for 40-60% of the test duration. As
such, the modeling results provide firm support for the preceding dif-
fusion-based arguments that suggest sub-critical crack growth is re-
quired to obtained the experimentally-measured intergranular fracture
depths (Fig. 3).

It is possible that this artifact could influence the calibrated value of
%, thereby complicating the interpretation of the modeling results. The
validity of the modeling parameters is tested by using the calibrated
values of y and Gy for each material heat to model SSRT experiments
conducted at intermediate applied potentials (e.g. —950 or
—850mVscp). If x is independent of (or insensitive to) the coupled
displacements artifact, then it should reasonably reproduce the rapid
decrease in applied load at the onset of final failure for the intermediate
applied potentials. The modeling results for Allvac at —950 mVsce
(Fig. 7) show a similar level of agreement with the experimental data as
was observed for Allvac at —1100 mVgcg. Such results were also ob-
served for the other material heats at intermediate applied potentials.”

° Note that the tests conducted on NRL HS and NRL LS at —850 mV ¢y were
not modeled due to their increased time to failure relative to laboratory air
testing, which is speculatively attributed to test-to-test scatter in mechanical
properties.
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These results provide confidence in the general trends predicted by the
model (i.e. the initiation of sub-critical cracking well before final frac-
ture at —1100 mVscg). Interestingly, the model also correctly predicts
that at —950 mVgcr the final fracture will initiate at the center of the
specimen, as demonstrated by the inset maps of ¢ in the specimen cross-
section. However, damage proximate to the notch root (indicated by the
green field in the inset map of Fig. 7) is also observed. Speculatively,
this H-induced surface damage results in the decreased time to failure
for —950mVsce by degrading the resistance of the cross-section to
deformation, leading to an earlier plastic instability and concomitant
initiation of fracture at the center of the specimen.

5. Discussion
5.1. Evidence for the onset of sub-critical cracking during SSRT experiments

A holistic evaluation of the presented experimental observations
and modeling results provides strong evidence for the onset of sub-
critical crack growth during notched SSRT experiments. First, a sys-
tematic comparison of the expected H diffusion ingress and the ob-
served intergranular fracture depth was conducted for four different
material heats of Monel K-500 tested in 0.6 M NaCl at various applied

(a) 1q 2100
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potentials. The results of this evaluation demonstrate that H diffusion
from the specimen surface cannot reasonably explain the observed
depth of intergranular fracture. Specifically, even when the effect of
applied stress and/or an order of magnitude faster diffusivity are in-
voked (to simulate an effect of grain boundary diffusion), H ingress
from the specimen surface is insufficient to induce the measured extent
of intergranular fracture (Fig. 4). These results strongly support the
occurrence of sub-critical crack growth during the SSRT experiments,
where a moving line source phenomenon would enable the extended
intergranular fracture depths [94]. To test this hypothesis, a new phase
field formulation that coupled H diffusion and elastic—plastic de-
formation was employed. Using the experimental results from labora-
tory air testing and 0.6 M NaCl at —1100 mVscg, the critical total
fracture energy Go and H damage coefficient y were calibrated for the
four material heats (Figs. 5 and 6). These parameters were subsequently
validated via modeling of tests conducted at intermediate applied po-
tentials (—950 and —850 mVgcr in 0.6 M NaCl), which showed rea-
sonable agreement for the onset of failure between the model predic-
tions and experimental results without any modification of the
calibrated G and y values (Fig. 7). Critically, through an evaluation of
the phase field parameter ¢, the fracture initiation location for each
material heat/environment combination can be ascertained. For the
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laboratory air testing that exhibited ductile microvoid coalescence as
the dominant fracture morphology, fracture was found to initiate in the
center of the specimen (Fig. 5), consistent with expectations for notched
tensile bars [95]. Conversely, modeling of the experiments at
—1100 mVscg that exhibited intergranular fracture revealed the in-
itiation and subsequent propagation to failure of a crack at the notch
root. Critically, and in direct agreement with the inferences drawn from
the diffusion-based analysis, the cracks were found to initiate well be-
fore final fracture (i.e. sub-critical cracking), at times corresponding to
40-60% of the time to failure. Taken together, these two results
strongly suggest that sub-critical cracking can occur during SSRT ex-
periments.

This conclusion is consistent with a broad literature survey of prior
SSRT experimental results. For example, Holroyd and coworkers have
documented the existence of sub-critical cracks during SSRT experi-
ments on 5xxx-series Al alloys [35-37]. In fact, through systematic X-
ray computed tomography (XCT), these authors have gone so far as to
estimate stress intensity solutions for the observed crack morphologies
as well as attempt to characterize crack growth rates during SSRT
testing [35]. Similar findings were also reported by Sampath et al., who
utilized an imaging technique to assess the topography of matching
fracture surfaces in H-exposed Ni-based alloys to determine that cracks
could initiate at stresses as low as 33% of the fracture stress [41].
Mathis et al. leveraged acoustic emission to assess the efficacy of SSRT
experiments on stainless steel tubulars, which identified acoustic events
associated with crack initiation and propagation well before final
fracture, with subsequent scanning electron microscopy confirming the
presence of stress corrosion cracks in the test specimen [40]. SSRT
experiments by Haruna and Shibata on cylindrical 316L stainless steel
exposed to aqueous NaCl solutions in which the tests were interrupted
and then cross-sectioned for evaluation revealed crack initiation and
propagation prior to failure [38]. Lee et al. speculated that the fracture
of AA2024-T351 SSRT specimens exposed to aqueous chloride solutions
resulted from the formation of pits, which enabled the initiation and
propagation of cracks, leading to final failure [31]. Lastly, modeling of
SSRT experiments by Garud explicitly includes the formation and pro-
pagation of ‘microcracks’ as the means by which the net-section load-
carrying capacity is diminished [39]. The current diffusion and phase
field modeling results support these literature reports that demonstrate
sub-critical crack growth can occur during SSRT experiments. As dis-
cussed by Ahluwalia [26], the onset of such cracking can alter the as-
sessment of SSRT results by complicating the interpretation of typical
metrics like time-to-failure, breaking stress, and ductility. The compu-
tation tools developed herein enable an efficient interrogation of the
effect that various environment, loading, and material combinations
may have on the accuracy and validity of measured SSRT metrics. In the
following section, the implications of such complications on the eva-
luation of the time-to-failure metric is explored leveraging the results of
the phase field modeling shown in Fig. 6.

5.2. Implications for the interpretation of SSRT experiments

As demonstrated in Fig. 6, the phase field model enables the as-
sessment of the time for crack initiation, which provides an opportunity
to qualitatively establish the implications of sub-critical crack growth
on the interpretation of SSRT metrics. As shown in Fig. 8a, the model-
predicted time to crack initiation is found to decrease with increasingly
more negative applied potentials for all material heats; prior work in
Monel K-500 demonstrated that such behavior is due to increasing H
generation with increasingly negative applied potential [42,43,52,58].
However, as the most aggressive potential is reached, there is a sig-
nificant and important difference between the time for crack initiation
and the time for failure data. Specifically, the ranking of the HEAC
susceptibility of the materials heats based on their time to failure (a
common SSRT metric [21]) is not consistent with the ranking obtained
when using the time to crack initiation (which is more relevant to the
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true HEAC susceptibility). For example, despite being considered one of
the more HEAC-resistant heats of Monel K-500 [42,43] based on the
traditional SSRT metrics, NRL HS is found to exhibit a similar time to
crack initiation as the EAC-susceptible NRL LS and TR2 material heats.
Such differences further underscore the reality that the SSRT experi-
ment is a composite of the times required for crack incubation, initia-
tion, Stage I propagation, Stage II propagation, and final fracture. The
interpretation of the SSRT test becomes even more convoluted if one
considers the ratio of the time to initiation and time to failure, shown in
Fig. 8b. Under this paradigm, NRL HS would be considered the worst-
performing material, as cracking is found to initiate at times of less than
40% of the time to failure.

As discussed by Ahulwalia [26], this ambiguity in interpreting the
results of the SSRT experiments (e.g. three different conclusions are
drawn if the data are evaluated in three different ways) highlights the
complications introduced upon the onset of sub-critical cracking. Such
difficulties also extend to the use of stress-based metrics (e.g. breaking
stress), where it would be necessary to determine whether (1) the re-
mote stress at crack initiation, (2) the remote stress at fracture, or (3) a
calculated stress intensity is the most rigorous metric. Coupling this
challenge in interpretation with the explicit caveat in ASTM Standard
G129 that SSRT “results are not intended to necessarily represent ser-
vice performance” [14], raise questions regarding the efficacy of the
SSRT methodology to reliably assess/rank H embrittlement suscept-
ibility (and EAC susceptibility in general). The SSRT experimental ap-
proach has several attractive elements relative to other testing meth-
odologies (e.g. low-cost, efficient, modular, simple to perform, etc.
[18,21,22,108]). Moreover, it is likely that there are environment/
material/loading combinations for which the SSRT remains a useful
screening approach. For example, if H diffusion is sufficiently fast to
enable the attainment of an uniform H concentration across the SSRT
specimen diameter and the alloy toughness is low (e.g. high-strength
steels [109]), then it is possible that final fracture could occur im-
mediately upon crack initiation. However, such bounding conditions
have not been firmly established to-date, underscoring the need for
additional studies to assess the conditions under which the SSRT
methodology represents a reasonable pathway for assessing/screening
for EAC susceptibility.

Based on the current work, several initial suggestions can be made.
First, the use of notched tensile specimens for SSRT should be carefully
considered prior to use, as these specimens appear to be particularly
susceptible to the onset of sub-critical cracking due to the stress con-
centration present at the notch root. While the use of such notches
enables closer approximation to a typical bolt geometry, ensures frac-
ture occurs at a specific location, and induces failure at reduced loads,
these benefits may be out-weighed by the complications associated with
sub-critical cracking. Second, the current study establishes the utility of
a diffusion-based analysis framework to ascertain whether or not sub-
critical cracking occurred during SSRT experiments in H-containing/
producing environments. Given the simple geometries generally em-
ployed for the majority of SSRT experiments [21], the diffusion pro-
blem can be readily solved either analytically [74] or with the aid of
finite element software packages. Comparison of these calculations with
the depth of EAC-induced brittle fracture provides a rigorous pathway
for assessing the validity of SSRT experiments. Simply put, if H cannot
reasonably diffuse to the observed extent of brittle fracture, then it is
possible that sub-critical cracking occurred and additional efforts
should be made before interpreting obtained SSRT metrics. Lastly, if
secondary cracks are observed along the gage length of the SSRT spe-
cimen after the conclusion of testing, it is possible that sub-critical
cracking may have occurred. To assess this possibility, the interrupted
testing and cross-sectioning methodology of Haruna and Shibata [38]
could be used to confirm that such cracks do not form until final frac-
ture.

The employed modeling framework offers a unique tool to assess the
efficacy of the SSRT methodology to evaluate susceptibility to H
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embrittlement. Confidence in the modeling is obtained by consistency
with prior literature conclusions and diffusion-based arguments as well
as the ability to reasonably capture the experimental data from inter-
mediate applied potentials (Fig. 7). However, it should be noted that
the model-predicted metrics (i.e. time to crack initiation) have yet to be
explicitly validated against experimental data. Towards this end, it
would be useful to perform a series of systematically interrupted SSRT
experiments, which would then be sectioned to experimentally evaluate
when crack initiation occurs [7,38]. Alternatively, the XCT approach
previously utilized by Holroyd et al. [36] or the imaging analysis em-
ployed by Sampath et al. [41] could be leveraged to determine the onset
of subcritical crack growth.

6. Conclusions

The potential for the onset of sub-critical crack growth during slow
strain rate tensile testing of Monel K-500 immersed in 0.6 M NaCl and
exposed to applied potentials ranging from —850 to —1100 mVscy was
systematically evaluated using both H diffusion-based analyses and a
new phase field formulation for H-assisted fracture. These efforts,
coupled with an examination of prior literature results, reveals several
important insights regarding the onset of sub-critical crack growth
during SSRT experiments to assess H embrittlement susceptibility:

(1) A systematic comparison of the observed depth of intergranular
fracture and the calculated H ingress distance revealed that H
cannot reasonably reach the depth of intergranular fracture. These
results strongly suggest that sub-critical crack growth occurred
during the SSRT experiments.

(2) A phase field formulation that couples elastic—plastic deformation
with H diffusion was developed to describe H-assisted fracture.
Model parameters were calibrated using the experimental data
obtained during SSRT experiments conducted in laboratory air (Go)
and in 0.6 M NaCl at —1100 mVscg (x), and then validated via a
systematic comparison with results from SSRT experiments con-
ducted at lower overpotentials.

(3) The phase field model reliably predicted the expected initiation
location for fracture for all experiments: at the center of the

Appendix A. Finite element implementation
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specimen for non-embrittling environments and at the notch tip for
specimens exhibiting intergranular fracture.

(4) The calibrated model predicted the initiation of cracks at the notch
tip at 40-60% of the time to failure, depending on material heat.
Critically, the model captured the observed degradation in time-to-
failure for experiments (e.g. Allvac at —950 mVgcg) conducted at
applied potentials that did not exhibit intergranular fracture
without any modification of calibrated parameters.

(5) The potential impact of sub-critical cracking on the validity of re-
ported metrics from SSRT experiments was explored via a com-
parison the experimentally-obtained time to failure and the model-
predicted time to crack initiation. This gedankan experiment re-
vealed a modification in the relative ordering of H embrittlement
susceptibility in four material heats of Monel K-500, underscoring
the important impact that sub-critical cracking can have on the
interpretation of SSRT metrics.
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The finite element (FE) method is used to solve the coupled mechanical-diffusion-phase field problem. Using Voigt notation, the nodal values of
the displacements, phase field and H concentration are interpolated as follows,

m m m
u=) Nu, ¢=) N¢, C= NG
i=1 i=1 i=1

(A1)

where m is the number of nodes and N; are the interpolation matrices — diagonal matrices with the nodal shape functions N; as components.

Accordingly, the corresponding gradient quantities can be discretized by,

m m
V¢ =) Big, VC=) B

i=1 i=1

m
£= Z Bl'u;,
i=1

(A.2)

Here, B; are vectors with the spatial derivatives of the shape functions and B} denotes the standard strain—-displacement matrices.

A.1 FE discretization of the deformation-phase field problem

The implementation of the coupling between elastic—plastic deformation and phase field fracture builds upon the work by Miehe et al. [110].
Thus, nodal values of displacement and phase field order parameter are obtained by means of a staggered approach, and a history variable H is

introduced to ensure irreversibility of the crack phase field evolution

o [V 9> H
| H, otherwise

(A.3)

Here, H, is the previously calculated energy at time increment t. Thus, the history field satisfies the Kuhn-Tucker conditions.
Making use of the finite element discretization outlined above and considering that Eq. (6) must hold for arbitrary values of du, the discrete
equation corresponding to the equilibrium condition can be expressed as the following residual with respect to the displacement field,
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u _— 2 u\T,
= [ Q- ¢P + KB o}V (A4)
with k being a sufficiently small numerical parameter introduce to keep the system of equations well-conditioned; a value of k = 1 x 10~ is used
throughout this work. Similarly, the out-of-balance force residual with respect to the evolution of the crack phase field is obtained by discretizing Eq.
(6) and considering Eq. (A.3),

_ ¢
= jg; [—2(1 - $NH + GO(C)(ZN,» + eB,-Tw)] av s

The components of the consistent stiffness matrices can be obtained by differentiating the residuals with respect to the incremental nodal
variables:

ort
Kt=—L = 1 — ¢)? + k|(BMTCe, B dV
¥ = Jo 10— 87 + KI(B!)C.y B] (A6)
or? [( G, (C)
KP=2L = 2H + =2 )N,-N— + Go(C)¢BIB; | dV
17 5, A ¢ e ! (A7)

where C,, is the elastic—plastic consistent material Jacobian.
A.2 FE discretization of mass transport

We assume no external flux in the surface 0<2; and obtain a residual vector for the mass diffusion problem by discretizing Eq. (17) for any
arbitrary virtual variation of the H concentration §C. Accordingly, the residual right hand side vector r reads

=/ NiT(ld—C) BIvC - B [Y2Cvq, | [av
Q D dt RT (A.8)

From which a diffusivity matrix can be readily defined,

K§ = j; (BiTBj - BiT%ngNj) av *9)
where the discretization given in Eq. (A.1) has also been employed to interpolate the time derivatives of the nodal concentrations. The diffusivity
matrix is affected by the gradient of the hydrostatic stress, oy, which is computed at the integration points from the nodal displacements, extra-
polated to the nodes by means of the shape functions, and subsequently multiplied by B; to compute Voy. Second order elements are employed in the
computational implementation.

At the same time, one can readily identify a concentration capacity matrix,

1
M; = jg; N/ —N;dV (A.10)

and the discretized H transport equation reads,

K°C+MC =0 (A.11)

A.3 Coupled scheme

The mechanical deformation, mass diffusion and phase field fracture problems are weakly coupled. First, elastic—plastic deformation impacts
diffusion through the stress field, governing the pressure dependence of the bulk chemical potential. Second, mass transport affects the fracture
resistance via H buildup in the fracture process zone, reducing the critical energy release rate. And third, the H-sensitive phase field degrades the
strain energy density of the solid.

We solve the linearized finite element system,

K* 0 0 |[u 00 O u rt
0 K* o ||¢|+|oo of]le|=]r
0 o K°J[lC 00 Ml|¢ r¢ (A.12)

by means of a time parametrization and an incremental-iterative scheme in conjunction with the Newton-Raphson method. A time increment
sensitivity analysis is conducted in all computations. The modeling framework is implemented in the commercial finite element package ABAQUS via
a user element (UEL) subroutine. Post-processing of the results is carried out by means of Abaqus2Matlab [111].

Appendix B. Propagating hydrogen boundary conditions

In the presence of a propagating crack, the appropriate chemical boundary conditions on the newly exposed surface require careful consideration.
As discussed in Section 4, capturing how H transport is driven through a propagating crack could be key in understanding H embrittlement under in
situ charging. A suitable approach is to assume that the environment will promptly occupy the space created with crack advance. Accordingly, the
value of the H concentration corresponding to the choice of electrochemical solution and applied potential, C,,,, should be prescribed on the new
boundary emerging due to crack propagation. Such scheme could be extended to account for chemical reaction and mass transport limitations [112].

In this work, we choose to effectively prescribe the H concentration in the damaged regions by means of a penalty approach [113]. An alternative
procedure is to define a moving boundary via general multipoint constraints (MPCs), see Ref. [114]. We choose to enforce C = C,,, in the cracked
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domain (¢ = 1), ramping linearly the H concentration from the ¢ > 0.5 regions by choosing a sufficiently large value of the penalty factor k. Thus,
we add an extra term to the chemical residual Eq. (A.8), which now reads

o= NI [ld—c +(C = Con) (28 — 1>kp] +B'vev - B (YiCyg, | Lay
Q D dt RT (B.1)

where <) denote the Macaulay brackets, and C and C,,, are integration point quantities. Accordingly, the diffusivity matrix Eq. (A.9) becomes

K§ = f (NiTI\G(Zgb - 1)k, + BTB; — B,.TﬁVaHNj)dV
o RT (B.2)

Values of k, as high as 1 X 10° effectively ensure C = C,, in the damaged regions without hindering convergence. Representative contours are
shown in Fig. B.9 for the Allvac lot under an applied potential of E, = —1100 mV (C,,,, = 7.54 wppm, see Table 3).

(@) [

field
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+3.
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Fig. B.9. Penalty boundary conditions for hydrogen diffusion at the newly created surfaces. Representative results of hydrogen propagation with crack advance, (a)
phase field fracture parameter, and (b) hydrogen concentration.
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ARTICLE INFO ABSTRACT

Keywords: We present a probabilistic framework for brittle fracture that builds upon Weibull statistics and strain gradient
Strain gradient plasticity plasticity. The constitutive response is given by the mechanism-based strain gradient plasticity theory, aiming to
Weibull accurately characterize crack tip stresses by accounting for the role of plastic strain gradients in elevating local
Cleavage . strengthening ahead of cracks. It is shown that gradients of plastic strain elevate the Weibull stress and the
Eif;iemem analysis probability of failure for a given choice of the threshold stress and the Weibull parameters. The statistical

framework presented is used to estimate failure probabilities across temperatures in ferritic steels. The frame-
work has the capability to estimate the three statistical parameters present in the Weibull-type model without
any prior assumptions. The calibration against experimental data shows important differences in the values
obtained for strain gradient plasticity and conventional J2 plasticity. Moreover, local probability maps show that
potential damage initiation sites are much closer to the crack tip in the case of gradient-enhanced plasticity.
Finally, the fracture response across the ductile-to-brittle regime is investigated by computing the cleavage
resistance curves with increasing temperature. Gradient plasticity predictions appear to show a better agreement

with the experiments.

1. Introduction

Macroscopic fracturing in metallic materials depends sensitively on
properties that pertain to the micro and atomic scales. Not surprisingly,
a considerable effort has been made to link scales in fracture mechanics,
with the ultimate goal of quantitatively predicting the strength, dur-
ability, and reliability of structural components (Suo et al., 1993;
Hutchinson, 1997). These endeavours aim at spanning the wide range
of scales at stake by enriching continuum theories to properly char-
acterize behaviour at the small scales involved in crack tip deformation.

The deficiencies intrinsic to conventional plasticity theory provide a
strong motivation for developing mechanistically-based models.
Namely, unrealistically low stresses are predicted ahead of the crack
tip, with toughness being unbounded for cohesive strengths of ap-
proximately 3 times the yield stress in a perfectly plastic material
(6/oy — 4 in a mild hardened solid, see Tvergaard and Hutchinson,
1992). Opening stresses on the order of 3-5 times the initial tensile
yield stress fail to explain decohesion at the atomic scale. Cleavage
fracture in the presence of significant plastic flow has been experi-
mentally observed in numerous material systems (Elssner et al., 1994;
Bagchi and Evans, 1996; Korn et al., 2002). Since atomic separation
requires traction levels on the order of the theoretical lattice strength

* Corresponding author.
E-mail address: mail@empaneda.com (E. Martinez-Pafieda).

https://doi.org/10.1016/j.euromechsol.2019.05.002

(100y or larger), classic continuum theories would appear to rule out a
fracture mechanism based on atomic decohesion whenever plasticity
develops in the vicinity of the crack. Moreover, conventional plasticity
predictions reveal important discrepancies with separation strengths
calculated from first principles (Raynolds et al., 1996), and toughness
bounds attained by discrete dislocation dynamics (Cleveringa et al.,
2000; Irani et al., 2017), highlighting the need to bridge the gap be-
tween macroscopic modelling of cracking and the microstructural and
atomistic mechanisms of fracture.

Small scale experiments have consistently shown that conventional
plasticity theory is unable to characterize the material response of
metals at the micro level. Fostered by growing interest in micro-
technology, a wide range of mechanical tests on micro-sized specimens
have revealed that metallic materials display strong size effects when
deformed non-uniformly into the plastic range. Experiments such as
indentation (Nix and Gao, 1998), torsion (Fleck et al., 1994), or
bending (Stolken and Evans, 1998) predict a 3-fold increase in the ef-
fective flow stress by reducing specimen size (smaller is stronger). This
size effect is attributed to gradients of plastic strain that require a de-
finite density of dislocations to accommodate lattice curvature (Ashby,
1970). These geometrically necessary dislocations (GNDs) are not ac-
counted for in conventional theories of plasticity, neglecting the length
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scale dependency intrinsically associated with plastic flow. A large
theoretical literature has appeared seeking to extend plasticity theory to
small scales by the development of isotropic strain gradient plasticity
(SGP) formulations (Aifantis, 1984; Gao et al., 1999; Fleck and
Hutchinson, 2001; Anand et al., 2005). Using SGP theories to provide
an implicit multi-scale characterization of the mechanical response
ahead of a crack appears imperative as, independently of the size of the
specimen, the plastic zone adjacent to the crack tip is physically small
and contains strong spatial gradients of deformation (Martinez-Paneda
and Betegén, 2015). The investigation of stationary crack tip fields has
shown that plastic strain gradients promote local strain hardening and
lead to much higher stresses relative to classic plasticity predictions
(Jiang et al., 2001; Wei, 2006; Komaragiri et al., 2008; Martinez-
Paneda et al., 2017b). Accurately capturing crack tip stresses has
proven to be fundamental in predicting fatigue damage (Gil-Sevillano,
2001; Brinckmann and Siegmund, 2008; Pribe et al., 2019), notch
fracture mechanics (Martinez-Pafieda et al., 2017a), microvoid cracking
(Tvergaard and Niordson, 2008), and hydrogen assisted failure
(Martinez-Pafneda et al., 2016a, b). Since plastic strain gradients can
alter crack tip stresses over several tens of um, it is expected that strain
gradient plasticity models will also play an important role in the
modelling of cleavage fracture and the ductile-to-brittle transition
(Martinez-Pafieda et al., 2019; Qian et al., 2011).

Cleavage fracture models are grounded on the concept of micro-
cracks nucleating from defects, such as inclusions or second-phase
particles (Pineau et al., 2016). The location of these defects is statistical
by nature and, consequently, modelling efforts rely mainly on prob-
abilistic analysis. The seminal work by the Beremin group (Beremin,
1983) established the fundamental framework on which most cleavage
models stand; Weibull statistics and the weakest link model are em-
ployed to estimate the probability of failure Py, where P; equals the
probability of sampling (at least) one critical fracture-triggering par-
ticle. In these models the stress level is the driving force for fracture
and, consequently, local strengthening due to plastic strain gradients
will influence failure probability predictions.

In this work, we make use of a mechanism-based strain gradient
plasticity formulation to accurately characterize crack tip stresses. The
constitutive description is coupled with a probabilistic framework
capable of obtaining all the statistical parameters of the model without
any prior assumptions. The capabilities of the present mechanism-based
scheme for probabilistic analysis of brittle fracture are benchmarked
against experimental data from the Euro toughness project (Heerens
and Hellmann, 2002). Experiments are reproduced over a wide range of
temperatures, so as to span the ductile-to-brittle regime. Strain gradient
plasticity predictions are compared with results from conventional
plasticity and insight is gained into the role of the stress elevation due
to strain gradients in assessing cleavage.

2. Numerical model

The implicitly multi-scale statistical framework for brittle fracture
presented stands on a Taylor-based strain gradient plasticity formula-
tion (Section 2.1), and a three-parametric Weibull type statistical model
(Section 2.2). The implementation is carried out by coupling a general
purpose finite element program with the statistical tools of Matlab, see
Section 2.3. An experimental campaign employing Compact Tension
specimens will be reproduced to highlight the capabilities of the model
(Section 2.4).

2.1. Mechanism-based strain gradient plasticity

We model strain gradient effects by means of the so-called me-
chanism-based strain gradient (MSG) plasticity theory (Gao et al., 1999;
Qiu et al., 2003). MSG plasticity is grounded on Taylor's dislocation
model. Accordingly, the shear flow stress 7 is formulated in terms of the
dislocation density p as

European Journal of Mechanics / A Solids 77 (2019) 103785

7=aub /p (€5

where u is the shear modulus, b is the magnitude of the Burgers vector
and a is an empirical coefficient that is taken to be equal to 0.5. The
dislocation density is additively composed of the density o for statis-
tically stored dislocations (SSDs) and the density o, for geometrically
necessary dislocations (GNDs),

P =ps+Pc 2
The GND density p;; is related to the effective plastic strain gradient

nP by

-

b ©)

where 7 is the Nye-factor which is assumed to be 1.90 for face-centred-

cubic (fce) polycrystals. Gao et al. (1999) used three quadratic in-

variants of the plastic strain gradient tensor to represent the effective
plastic strain gradient 7P as

P =

P = \Jenhnp + cnbnh + emfnd )

The coefficients were determined to be equal to ¢; = 0, c; = 1/4 and
c; =0 from three dislocation models for bending, torsion and void
growth. Accordingly,

= 3ok ®
where the components of the strain gradient tensor are obtained from
N = Eiky + i — &k (6)
The tensile flow stress gy, is related to the shear flow stress 7 by
Tfow = Mt @

with M denoting the Taylor factor, which equals 3.06 for fcc metals.
Rearranging (1-3) and substituting into (7) renders

| _nP
= Maub, |pg + F—
Fflow M VPS b ®)
The SSD density p, can be readily determined from (8) knowing the
relation in uniaxial tension between the flow stress and the material
stress-strain curve,

Ps = [Onesf (eP)/ (Moub) 9

Here, 0, is a reference stress and f is a non-dimensional function of the
plastic strain ¢P, as given by the uniaxial stress-strain curve.
Substituting into (8), the flow stress gp,, reads

Oflow = Oref f2 (eP) + /i (10)

where ¢ is the intrinsic material length parameter that enters the con-
stitutive equation for dimensional consistency. The value of ¢ can be
obtained by fitting micro-scale experiments and typically ranges be-
tween 1 and 10um. The model recovers the conventional plasticity
solution when ¢ = 0.

2.2. Weibull three-parametric

We present a statistical framework that has the capability of pre-
dicting brittle and ductile failure and requires no prior assumptions
(Muiiz-Calvente et al., 2015; Papazafeiropoulos et al., 2017). First, for
a given Weibull stress g, and a threshold stress for crack growth oy, the
cumulative probability of failure P is given by

Pf =1- eXP[—(—GW; cr[h) ] an

where o, and m respectively denote the scaling parameter and the
modulus. Equation (11) is defined in (Beremin, 1983) without oy, but
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stresses smaller than the yield stress were considered innocuous, im-
plying the assumption of oy = oy. A global Weibull stress is defined
based on weakest link considerations

(1/m)

0w =om + | D (of — ow)"(Vi/ V)
i=1 (12)

Here V} is a reference volume, V; is the volume of the ith material unit in
the fracture process zone experiencing a maximum principal stress o,
and n, is the number of finite elements/material units in the fracture
process zone. The parameter oy, is needed due to the fact that cracks do
not propagate below a certain threshold energy value. However, the
concurrent estimation of the threshold, modulus and shape parameters
remains a complicated task; a common approach lies in assuming a
value for oy and estimating m and o, from a set of experiments by
means of the maximum likelihood method (Muniz-Calvente et al.,
2016a,b). Here, all three parameters (o, m and o,) will be obtained by
means of the following procedure (see Fig. 1):

1) First, the probability of failure is computed for all the experiments
conducted at a given temperature. The Py versus load curve, where
the load is expressed in terms of the J-integral, is computed by
means of

j—03
n; + 0.4 (]_3)

Pf—

where n; denotes the number of experiments for a given temperature
and j is the rank number.

2) A finite element analysis is conducted, and the values of ¢/ and V; are
computed at each element for the set of critical J; at which failure
has been reported in the experiments. The domain integral method
is used to compute the value of J; in each load increment.

3) The least squares method is employed to fit the Weibull distribution
by using cumulative probabilities. Since the threshold parameter oy,
is also an unknown, the procedure requires iterating over the fol-
lowing steps:

3.1) The Weibull stress o, is first computed according to (12) from
the information provided by the finite element model (Step 2).
In (12), m and oy, correspond to the values of the previous
iteration (or an initial estimate, in the case of the first itera-
tion).

3.2) The Weibull stress g,, is introduced in (11) and the values of g,,,
m and oy, in the current iteration are computed by fitting a
univariate distribution using least squares estimates of the cu-
mulative distribution functions. Namely, the cumulative prob-
ability of failure (11) is written as,

10g(5,) + log(~log(1 = Fy))=- = 10g(ci, = au) an

introducing a linear relationship between log(—log(1 — Fy))
and log(c,, — oy). From the Py assigned to each load (Step 1)
and the Weibull stress computed for each of those loads (Step
2), we make use of least squares to fit this straight line on the
transformed scale. The slope and intercept of the line provide
with the values of m and g, for a given oy,. The quality of the fit
will be given by the choice of oy; we find the optimum by
maximizing the coefficient of determination R? over all possible
threshold values. The optimum value of o, is specific to the
current iteration and associated values of m and g,.

3.3) The procedure is repeated until convergence is achieved. We
assume that the solution has converged when the following
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Compute P, from a
set of experiments

_j—0.3
Pf _ 77,]'+O.4

Finite element computation
of ofand V; at each element ¢
for each critical J;

Calculate the Weibull stress

0w = (0m);_ + [2721 (of - (ffrh)rfl)wH %}1’(””'4
Ow
] (o u)t—l )
Least squares fit of
1og ((0),_.) + log (~log (1 - P})) i (m)t_1 )
log (o’,‘, — (o)1) (O—th)t—].
Ouy, My Oth
Check convergence NO
|m—(77rzlz),,l| 4 \auﬁ’(jt:;h)r,l\ < 0.0001 ?

YES

Oy, My Oth

Fig. 1. Flowchart describing the combined experimental-computational-statis-
tical procedure for estimating the three Weibull parameters oy, m, and oy,.

criterion has been met

[(m); — (M)l [(gm)t = (Fm)e-1 < 0.0001
(m), @) ' (15)

where (m), denotes the value of m in the current increment
while the subscript t — 1 represents its value in the previous
increment. Consequently, the outcome of the analysis is the
threshold value below which cracking will not occur oy, along
with the two Weibull parameters m and o,. A stress level of
am + o, will denote a 63% failure probability in a given ma-
terial unit element.




E. Martinez-Parieda, et al.

2.3. Numerical implementation

The framework presented in Sections 2.1 and 2.2 is numerically
implemented by exploiting Abaqus2Matlab (Papazafeiropoulos et al.,
2017). Hence, we run the commercial finite element package Abaqus
within the mathematical software Matlab to take advantage of Matlab's
in-built capabilities for fitting univariate distributions by means of the
least squares method.

We implement MSG plasticity in the commercial finite element
package Abaqus by means of a user material subroutine (UMAT). For
numerical reasons, we make use of the lower order version of MSG
plasticity, commonly referred to as the conventional mechanism based
strain gradient (CMSG) plasticity theory (Huang et al., 2004). As shown
in (Martinez-Paneda and Niordson, 2016) and discussed in (Shi et al.,
2001), the lower and higher order versions of MSG plasticity predict
identical results except for a boundary layer of size roughly 10 nm. This
boundary layer falls outside of the domain of physical validity of con-
tinuum theories; strain gradient plasticity models a collective behaviour
of dislocations and it is therefore applicable at a scale much larger than
the dislocation spacing. Fortran modules are used to store the plastic
strain components across Gauss integration points, and the plastic strain
gradient is computed by numerical differentiation within the element.
First, the plastic strain increment is interpolated through its values at
the Gauss points in the isoparametric space, and afterwards the incre-
ment in the plastic strain gradient is calculated by differentiation of the
shape functions. The reader is referred to (Martinez-Paneda et al.,
2017a) for more details.

2.4. Boundary value problem

We employ our framework to assess brittle failure in ferritic steels.
Numerical predictions are compared to experimental results from the
Euro toughness project on DIN 22NiMoCr37 steel (Heerens and
Hellmann, 2002). The Euro toughness project is frequently chosen as
paradigmatic benchmark for cleavage models due to the richness of its
data set. Experiments are conducted at 7 temperatures, from — 154 °C to
20 °C, spanning the entire transition from brittle to ductile fracture.

Mimicking the experimental campaign, we model a compact tension
specimen of width W = 100 mm, distance between pins F = 75 mm and
initial notch length D = 51 mm, referred to as size 2T in (Heerens and
Hellmann, 2002). The finite element model includes the compact ten-
sion specimen and the pins. The load is prescribed by imposing a dis-
placement on the pins, and we model contact between the pins and the
specimen by using a surface to surface contact algorithm with finite
sliding. The path independent J-integral is computed outside of the
plastic zone by means of the domain integral method at each load in-
crement. An initial blunting radius of 2 um is defined at the crack tip.
After a mesh sensitivity analysis, the specimen is discretized with 9800
quadrilateral quadratic plane strain elements. As shown in Fig. 2, a very
refined mesh is used near the crack tip so as to accurately capture the
influence of plastic strain gradients.

European Journal of Mechanics / A Solids 77 (2019) 103785

Table 1

Material properties.
Temperature (0 -154 -91 -60 —-40 -20 O 20
Yield stress oy (MPa) 570 490 470 450 440 430 425

Strain hardening exponent N 0.14 0.14 0.13 0.13 0.13 0.12 0.12

3. Results

We begin our analysis by investigating the stress elevation of strain
gradient plasticity and its influence on the Weibull stress distribution
(Section 3.1). Then, we calibrate the Weibull parameters for each
temperature and assess the probability of failure due to cleavage with
both conventional and MSG plasticity theories (Section 3.2). Section 3.3
explores the response across temperatures aiming to gain insight into
the role of plastic strain gradients in the ductile-to-brittle transition.

First, we define our uniaxial stress-strain hardening law as

(2]
o=oy|l+ —
Oy (16)

where N is the strain hardening exponent. Thus, in (10), the reference
and f(eP) = (sP + ‘%’)N Here, Young's
modulus takes the value E =200 GPa, and Poisson's ratio equals
v = 0.3. We proceed to calibrate N and oy with the uniaxial stress-strain
data available as part of the Euro toughness data set (Heerens and
Hellmann, 2002). The values of yield stress oy and strain hardening
exponent N obtained at each temperature are listed in Table 1. A re-
presentative fit is shown in Fig. 3a for the case of a temperature of
T = —40 °C. As shown in Table 1, both oy and N decrease with in-
creasing temperature, in agreement with expectations. One should note
that the length scale parameter of MSG plasticity has shown a negligible
sensitivity to changes in temperature, as measured by Qian et al. (2014)
through nanoindentation. Hence, we consider an intermediate value of
¢ = 5 um for all temperatures (Martinez-Pafieda and Niordson, 2016).

The computation of the force versus displacement curves from the
calibrated values of oy and N shows a good agreement with the ex-
perimental data. The results obtained for the representative case of
T = —40 °C are shown in Fig. 3b. The influence of the plastic strain
gradients is restricted to a small region next to the crack tip and, con-
sequently, the macroscopic force versus displacement curve is almost
insensitive to ¢ in the absence of damage. Locally, crack tip stresses are
however very sensitive to local strengthening due to gradients of plastic
strain.

E N
stress equals g = oy (;)

3.1. Gradient effects on crack tip stresses

We examine first the tensile stress distribution ahead of the crack for
a representative case, T = —40 'C, and a specific load level that falls
within the range of critical loads reported in the experiments, J = 290
N/mm. Results are shown in Fig. 4 for both conventional and MSG

Fig. 2. General and detailed representation of the finite element mesh employed.
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Fig. 3. Calibration of material properties: (a) Uniaxial stress-strain response, and (b) force versus displacement curve in a CT specimen. The case of temperature

T = —40 °C is chosen as representative.

plasticity with ¢ = 5 ym. The tensile stress is normalized by the yield
strength of the material at T = —40 °C, and the distance ahead of the
crack is shown in logarithmic scale to highlight the different responses
given by MSG and conventional plasticity theories. As shown in the
figure, far away from the crack tip both MSG plasticity and conven-
tional J2 plasticity agree but differences start at about 20-30 ym ahead
of the crack. This distance is sufficiently large to engulf the critical
length of various damage mechanisms, including cleavage in ferritic
steels. The stress elevation due to plastic strain gradients is associated
with large geometrically necessary dislocation (GND) densities that act
as obstacles to the motion of statistically stored dislocations and elevate
local strength.

The stress elevation associated with large gradients of plastic strain
in the vicinity of a crack influences cleavage models by elevating the
Weibull stress o,,. We illustrate this by assuming m = 3 and oy, = 2.50y

and computing the Weibull stress through (12) as a function of the
remote load. Results are shown in Fig. 5 for two representative values of
the length scale parameter ¢ = 5 ym and ¢ = 10 ym, as well as for
conventional plasticity. As shown in the figure, the Weibull stress o,
increases with increasing ¢ and differences increase with the remote
load. As we shall show below, differences are sensitive to the values of
m and oy, and the gradient-enhanced o,, elevation can be substantial.
Note that, following (11), strain gradient plasticity elevates the local
probability of failure for a fixed value of g,, oy, and m.

3.2. Statistical analysis of cleavage
The statistical framework outlined in Section 2 is now employed to

estimate the probability of failure as a function of the remote load, as
quantified by J. Fig. 6 shows the results obtained for 4 representative
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Fig. 4. Tensile stress along the extended crack plane (x = 0) for both MSG
plasticity and conventional plasticity at J = 290 N/mm. The distance ahead of
the crack tip is given in logarithmic scale. The case of temperature T = —40 °C is
chosen as representative.
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Fig. 5. Weibull stress dependence on the remote load for both MSG plasticity,
with ¢ = 5um and ¢ = 10 um, and conventional plasticity. The case of tem-
perature T = —40 °C is chosen as representative.

250

temperatures, T = —154°C,T = —91°C, T = —60 ‘C and T = —40 °C. The
figure shows the experimental predictions, as given by (13), along with
the results for MSG plasticity with ¢ =5 ym and conventional J2
plasticity. Both conventional and MSG plasticity predictions exhibit
good agreement with the experiments for the calibrated Weibull para-
meters.

The calibrated values of the modulus m, the threshold stress for
crack growth oy, and the scaling parameter o, are shown in Table 2.
Results are shown for 7 temperatures and both strain gradient and
conventional plasticity. Considering the effect of plastic strain gradients
leads to very significant differences in the values of the calibrated
Weibull parameters. Differences between conventional and MSG plas-
ticity are particularly notable in regards to the stress threshold for crack
growth oy,; much larger stresses are needed to propagate micro-cracks if
the influence of GNDs is accounted for. Furthermore, qualitative dif-
ferences are observed in the dependence of the threshold stress with
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temperature. While the strain gradient plasticity-based prediction ex-
hibits the natural trend of decreasing oy, with decreasing T (the material
anticipates a reduced barrier to cleavage), this is not the case for con-
ventional plasticity. A plausible explanation behind the scatter ob-
served lies on the fact that the maximum tensile stress is load-in-
dependent in conventional plasticity (McMeeking, 1977); for lower
temperatures, a higher stress level is attained for the same J as oy is
larger. Contrarily, in strain gradient plasticity, crack tip stresses scale
with the remote load (Martinez-Pafieda and Fleck, 2019).

In addition, the conventional plasticity results show noticeably high
predictions for m at temperatures —60 °C and —40 °C. For these two
temperatures, there is a clear change in the shape of the P; versus J
curve for values of Py close to 0.75. Reducing the tolerance of the
convergence criterion or changing the initial estimations of m and o,
did not have any influence on the outcome of the statistical fitting
procedure. Moreover, very similar results were obtained when re-
peating the procedure with specimens of different geometry; referred to
as 0.5T and 1T in (Heerens and Hellmann, 2002). The uniqueness of
the Weibull parameters (see, e.g., Ruggieri et al., 2000) is addressed by
repeating the analysis for four different geometries (0.5, 1T, 2T and
4T) and two temperatures (—91 °C and — 20 °C). Computations reveal
very similar values of m, oy, and g, to those shown in Table 2 for both
conventional and strain gradient plasticity. Differences are largest with
geometry 4 T but remain below 10% in all cases.

More insight into the influence of plastic strain gradients on local
failure probability can be gained by means of a hazard map. In a hazard
map, the local probability of failure is shown over the entire en-
gineering component, highlighting the areas that are vulnerable to a
specific type of failure (Muniz-Calvente et al., 2016a,b). The local
probability of failure is computed as P} in each material unit i from a
local ol,. The results obtained are shown in log scale in Fig. 7 for both
conventional and strain gradient plasticity. Important differences can
be readily observed. While the local P; only becomes meaningful close
to the crack tip in both cases, the potential damage initiation sites are
identified to be much more localized for the case of strain gradient
plasticity. In other words, only defects within tens of microns, as op-
posed to several mm, are identified as fracture-triggering particles when
plastic strain gradients are accounted for. The critical distance for
cleavage fracture in steels is considered to be significantly smaller than
1 mm (Watanabe et al., 1987).

3.3. The ductile to brittle transition

We then proceed to examine the ductile-to-brittle transition by
computing the resistance curves for Py = 0.1, 0.5 and 1 across the
temperature versus load map. For each value of P; three curves are
shown, the experimental data and the numerically computed results for
MSG plasticity and conventional J2 plasticity; see Fig. 8. The results
show how the load at which failure is predicted, Py = 0.5, increases with
the temperature - ductility is enhanced. As the load and the temperature
increase, ductile crack growth is observed, with the largest tempera-
tures showing several cases where crack extension equals Aa = 2 mm,
the limit value for ductile growth tests (Heerens and Hellmann, 2002).
In addition, the gradient-enhanced prediction appears to follow more
precisely the experimental trend.

3.4. Influence of crack tip constraint conditions

Lastly, we investigate the influence of crack tip constraint condi-
tions by imposing a non-zero elastic T-stress (Betegon and Hancock,
1991). This is achieved by means of the so-called modified boundary
layer formulation. Consider a crack plane aligned with the negative x
axis of the Cartesian reference frame (x, x%). For a crack tip placed at
the origin and a given T value, we choose to prescribe a remote mode I
load, K|, by defining the nodal displacements in the outer periphery of
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Fig. 6. Failure probability as a function of the external load. The figure includes the experimental data for 22NiMoCr37 steel (Heerens and Hellmann, 2002) and the
predictions from the present statistical model for the values of oy, o, and m listed in Table 2. Temperatures (a) T = —154°C, (b) T = —91°C, (¢) T = —60 "C and (d)
T = —40 °C are chosen as representative.

Table 2
Calibration of Weibull parameters for MSG plasticity and conventional plasticity as a function of the temperature.

MSG plasticity

Temperature (C) —154 -91 —-60 —40 -20 0 20

au (MPa) 23.6 46.9 632.3 611.7 1060.4 183.0 16948.0
atn (MPa) 5489.3 7295.1 7670.6 8136.7 8295.9 19888.0 13516.0
m 2.0 1.9 2.9 3.1 3.2 1.7 12.71
Conventional plasticity

Temperature ('C) —154 -91 -60 —40 -20 0 20

oy (MPa) 9.2 14.9 1380.4 911.3 146.0 46.11 1731.7
am (MPa) 2251.7 2459.0 1015.7 1477.5 2289.1 2205.0 1474.7
m 1.9 1.8 13.5 12.8 3.2 0.78 19.87
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Fig. 7. Hazard map, showing the local probability of failure in log scale at each material unit for the case of T = —40 °C and J = 282.2 N/mm.
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Fig. 8. Cleavage resistance curves (P; = 0.5) and scatter bands (P; = 0.1 and
Py = 0.9) for the experimental data, MSG plasticity with ¢ = 5 ym and con-
ventional plasticity.

the mesh as

1+v [r 6 1—?
u(r, 0) = K; z ECOS (E)(_’; — 4y — cosO) + T( z
17

u(r, 6) = Ky 1+v Lsin(g)ﬁ — 4v — cosb) — T(M)rsine
E 27 2 E

(18)

) rcosf

where r and 0 are polar coordinates centred at the crack tip. As shown
in Fig. 9, upon exploiting symmetry about the crack plane, only half of
the model is analysed. We introduce an initial blunting radius that is
10° times smaller than the outer radius. The modified boundary layer
model is discretized by means of 6422 quadrilateral quadratic plane
strain elements.

The results obtained, in terms of Weibull stress o,, versus remote
load K; are shown in Fig. 10. As in Fig. 5, we consider a temperature of
T = 40 °C and assume m = 3 and o;, = 2.50y. A range of 3 values of the
T-stress is considered: T/oy = —0.5, T/oy = 0, and T/oy = 0.5. The same
qualitative trends are obtained for both conventional plasticity and
strain gradient plasticity; for a given remote load K;, the Weibull stress
increases with increasing T. However, conventional plasticity predic-
tions of o,, appear to exhibit a higher sensitivity to crack tip constraint
conditions for the values of m and oy, assumed.
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Fig. 10. Weibull stress dependence on the remote load as a function of the
elastic T-stress for conventional plasticity and MSG plasticity, with € = 5pum.

4. Conclusions

We have presented a 3-parameter statistical framework for cleavage
that incorporates the role of large plastic strain gradients in the char-
acterization of crack tip stresses. The model enables to accurately
compute Weibull stresses and calibrate - without any prior assumptions
- the three statistical parameters: threshold stress gy, scaling parameter
o, and modulus m. Finite element analysis is used in combination with
Weibull statistics to investigate cleavage in ferritic steels with both
conventional J2 plasticity and the mechanism-based strain gradient
(MSQG) plasticity theory. The main findings are:

i) For given values of gy, g, and m, strain gradient plasticity effects
elevate the Weibull stress and the probability of failure.

ii) The calibrated Weibull parameters for MSG plasticity show sig-
nificant differences with the values obtained with conventional
plasticity. The threshold stress required to trigger cracking in the
gradient-enhanced case is 2-8 times larger than its conventional
plasticity counterpart.

iii) Hazard maps, where the probability of failure is shown in each
material unit, show that defects susceptible of initiating cracking
are confined in a much smaller region next to the crack tip in the
strain gradient plasticity case.

iv) The probability of failure is computed across the ductile-to-brittle
transition, with strain gradient plasticity predictions showing a
better agreement with experiments.

Fig. 9. Sketch of the modified boundary layer model employed to assess the role of crack tip constraint conditions.
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Received 27 January 2020 ent plasticity theory, where the role of the plastic spin is accounted for in the free energy
ii‘c’:et‘i d] lA:i“St tz%(z)o and the dissipation. In this work, distortion gradient plasticity is used to gain insight into
p gus material deformation ahead of a crack tip. This also constitutes the first fracture mechanics
analysis of gradient plasticity theories adopting Nye’s tensor as primal kinematic variable.

Keywords: First, the asymptotic nature of crack tip fields is analytically investigated. A generalised
Distortion gradient plasticity J-integral is defined and employed to determine the power of the singularity. We show
Finite element method that an inner elastic region exists, adjacent to the crack tip, where elastic strains dom-
Crack tip mechanics inate plastic strains and Cauchy stresses follow the linear elastic r~1/2 stress singularity.

Size effects

: . This finding is verified by detailed finite element analyses using a new numerical frame-
Higher order theories

work, which builds upon a viscoplastic constitutive law that enables capturing both rate-
dependent and rate-independent behaviour in a computationally efficient manner. Numer-
ical analysis is used to gain further insight into the stress elevation predicted by distortion
gradient plasticity, relative to conventional J, plasticity, and the influence of the plastic
spin under both mode I and mixed-mode fracture conditions. It is found that Nye’s tensor
contributions have a weaker effect in elevating the stresses in the plastic region, while pre-
dicting the same asymptotic behaviour as constitutive choices based on the plastic strain
gradient tensor. A minor sensitivity to x, the parameter governing the dissipation due to
the plastic spin, is observed. Finally, distortion gradient plasticity and suitable higher or-
der boundary conditions are used to appropriately model the phenomenon of brittle fail-
ure along elastic-plastic material interfaces. We reproduce paradigmatic experiments on
niobium-sapphire interfaces and show that the combination of strain gradient hardening
and dislocation blockage leads to interface crack tip stresses that are larger than the the-
oretical lattice strength, rationalising cleavage in the presence of plasticity at bi-material
interfaces.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, there has been an increasing interest in characterising the behaviour of metals at the micrometer scale.
Examples are found in microelectromechanical systems (MEMS), microelectronic components, and thin film applications.
A wide array of micron scale experiments have revealed that metals display pronounced size effects when deformed non-
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uniformly into the plastic range; see (Voyiadjis & Song, 2019) for a review. Notable pioneering examples are the wire torsion
experiments by Fleck, Muller, Ashby, and Hutchinson (1994), the nanoindentation measurements by Nix and Gao (1998), and
the bending of foils by Stolken and Evans (1998). Fleck et al. (1994) tested very thin copper wires (with radius varying from
6 to 85 pm) under both uniaxial tension and torsion. Results revealed only a minor influence of specimen size on tensile
behaviour but a systematic increase in torsional strengthening with decreasing wire diameter. Nix and Gao (1998) found
a linear relation between the indentation depth and the hardness of single crystal and cold worked polycrystalline copper.
This size effect becomes negligible as the indentation depth is increased beyond a characteristic length on the order of
micrometers. Stélken and Evans (1998) conducted micro-bending tests on nickel foils of different thicknesses, showing that
thinner specimens are stronger and strain harden more than thicker ones. Uniaxial tension tests were also conducted and,
as in the work by Fleck et al. (1994), almost no influence of specimen size is observed. Thus, the smaller is harder or smaller
is stronger trends observed in the aforementioned micron scale experiments are intrinsically associated with the presence
of strain gradients. In terms of the underpinning dislocation phenomena, work hardening is controlled by the total density
of dislocations, part of which is related to the gradients of plastic strain. Thereby, dislocation storage governing material
hardening is due to: (i) dislocations that trap each other in a random way and (ii) dislocations required for compatible
deformation of various parts of the crystal (Ashby, 1970). The latter are referred to as Geometrically Necessary Dislocations
(GNDs) while the former are named Statistically Stored Dislocations (SSDs). GNDs do not contribute to plastic strain but
to material work hardening by acting as obstacles to the motion of SSDs. This extra storage of dislocations associated with
gradients of plastic strain will manifest its influence when the characteristic length of deformation becomes sufficiently
small.

Experimental evidence of strain gradient hardening has been accompanied by a vast literature on the development of
enriched isotropic plasticity models, so-called strain gradient plasticity theories (see, e.g. Aifantis, 1992; Berdichevsky & Se-
dov, 1967; Dillon & Kratochvil, 1970; Fleck & Hutchinson, 1993; Fleck & Hutchinson, 2001; Gudmundson, 2004; Gurtin &
Anand, 2005; Idiart, Deshpande, Fleck, & Willis, 2009 and references therein). Consistent with experimental observations,
theoretical models are cast in a form where the plastic work depends on both strains and strain gradients; introducing a
material length scale ¢, and reducing to conventional plasticity when the length scales of the imposed deformation gradi-
ents are large compared to ¢. Recent theoretical developments have been aimed at capturing a wide range of experimental
observations. Thus, modern strain gradient plasticity formulations consider both dissipative (or unrecoverable) and energetic
(or recoverable) gradient contributions, to capture both the strengthening and hardening effects observed (Fleck & Willis,
2009; Gudmundson, 2004; Gurtin & Anand, 2005). In addition, the form of the free energy has received particular interest
(Bardella & Panteghini, 2015; Garroni, Leoni, & Ponsiglione, 2010; Lancioni, Yalginkaya, & Cocks, 2015; Ohno & Okumura,
2007; Panteghini, Bardella, & Niordson, 2019; Wulfinghoff, Forest, & Bohlke, 2015). Gradient effects are accounted for by
means of an additional contribution to the Helmholtz free energy, the so-called defect energy. Choices include the use of
plastic strains or Nye’s tensor as primal higher order kinematic variables, considering one or more invariants of the primal
variable, and exploring less-than-quadratic forms of the defect energy. Also, increased attention has been focused on the
need to account for the plastic spin in recent years, as originally proposed by Gurtin (2004), to properly describe plastic
flow incompatibility and the associated dislocation densities. This class of gradient plasticity models is referred to as dis-
tortion gradient plasticity, as it builds upon the incompatibility of the plastic part of the displacement gradient and the
macroscopic characterisation of the Burgers vector (Burgers, 1939; Fleck & Hutchinson, 1997; Gurtin, 2004; Nye, 1953) to
rigorously define Nye’s tensor as:

ajj = €Yy, (o= curl yP) )
where y,.f is the plastic distortion - the plastic part of the displacement gradient. The increasing popularity of distortion
gradient plasticity lies on its superior modelling capabilities. As shown by Bardella and co-workers (Bardella and Giaco-
mini, 2008; Bardella, 2009;2010 and Poh and Peerlings (2016), the contribution of the non-symmetric plastic part of the
displacement gradient plays a fundamental role in capturing essential features of crystal plasticity. Moreover, Poh and Peer-
lings (2016) showed that the localization phenomenon that takes place in Bittencourt, Needleman, Gurtin, and Van der
Giessen (2003) composite unit cell benchmark problem can only be reproduced by distortion gradient plasticity. Other re-
cent works involve the development of new homogenization formulations (Poh, 2013; Poh & Phan, 2016) and finite element
schemes (Martinez-Pafieda, Niordson, & Bardella, 2016¢; Panteghini & Bardella, 2016; 2018). However, the implications of
distortion gradient plasticity on crack tip mechanics remain to be addressed.

Strain gradient effects are typically characterised via micro-scale experiments but are present in any boundary value
problem where the strain varies over microns. This is the case of fracture mechanics problems where, independently of the
size of the cracked sample, the plastic zone adjacent to the crack tip is typically small and contains large spatial gradi-
ents of plastic deformation. The analysis of stationary cracks with strain gradient plasticity reveals that local strain gradient
hardening elevates crack tip stresses far beyond conventional plasticity predictions (Komaragiri, Agnew, Gangloff, & Begley,
2008; Martinez-Pafieda & Betegén, 2015; Martinez-Pafieda & Niordson, 2016; Wei & Hutchinson, 1997). The stress elevation
predicted by strain gradient plasticity provides a rationale for brittle fracture in the presence of plasticity (Martinez-Pafeda,
Deshpande, Niordson, & Fleck, 2019a; Wei & Hutchinson, 1997) and has important implications for a number of struc-
tural integrity problems, such as hydrogen embrittlement (Kristensen, Niordson, & Martinez-Pafieda, 2020; Martinez-Pafieda,
Niordson, & Gangloff, 2016a), fatigue damage (Brinckmann & Siegmund, 2008; Pribe, Siegmund, Tomar, & Kruzic, 2019), and
low-temperature cleavage (Martinez-Pafieda, Fuentes-Alonso, & Betegon, 2019b; Qian, Zhang, & Swaddiwudhipong, 2011).
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In some of these applications, quantitative differences are of utmost importance. For example in hydrogen embrittlement,
where the crack tip hydrogen content has an exponential dependence on the hydrostatic stress (Martinez-Pafieda, del Busto,
Niordson, & Betegdn, 2016b). However, fracture studies have focused on a few gradient plasticity models and the impact of
recent theoretical developments is yet to be investigated.

In this work, distortion gradient plasticity is used for the first time to model crack tip behaviour. Also, the role of Nye’s
tensor on fracture mechanics is first elucidated. We combine analytical insight into the asymptotic stress field with detailed
finite element analysis of crack tip fields under mode I and mixed mode fracture conditions, revealing some remarkable
results. The remaining of the manuscript starts by introducing the flow theory of distortion gradient plasticity (Section 2).
This is followed by an analytical investigation of the nature of the asymptotic crack tip solution in Section 3. Our analysis
reveals the existence of an elastic region close to the crack tip, reminiscent of a dislocation-free zone. This feature is con-
firmed by numerical computations and extends the recent findings by Martinez-Pafieda & Fleck (2019) to distortion gradient
plasticity and strain gradient theories based on Nye’s dislocation density tensor. In Section 4, the finite element framework
is described, including the development of a new viscoplastic potential. The numerical model is then used in Section 5 to
characterize the influence of the plastic spin and material parameters on crack tip fields. It is shown that the use of a de-
fect energy based on Nye’s tensor leads to a much weaker stress elevation relative to defect energies employing the plastic
strain tensor as primal variable. Finally, insight is shed into the conundrum of atomic decohesion at metal-ceramic interfaces
by modelling the classic experiments by Elssner, Korn, and Riihle (1994) and Korn, Elssner, Cannon, and Ruhle (2002). The
manuscript ends with concluding remarks in Section 6.

2. The flow theory of distortion plasticity plasticity

The equations of this section refer to the mechanical response of a body occupying a space region 2 with an external
surface S of outward normal n;. More details about the higher order theory of distortion gradient plasticity can be found in
Gurtin (2004).

2.1. Variational principles and balance equations

Within a small strain formulation, the displacement gradient u;; can be decomposed into its elastic and plastic parts:
U =v§+v (2)
Where yl.ﬁ.’ , the plastic distortion, which characterises the evolution of dislocations and other defects through the crystal
structure, may in turn be decomposed into its symmetric and skew parts:
vi =l +9f (3)
Unlike the plastic strain field 85., the plastic rotation 19,.’} is essentially irrelevant in a conventional theory. However, as

pointed out by Gurtin (2004), phenomenological models involving Nye’s dislocation density tensor «;; as primal higher order
kinematic variable,

oij = €Yy, (o= curly?) (4)

must account for the plastic spin since the macroscopic characterisation of the Burgers vector involves both the symmetric
and skew parts of the plastic distortion

€Yy = €l + €u®y,  (curly? = curl €? + curl #7) (5)

with €,y denoting the alternating symbol. The internal virtual work reads:
SVVI = /Q ((711885 + {,’jSOl,'j + S,j8ylf + ‘ciijSSY,{) av (6)

where the Cauchy stress is denoted by o ;. In addition to conventional stresses, the principle of virtual work incorporates
the so-called micro-stress tensor, S; (work conjugate to the plastic distortion, 7’1’5'7)' the defect stress ¢;; (work conjugate to
Nye’s tensor «;, the curl of the plastic distortion) and the - here, purely dissipative - higher order stress tensor, 7 (work
conjugate to the plastic strain gradients Ss,k)' By taking into account that the micro-stress tensor can be decomposed into
its symmetric and skew parts: S;; = q;; + wj;, the internal virtual work statement can be expressed as:

W = /Q (aijag,-j + 8ybay + (qy — 7)) 38 + w89] + rijkaeg.o dv )

with the prime symbol ’ denoting deviatoric quantities. Applying Gauss’ divergence theorem to (7) renders:
5‘/\/1 :L (a,-janui + (Tl/j + ‘E,-jknk)Sei‘; + A,]&?g) ds - ./;2 (G,-“Bu,- - (ql] - O'lv,j = Tijk,k T 7]:])583 - ((1)1']' + §0U)8195) dv
(8)
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where 7;; and @;; are, respectively, the symmetric and skew-symmetric parts of the curl of the defect stress &;; = € =
7nij + ¢;j; and equivalently, T and Aj respectively denote the symmetric and skew-symmetric parts of the cross product
of the defect stress and the outward normal I'j; = €y &;n = i + Ay Since the volume integral in (8) should vanish for
arbitrary variations, three sets of equilibrium equations are readily obtained:

0ijj=0 9)
i — 0 — Tijkk + 7 =0 (10)
wij+¢;;=0 (11)

Now, identifying the surface in (8) as part of the external work and considering (7), the Principle Virtual Work reads:
o (a,-jss,-j + by + (a5 — 0;) 8l + wd V) + r,-jk(Ssl.’]?Vk) dv =[5 (Tdu; + t8el + ¢ 60)) ds (12)

where T; are the conventional tractions, work conjugate to the displacements, while tfj and tg denote the higher order
tractions work conjugate to plastic strains 85. and plastic rotations 19,.‘}, respectively. Accordingly, considering (8), the natural
boundary conditions read:

T; = ojjn; (13)
Ti,j + Tijkll = tf] (14)
Ajj=t]} (15)

2.2. Energetic contributions

In order to account for the influence of GNDs, the free energy is chosen to depend on both the elastic strain 81‘?]. and
Nye's tensor «;:
1 e e
U = zci]'klgijgkl + CD(O[U) (]6)
with Gy being the elastic stiffness and ®(«;;) the defect energy that accounts for the recoverable mechanisms associated
with the development of GNDs. The widely used quadratic form of the defect energy is adopted

1
cD(Oll'j) = EI,LL%D{UO[U (17)

but one should note that exploring other options may lead to further modelling capabilities (Bardella & Panteghini, 2015;
Garroni et al., 2010; Lancioni et al., 2015; Ohno & Okumura, 2007; Panteghini et al., 2019; Wulfinghoff et al., 2015). Accord-
ingly, the defect stress equals:
an(Ol,'j)
2
Gij = a; plpas; (18)

with p being the shear modulus and Lg the energetic material length scale.
2.3. Dissipative contributions

A gradient-enhanced phenomenological effective plastic flow rate is defined,

. 2 - 2
— 2P &P PgP 24D &P
EP = \/ggijsl.j + X050+ §LD8W<8W (19)
where Lp is a dissipative length parameter and x is the parameter governing the dissipation due to the plastic spin.
Bardella (2009) has analytically identified the value of x that captures the mechanical response of a crystal subjected to
multi-slip under simple shear:

-1
3 Oy LD 2
— |24 2 (=2 20
X [2+M8y<LE> (20)
being oy and ¢y the yield stress and the yield strain, respectively, which implies a value for x bounded between 0 and 2/3.
The flow resistance 3, work conjugate to EP, is given by

3 1 3
Y= \/jfhqu'j + % i + ﬂtijkfijk (21)



S. Fuentes-Alonso and E. Martinez-Pafieda/ International Journal of Engineering Science 156 (2020) 103369 5

Such that the unrecoverable stresses equal
2% INF 2, %
— 3P J— p o= S22 gP
=350 wjj = Xﬁﬁzj’ Tijke = 3LDE:p£ij,k
And consequently the second law of thermodynamics is fulfilled by relating finite stress measures with rates of plastic
deformation, in what is referred to as a non-incremental form:

qij (22)

qué‘g + a),-jﬁi‘]’, + 'L','jké,'ij =XEP>0 (23)
3. Asymptotic analysis of crack tip fields
We begin our study by conducting an asymptotic analysis of the relevant fields at the crack tip under mode I fracture

conditions. Consider a crack in a 2D space, with its tip at the origin of a polar coordinate system (r,6). We will assume that
the plastic distortion field yiﬁ.’ is continuous and differentiable, with an asymptotic solution that behaves as follows:

v~ 1P ;0) (24)

for r — 0. By deriving a generalized J-integral for distortion gradient plasticity, the order of the singularity (index 8) will be
determined using energy boundness arguments and its implications for the behaviour of crack tip stresses investigated.

3.1. Deformation theory solid

In a deformation theory context, in the absence of conventional and higher order tractions, the total potential energy
assumes the form,

U(w, el o, &l aij) = /v [W (ui, i) +o(eh, vf, 851,<)]dv (25)

with the free energy being given by,

1 1
W (uy, o) = We(wy) + P(a) = 5(811 — &) Cijua (81 — &) + EMLfOlijaij (26)
Here, W¢ denotes the elastic free energy. Thereby, the Cauchy stresses are derived as,
v
0ij = 5o = ik (Ex — €5) (27)
ij

and the so-called defect stress ¢;; is given by (18).
On the other hand, the dissipation potential ¢ is given by,

N+1
P 9P P
(e, 0. 8 ) = Oér B O3 i) (28)

P& Vi k) T N &y
where

Ep2_2pp 9POP 2L2p P 29

(D)™ = g8 + X V3505 + 5LpE €ijik (29)

The choice (28) implies that a homogeneous hardening law relates EP with its work conjugate, the effective stress X,
N
EP
Y= ay<—> = S (EP)N (30)
Ey
where 0 < N < 1 is the strain hardening exponent. Hence, the dissipation potential reads,
YEP
P 9P oP ) _

o(ef. 9f. €)= N+1 €

Accordingly, the constitutive relations for the deformation theory solid can be readily derived as
N p
8<p EP 2 8,']‘ 2 X p
qij = F‘S'ZOY<E> 3Er = 3Epii (32)
N p
8<p EP ﬂij P p
@i = 597 ﬂy(E) Xgr =X 5?5 G3)
N p
8§0 EP 2 2 Eij,k 2 2 ) p
tij/( = ng = Gy(g) LD§F = §LD§81‘]k (34)
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3.2. A generalized J-integral for distortion gradient plasticity

We proceed to define a generalized J-integral for distortion gradient plasticity. Consider a Cartesian coordinate system (x,
y) with the crack tip at the origin and the crack plane along the negative x axis. Defining J as the energy release rate per
unit crack extension and w as the strain energy density of the solid, an evaluation of | over a contour I' that encloses the
crack tip gives

J= /]: (wny — oyt — t{)’-ﬂ}} - tfjsg.) ds (35)

The derivation and proof are straightforward and follow the works by Eshelby (1956) and Rice (1968) in the context of
conventional deformation solids, and the recent work by Martinez-Pafieda & Fleck (2019) for strain gradient solids. Note that
the existence of a J-integral implies that total strain energy density of the solid will asymptotically behave as w ~ J/r so as
to give a finite energy release rate J at the crack tip. Following the notation of Section 3.1, this energy boundness constraint
can be expressed as:

We(ef) + @(a) + p(eh, 9], €, ~ | (36)

forr - 0.

3.3. Asymptotic crack tip fields

We proceed to make use of the constitutive relations and the energy boundness constraint (36) to obtain the singularity
power index B in (24). Further, we will make use of the higher order equilibrium Eq. (10) to determine the singularity
order of the Cauchy stress ;. Note that (10) involves 7, and the symmetric part of the curl of the defect stress. Thus,
from (24), the analysis requires obtaining the solution for: (i) the curl of Nye’s tensor, which is obtained from the curl of
the plastic distortion, (ii) the plastic strain gradients, and (iii) the Laplacian of the plastic strain. Consider an incompressible
solid where the asymptotic solution for yl.ﬁ.’ is given by (24); in a polar coordinate system, the individual components of the

plastic distortion tensor read,

Vrl:: _ygpg Nrﬁfl(9)§ VTIZ) Nrﬁf2(9)§ Vgpr’\’rﬁf3(9) (37)
Accordingly, the solution for the plastic strain and plastic spin fields is of the following form,
eh=—eb, ~1Pf1(6); eb ~ 1P f4(0): Oh ~ 1P f5(6) (38)
And the relevant components of the plastic strain gradient and the Laplacian of the plastic strain readily follow,
ogP 1(0ek ,
ehy= =T =BrP T f10) e, = (2 - 268 ) =T (f1(0) - 2fa(0)) (39)
ar ; r\ 060
p dep, p-1 p 1(0ef, p B-1{( g
Ere =g =PI el = | gt +2eh ) =7 (F2(0) +2£1(9)) (40)

& = ="+
mkk™ 32 "7 9r T2 902 2

0%eP, 108, 10%% 4 (9ef . ,
s A T ( 73 —8f~> =2 [1aO)(B - 4) + 12(0) +4,0)] (42)

p
= otn 10en | 10 4(#’r+a;g)=rﬂ-2[f1(e)(ﬁ2—4)+f{(9)+4f4(9)] (41)

Furthermore, the relevant components of Nye’s tensor in polar coordinates read

p ayrg 1 ayr’: p p B-1 .
ar = (curlyf) = —t8 = o\ =7 = (v +vh) | =" [ROB+1) - [10) + 50)] (43)
ayp vk .
0 = (curl ), = =52 - }( o +2yr€) = P [[1O) (-2~ ) - [0)] (44)

Finally, the components related to the curl of the defect stress, &; = curl(,uL% curl yﬁ) = 1;j + ¢jj, are obtained as

200 ar r

a[%_1<f{ﬁ_yp_yp>] o p o p
1 ar r\ 90 0 or d 1/0
Err = F - yHH + _< ayer(# +2Vrlr)>

=2[f1(0)2+B)+ HO) 2+ B) - f1 ) + £6)] (45)
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3, 1(9vh P P
< 1 — —
a[ ar r( a6 yr@ yﬁr

b s — P21 - B)[HO)1 + B) - ) + HO)] (48)
al:a?—‘f”—l(%"‘z)’p):l P
1 ar r\ 90 m 8)4 1 ayrlr)
Eor = 90 * are_?< 30 rz—ﬂﬁ)
= P2 [ON(3-B)+ LO)B+1) - f0)+ f:0)] )
o i 1(0 gy
b k <3: ) 21 - B[AO) (-2 ) F50)] (48)

We proceed to determine the index of the singularity, 8, neglecting the angular functions. Thus, we estimate the singular
order of the elastic strain energy density W¢, the defect energy ® and the dissipation potential ¢ and take into consideration
that the energy released at the crack tip must be finite, see Section 3.2. We consider the general case, (Lp # 0, Lg # 0), and
particularize later.

The gradient term is more singular and dominates the asymptotic behaviour of the generalized plastic strain EP, see (29);
accordingly,

EP ~ Lpef, ~ -1 (49)
And its work conjugate stress reads,
S = EO(EP)N ~ NB-1 (50)

Consequently, the asymptotic behaviour of the dissipative stresses associated with the primal kinematic variable 85. is
given by,

2X N 2,% N+B-1
=35~ =g~ (51)
Now consider (43)-(44); the asymptotic behaviour of the energetic defect stress reads,
Gij = nliayj = plgejqyy, ~ 1! (52)

Finally, the asymptotic behaviour of the Cauchy stress is obtained from the higher order equilibrium, Eq. (10), which
involves the Laplacian of the plastic strains via the dissipative term 7, and the curl of the defect stress via the energetic
term nlfj. Both terms are more singular than g; and have in fact the same singularity order: rP=2 _ see (41)-(42) and (45)-
(48). Hence,

ol = Qij — Tk + 1 ~ 1772 (53)

In other words, the singularity exhibited by the crack tip stresses will be the same if only energetic higher order terms
are present (Lg # 0, Lp = 0) and if only dissipative higher order terms are present (Lp # 0, Lg = 0). The use of Nye’s tensor
as primal higher order kinematic variable leads to identical asymptotic crack tip behaviour relative to the choice of a defect
energy with the plastic strain tensor as primal variable. In all cases a quadratic form of the defect energy is assumed;
interestingly, less-than-quadratic defect energies will have important implications in fracture problems: changing the nature
of the stress singularity (if Lp = 0) or making energetic contributions negligible relative to their dissipative counterparts (if
Lp # 0).

Consider now the relevant energy quantities. The elastic strains will have the same asymptotic behaviour as the Cauchy
stresses, and consequently:

1
W = SCuefien ~ r2(B-2) (54)
While the defect energy and dissipation potential vary as,
1
b = EML%O‘IJO[U ~ rz(ﬁ_l) (55)
XEP
0=~ FNHD(B-1) (56)

Therefore, W€ is the most singular contribution and will dominate the energy released in the vicinity of the crack tip -
see (36). Since the total strain energy density must scale as ~ J/r to give a finite energy release rate at the crack tip, we
conclude that the singularity index 8 must be equal to 3/2. The implications of this finding are the following:
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» The elastic energy dominates as r — 0 and the plastic field is not sufficiently singular to give any contribution to the
energy release rate. If the plastic energy terms, ® or ¢, were to behave asymptotically as J/r, 8 would be equal to 1 (for
N = 0) or smaller (if N > 0) and the energy release rate at the crack tip would be unbounded (W¢ ~ w ~ r=2).

« Crack tip stresses follow the linear elastic r—1/2 singularity, revealing the existence of an inner elastic K-field that is
reminiscent of a dislocation-free zone.

« The plastic strain field 8,? tends to zero as the crack is approached. Crack tip asymptotic analyses for distortion gradient
plasticity, and similar classes of gradient theories, should not be built on the assumption that plastic strains dominate
elastic strains, as done for conventional plasticity (HRR field Hutchinson, 1968; Rice & Rosengren, 1968) and previous
studies in strain gradient plasticity (Chen, Wei, Huang, Hutchinson, & Hwang, 1999; Huang, Zhang, Guo, & Hwang, 1997,
Xia & Hutchinson, 1996).

We proceed to corroborate these findings with detailed finite element analysis, as well as exploring other interesting
features of distortion gradient plasticity predictions in fracture problems.

4. Numerical formulation and solution procedure

The flow theory of distortion gradient plasticity, described in Section 2, is implemented in a robust, backward Euler
finite element framework. This is largely facilitated by the definition of a new viscoplastic potential, able to model both
rate-dependent and rate-independent behaviour, by extending the work of Panteghini and Bardella (2018).

4.1. Viscoplastic law

Gradient plasticity theories are commonly implemented within a rate-dependent setting, taking advantage of its well-
known computational capabilities and circumventing complications associated with identifying active plastic zones in the
corresponding time independent model (Nielsen & Niordson, 2013; 2014). In the context of rate-dependent gradient plastic-
ity models, an effective flow resistance X is defined,

% (EP, EP) = o (EP)V (EP) (57)
which is work conjugated to the gradient-enhanced effective plastic flow rate EP. Here, of is the current flow stress, which

depends on the initial yield stress oy and the hardening law. Several viscoplastic laws have been proposed in the literature;
the most exploited one is arguably the following, (see, e.g., Martinez-Pafieda et al., 2016; Needleman, 1988)

- or (EP)éo (EP\™
$(E7.E) = m—+1<g> (58)
so that
S (EP EP) = 0§V (EP) = UF(EP)<§—Z> (59)

with m being the material rate sensitivity exponent, &, the reference strain rate and V(EP) the viscoplastic function.
However, under this choice the initial tangent is infinite and the derivative dX/9EP tends to infinity if EP — 0, mak-
ing the finite element system ill-conditioned for small values of EP. To overcome these numerical issues, Panteghini and
Bardella (2016) proposed the following viscoplastic function,

) i e
V(EP) = | 280 . le /50 <1 (60)
1—2—E.°p if EP/gg > 1

In this way, the contribution of d</9EP will remain bounded when EP — 0. This viscoplastic function is intended
to reproduce the rate-independent limit in a robust manner, which is attained when &; — 0. We extend the work by
Panteghini and Bardella (2016) to develop a viscoplastic algorithm that can overcome the aforementioned numerical is-
sues, and enables modelling both rate-dependent and rate-independent behaviour by recovering the well-known viscoplastic
function V (EP) = (El’/éo)m. For this purpose, a threshold effective plastic strain rate is defined EP such that the viscoplastic
function reads,

_EP_ if EPm/EP <1

VEP) = T vmp\m .. 61
" <_m_’="’*‘f5*”> if EPm/EP > 1 (61

€o

where  is a small positive constant (m << 1). A smooth transition is obtained by computing the critical E? from the relation
between the derivatives,

1 >1/(m—1)

EP = é0<% (62)
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Fig. 1. Comparison between the classic viscoplastic power law, the viscoplastic function presented and the one proposed by Panteghini and Bardella (2016).
In the function by Panteghini and Bardella (2016) the reference strain rate &, equals 10° s=!, while in the other two cases a rate sensitivity exponent of
m = 0.05 and a reference strain rate &, = 1 are adopted; these choices pertain only to the present graph.

and by offsetting the curve a distance EP(1 — m)/m. This distance corresponds to the intersection between the abscissa axis
and the tangent line at the critical point. In this way, we are able to reproduce a mechanical response that accurately follows
the classic viscoplastic power law while providing a robust numerical framework. Representative curves for the aforemen-
tioned viscoplastic functions are shown in Fig. 1; the regularisation proposed here approximates the classic viscoplastic
function very well, enabling it to reproduce the rate sensitivity of metals, while retaining the robustness of the proposal by
Panteghini and Bardella (2016).

4.2. Finite element discretisation

The finite element framework takes displacements, plastic strains and plastic spin as the primary kinematic variables.
Adopting symbolic and Voigt notation, the nodal variables for the displacement field #, the plastic strains &”, and the

plastic spin 3" are interpolated as,

k k k
u=Y" N, e? =Y N8, 9" =3 N9, (63)
n=1 n=1 n=1

Here, N, denotes the shape function associated with node n, for a total number of nodes k. Similarly, the related gradient
and curl-based quantities are discretised as

k k k
e=Y BYi, Ver=YB'&  a=) (Mg"éﬁ M 0,’1’) (64)
n=1 n=1 n=1
with the B and M matrices given explicitly in Appendix A. Accordingly, one can discretise the internal virtual work (7) as,
u\T _oa »\" a7\" 3P e\ T ep\T en\T ab
owi= [ | (B2) odi+ | (NI') @+ (MI) ¢ |00, + | (N) @@ o)+ (BF) 'z + (M2) ¢ |8l } av (65)
Q

Differentiating the internal virtual work with respect to the variation of the nodal variables provides the residuals for
each kinematic variable as:

Ri= [ (B) oav (66)
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Fig. 2. Boundary layer formulation. Schematic and detailed view of the finite element mesh.

Rﬁp:fﬂ[(Nﬁp)T(q—a)+(Bﬁp)Tt+(Mﬁp)T§] v (67)

R = /Q [(NZ")Tw+ (M,?")T;}dv (68)

The components of the consistent tangent stiffness matrices Ky, are obtained by considering the constitutive relations
and differentiating the residuals with respect to the incremental nodal variables. Details are given in Appendix A. The non-
linear system of equations is solved iteratively from time step t to (t + At) using the Newton-Raphson method,

u u K Kk 0 ][R
sp = sp _ I(Sp,u I(Ep,&‘p Kﬁp,ﬁp Ré‘p (69)
'}p (AL 1}p ¢ 0 K'W,R” Kﬂl’,ﬁl’ Rl?

t t

The present backward Euler time integration scheme follows the work by Panteghini and Bardella (2016); see Ref.
Martinez-Pafieda et al. (2016) for a forward Euler based implementation. The finite element framework is implemented
into the commercial package ABAQUS by means of a user element (UEL) subroutine.

5. Finite element results

The numerical model described in Section 4 is employed to gain insight into the fracture behaviour of distortion gradient
plasticity solids. First, the analysis will be conducted with a boundary layer configuration, under small scale yielding condi-
tions (Section 5.1). Irrotational plastic flow and mode I fracture will be assumed first, to verify the findings of the asymptotic
analysis and assess the role of Nye’s tensor. Mixed mode conditions are then considered to address the role of the plastic
spin. Finally, fracture along a bi-material interface is investigated by reproducing the four-point bending experiments by
Korn et al. (2002) with suitable higher order boundary conditions (Section 5.2).

5.1. Small scale yielding

A remote K-field is prescribed by means of the so-called boundary layer formulation, see Fig. 2. Plane strain conditions
are assumed. Consider both a polar coordinate system (r, §) and a Cartesian coordinate system (x, y) centred at the crack
tip, with the crack plane along the negative x-axis. The outer K field is imposed by prescribing the nodal displacements in
the outer periphery of the mesh as,

1+v | 0 . (0

Uy = Tv % |:I<,(3 —4v —cos ) cos <§> + Ky (5 — 4v + cos ) sin (f)} (70)
1+v [ r . (0 0

Uy = —F— E[I<1(3—4v—c059)sm <§> + Kij(1 — 4v + cos6) cos <§)] (71)

where E is Young’s modulus, v is Poisson’s ratio and K; and Kj; respectively denote the mode I and mode II stress intensity
factors. Upon exploiting the symmetry about the crack plane, only half of the finite element model is analysed. After a mesh
sensitivity study, the domain is discretised with 11,392 quadrilateral quadratic elements with full integration. As shown in
Fig. 2, the mesh is progressively refined towards the crack tip to resolve the material strain gradient length ¢. From the outer
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Fig. 3. Tensile stress distribution ahead of the crack tip for selected values of ¢/R,. Material properties: oy/E = 0.003, v =0.3, N=0.1, and x — oo.

K-field, a representative length of the plastic zone can be defined as,
2

1 /K
Rp=—— 72
P 3 (Jy) ( )
We assume that the material obeys the following isotropic power-law hardening rule:
N

P
O'FZO'y<1+£) (73)

Oy

with the current flow stress, o, being related to the gradient-enhanced effective plastic flow rate through the viscoplastic
function - see (57). The viscoplastic parameters are chosen to model the rate-independent limit. Specifically, following Ref.
Kristensen et al. (2020), we define the following dimensionless constant:
Key

‘= Xe (74)
where ¢y = oy/E is the yield strain, and make suitable choices for ¢ and m. By comparing with the results obtained with
rate-independent J, plasticity and the viscoplastic function by Panteghini and Bardella (2016) (with &y — 0), we find that
¢ =0.25 and m = 0.005 accurately approximate the rate-independent limit. Throughout Section 5.1, material properties are
assumed to be oy/E = 0.003, v = 0.3 and N = 0.1. We investigate the influence of y, the parameter that governs dissipation
due to the plastic spin, and the ratio ¢/Rp, where ¢ is a reference length scale Ly = Lp = ¢. In addition, insight is gained into
the role of the individual energetic L and dissipative Lp length scales.

5.1.1. Asymptotic behaviour under Mode I fracture

We proceed to verify the analytical findings of the asymptotic study in Section 3. Assume pure mode I conditions (Kj; = 0)
and irrotational plastic flow (x — oo). The tensile stress distribution ahead of the crack tip is shown in log-log scale in Fig. 3
for selected values of ¢/R,. The finite element results confirm the analytical findings; for all ¢/R, > 0 values an elastic stress
state exists close to the crack tip, where oy scales as r~1/2.

Several distinct regions are seen in Fig. 3. Far away from the crack tip, the stress field is elastic and exhibits the linear
elastic singularity r~1/2. As the crack tip is approached a plastic region arises, where the stresses follow the HRR field
of conventional J, plasticity (Hutchinson, 1968; Rice & Rosengren, 1968), with oy, scaling as r—N®N+D_ This plastic re-
gion is reached at r ~ 0.5Rp, as the Irwin approximation for the plastic zone length (72) overestimates its size for strain
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Fig. 4. Distribution ahead of the crack tip of the ratio between the tensile plastic and elastic strains 8§’y/8y"y for both conventional plasticity (¢/R, = 0) and
gradient plasticity (¢/Rp = 0.05). Material properties: oy/E =0.003, v =0.3, N=0.1, and y — oc.

hardening materials (Anderson, 2005). At approximately r < ¢, strain gradient hardening starts to play a role and a stress
elevation is seen relative to the classic plasticity prediction (black dashed line, ¢/Rp = 0). The size of the domain where
gradient plasticity and conventional plasticity predictions deviate from each other is governed by ¢/Rp. Also, in the region
0.001R, < r < 0.1R, the degree of stress elevation relative to conventional plasticity increases with ¢/R,. However, in the
vicinity of the crack tip (r ~ 0.1¢ or smaller), all ¢/R, > 0 cases superimpose, with the stress exhibiting the singular be-
haviour of linear elasticity oy, ~ r~1/2, as predicted in the analytical asymptotic study. Note that path independence of the
J-integral (35) implies that the outer and inner elastic K fields must be the same; i.e., the inner K field is identical for
all ¢/R, > 0 values and corresponds to the one predicted by linear elasticity. Further insight into this elastic crack tip re-
gion is gained by plotting the ratio between the plastic strain and the elastic strain 8}1,7y/8§y; results are shown in Fig. 4 for
conventional plasticity (¢/Rp, = 0) and gradient plasticity (¢/R, = 0.05).

As in Fig. 3, three regimes can be identified in Fig. 4. For both ¢ =0 and ¢ > 0, far away from the crack tip the plas-
tic strains are zero but eventually increase as r becomes smaller than Rp. In conventional plasticity the plastic strains are
singular and raise sharply as we approach the crack tip. However, when ¢ > 0 the ratio Efy/é“;y reaches a peak and then
drops, with the elastic strains dominating when r — 0. An elastic strain (and stress) state exists near the crack tip, where
plastic strains are negligible. Thus, the assumption of a dominating plastic strain field as r — 0 cannot be used to derive
the asymptotic fields, as done in the context of conventional plasticity. This crack tip elastic core resembles the concept of
a dislocation-free zone (Suo, Shih, & Varias, 1993).

We proceed to assess the role of the individual energetic and dissipative higher order contributions. The crack tip stress
distribution and the crack tip opening profile are respectively shown in Fig. 5a and b. Dissipative higher order effects dom-
inate the crack tip response; the magnitude of Lg/R, has to be increased 50 times relative to Lp/R, to achieve a similar
degree of crack tip stress elevation. Given that we are under nearly proportional loading, differences must be due to the
constitutive choices for the energetic defect stress (18) and the dissipative higher order stress tensor (22c). In other words,
the use of Nye’s tensor as primal kinematic variable considerably reduces the local strengthening predicted ahead of a
crack. The effect will likely be more profound if a less-than-quadratic defect energy is employed. Moreover, as it can be
deduced from the analysis of Section 3, less-than-quadratic defect energies will change the nature of the singularity - the
crack tip stress state will no longer be elastic if Lp = 0. For the present formulation, where the defect energy is quadratic,
the asymptotic behaviour described by the purely energetic result is the same as in the purely dissipative case; as shown
analytically, if Ly > 0 or Lp > O the stress field exhibits the elastic singularity r—1/2 as r — 0. It is important to note that,
in both the analytical and numerical analyses, the plastic distortion field is assumed to be continuous. However, for the
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Fig. 5. Influence of energetic and dissipative length scales: (a) tensile stress distribution ahead of the crack tip, and (b) crack opening profile. Material
properties: oy/E = 0.003, v=0.3, N=0.1, and x — oo.

case Lp = 0 (where gradient effects are due to Nye’s tensor only), the theoretical framework is characterised by kinematic
higher order boundary conditions that admit discontinuity in some components of the plastic distortion. Thus, the results
reported for the case Lp = 0 should be taken with care; an H(curl) finite element framework, such as the one developed by
Panteghini and Bardella (2018), is needed to capture the discontinuities that might arise in Nye’s tensor components. A very
different outcome might be predicted if y,.f is allowed to be discontinuous and the solution localises.

13



14 S. Fuentes-Alonso and E. Martinez-Pafieda /International Journal of Engineering Science 156 (2020) 103369

0.25 T T T T T T T
Lp >0 (LE = 0)
Stress Oy

02 h 1
Q
~
~
o opcp = 201RR
R015F [ .
= crack THAR .
s-o-q Distance r
K
N 0.1 |
~
A
O
Q
~

0.05F .

Ly >0 (LD = 0)
oL 1 - = i i | = |
1 2 3 4 5 6 7 8 9

K]/O'Y\/LE or K[/O’y\/LD
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properties: oy/E =0.003, v =0.3, N=0.1, and x — oo.

As shown in Fig. 5b, the assumption of an equal magnitude for Lz and Lp leads to very different crack opening profiles.
In the case of Lp > 0 blunting is significantly reduced behind the crack tip. The crack profile also sharpens relative to the
conventional plasticity prediction when Lg > 0 (Lp = 0) but to a much lesser extent. Far from the crack tip, the crack profile
predictions for energetic gradient plasticity, dissipative gradient plasticity and conventional plasticity agree. Outside of the
inner elastic core, the local strengthening predicted by Nye’s tensor is much weaker than the one predicted by a gradient
contribution based on the plastic strain gradient tensor. This is further explored in Fig. 6, where the gradient dominated
zone rpgp is plotted as a function of the remote mode I load K;. As in Martinez-Pafieda and Niordson (2016), we define
rpcp to represent the length of the region ahead of the crack tip where the stress distribution significantly deviates from
conventional plasticity: o pcp > 20 ygg.

The results shown in Fig. 6 reveal a minor sensitivity of rpgp with the remote load for the case L > 0 (Lp = 0). Tensile
stresses are much higher than conventional plasticity in the elastic crack tip region but rapidly decay towards the con-
ventional plasticity result farther away from the crack. Contrarily, in the case of Lp > 0 the domain ahead of the crack
where gradient effects significantly alter the stress distribution increases with the applied load. At the largest load level, the
length of the stress elevation region is more than one order of magnitude larger if dissipative strengthening is accounted
for. These differences are undoubtedly rooted in the choice of a free energy based on Nye’s tensor. As shown in Martinez-
Pafieda et al. (2019) for fracture and in Danas, Deshpande, and Fleck (2012) for bending, the dissipative contribution also
outweighs the energetic counterpart when the defect energy is based on the plastic strain gradient tensor albeit differences
are significantly smaller.

Insight into the role of Nye’s tensor is further gained by plotting the distribution ahead of the crack tip of the relevant
component, «y, - see Fig. 7. The peak value of «y, appears to saturate with an increasing remote load, reaching a maximum
value on the order of 0.1/Lg. Given that Lg is typically within the 1-10 pm range (see Table 1), the maximum value of ay; is
on the order of 0.01-0.1 um~!, consistent with experimental observations (Das, Hofmann, & Tarleton, 2018).

The results shown in Figs. 5-7 reveal that, beyond the elastic inner core, a curl-based defect energy requires larger Lg/R,
values to have a similar impact on the stress distribution as gradient-based constitutive choices. This raises the following
question: what are the values of Lg that fit the outcome of micro-scale experiments for curl- and gradient-based models?
To the best of the authors’ knowledge this data does not exist, motivating future work.'

1 Bardella and Panteghini (2015) obtained a good fit to the torsion experiments by Fleck et al. (1994) with a curl-based model but employed a logarithmic
defect energy.
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Fig. 7. Nye’s tensor component «,, distribution ahead of the crack tip for selected values of the remote load and the case Ly > 0 (Lp = 0). Material
properties: oy/E = 0.003, v=0.3, N=0.1, and x — oc.

5.1.2. Mixed-model fracture - the role of x
We proceed to assess the role of x and the plastic spin. For that, mixed-mode fracture conditions are considered, where
K; > 0 and Kj; > 0. The degree of mode-mixity can be characterised by the following angle:

_1 (K
¥ = tan (17,) (75)
Note that, in the present model, the dissipation due to the plastic spin gradient is not accounted for. Accordingly, the
plastic spin has no influence on the crack tip asymptotic behaviour; i.e., an elastic core exists, independently of the value
of x. The plastic spin can play a role if we assume that the internal work is affected by different plastic rotations of two
neighbouring macroscopic material points, as proposed by Bardella (2010). In the context of the original distortion gradient
plasticity model (Gurtin, 2004), the influence of the plastic spin is limited to the stress elevation in the plastic region.

Crack tip stress fields are shown in Fig. 8 for {y = 45° and selected values of the parameter governing the dissipation
due to the plastic spin, x. The choice y =2/3 makes the effective plastic flow rate (19) equal to the norm of the plastic
distortion in the absence of higher order terms, while y — oo reproduces the conditions of the theory by Gurtin and
Anand (2005) (that is, irrotational plastic flow). The results reveal a small influence of the plastic spin, with the stress level
increasing with y. This agrees with the trends observed by Bardella (2010) in the simple shear problem, where augmenting
x leads to additional material hardening.

The role of the plastic spin in elevating crack tip stresses is further investigated by computing the stress elevation relative
to conventional plasticity o pgpfohrr as a function of the degree of mode mixity, as given by the angle . The results are
shown in Fig. 9. It is found that the influence of the plastic spin increases with decreasing ¥, and that the stress elevation
increases with increasing .

5.2. Fracture at bi-material interfaces

We proceed to investigate cleavage in the presence of significant plastic flow at bi-material interfaces, a paradig-
matic conundrum in metallic fracture. Specifically, we reproduce the classic experiments by Elssner et al. (1994) and
Korn et al. (2002) on niobium-sapphire interfaces. Our goal is to properly characterise the interface between elastic and
elastic-plastic solids by incorporating, for the first time in fracture, the role of suitable higher order boundary conditions to
model dislocation blockage.

In a remarkable series of experiments, Elssner et al. (1994) and Korn et al. (2002) measured both the macroscopic work
of fracture and the atomic work of separation of an interface between sapphire and single crystal niobium. The macroscopic
toughness turned out to be 1000 times higher than the atomic work of separation, with the difference being attributed
to the significant dislocation activity observed in the Nb single crystal. However, fracture occurred by cleavage, with the
crack tip remaining atomistically sharp. Since the stress level required to trigger atomic decohesion of a lattice or a strong
interface is more than twice the maximum stress around the crack tip predicted by conventional J, plasticity, the findings
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by Elssner et al. (1994) and Korn et al. (2002) constitute a paradox in the context of conventional plasticity (Jiang, Huang,
Zhuang, & Hwang, 2001; Jiang, Wei, Smith, Hutchinson, & Evans, 2010; Qu et al., 2004). We hypothesize that strain gradient
effects, combined with dislocation blockage, will be sufficient to raise crack tip stresses beyond the theoretical strength of
the metal, ~ 100y, over a sufficiently large distance to trigger fracture. The geometry, configuration and dimensions (in
mm) of the four-point bending experiment Korn et al. (2002) are shown in Fig. 10. A sapphire layer is sandwiched between
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Table 1
Compilation of experimentally reported length scales with their associated gradient plasticity formulation.
Work Material Experiment Length scale - Gradient model
Fleck et al. (1994) Cu Torsion 3.7 pm - Fleck and Hutchinson (1993)
Nix and Gao (1998) Cu (cold worked)  Indentation 5.84 pm - Nix and Gao (1998)

Single crystal Cu Indentation 12 pm - Nix and Gao (1998)
Stolken and Evans (1998) Ni Bending 5.2 pm - Fleck and Hutchinson (1993)
Shrotriya, Allameh, Lou, Buchheit, and Soboyejo (2003)  Ni Bending 5.6 pm - Fleck and Hutchinson (1993)
Haque and Saif (2003) Al Bending 4.5 nm - Gao, Hang, Nix, and Hutchinson (1999)
Ro, Begley, Gangloff, and Agnew (2006) Al2024 Indentation 0.2 pm - Nix and Gao (1998)
Qian, Zhang, Swaddiwudhipong, and Shen (2014) Steel S355 Indentation 7 pm - Gao et al. (1999)

Steel S690 Indentation 7 um - (1999) Gao et al. (1999)
Guo, He, Lei, Li, and Liu (2017) Cu Torsion 3 pum - Fleck and Hutchinson (1993)
Iliev, Chen, Pathan, and Tagarielli (2017) In Indentation 85.21 pm - Nix and Gao (1998)

In Bending 93.34 um - Fleck and Hutchinson (1993)
Mu, Hutchinson, and Meng (2014) Cu Micro-pillar shear  0.647 pm - Fleck and Hutchinson (1997)

E/2 E/2

2.5 9 mm
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ZaN AN

Fig. 10. Geometry and dimensions of the four-point bending experiments by Korn et al. (2002). All dimensions are in mm. The polycrystalline Nb layer
has identical dimensions to the single crystal Nb and the sapphire layers. The specimen thickness (in the out-of-plane direction) is 2 mm.
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a single crystal and a polycrystalline Nb layers, which are in turn sandwiched by two alumina layers. An initial crack of
length a = 0.4 mm is placed at the interface between the single crystal Nb and sapphire. A load of F = 85 N is applied.

Regarding the material properties, the alumina and the sapphire are linear elastic; alumina has a Young’s modulus of
E =390 GPa and a Poisson’s ratio of v = 0.27, while sapphire has a Young’s modulus of E = 425 GPa and a Poisson’s ratio of
v = 0.16 (Korn et al., 2002). The polycrystalline niobium has a Young’s modulus of E = 105 GPa, a Poisson’s ratio of v = 0.39,
a yield stress of oy = 105 MPa and a strain hardening exponent of N = 0.24 (Korn et al., 2002; Qu et al., 2004). Furthermore,
the single crystal niobium layer is characterised by a Young’'s modulus of E = 145 GPa, a Poisson’s ratio of v =0.36, and a
yield stress of oy = 145 MPa; as in Ref. Qu et al. (2004), the strain hardening exponent is chosen to be N = 0.05 to represent
easy glide in single crystal deformation. The magnitude of the material length scales remains to be defined. To the best of
the authors’ knowledge, no micro-scale experiments have been conducted on single crystal or polycrystalline Nb. A literature
review of the experimental works conducted together with a gradient plasticity analysis to obtain the material length scales
is provided in Table 1.

As in Section 5.1, we consider a reference length scale Ly = Lp = ¢ for simplicity. We follow Qu et al. (2004) and consider
the magnitude of ¢ for polycrystalline Nb to be equal to 5.29 pm. This value is close to the average magnitude of the length
scale measured for Cu, Ni and Al using torsion, indentation and bending. Regarding single crystal Nb, the work by Nix and
Gao (1998) on Cu shows that experiments on single crystal samples are best captured with a length scale that duplicates
the magnitude of the length scale employed to fit the tests on polycrystalline samples (see Table 1). Accordingly, we chose
to assume a length scale for single crystal Nb of ¢ = 10.58 pm. For both single crystal and polycrystalline Nb the parameter
governing dissipation due to the plastic spin is assumed to be equal to y = 2/3. The finite element model is constructed
using user defined elements, for the elastic-plastic materials, and ABAQUS in-built elements for the elastic materials. A total
of 20,336 quadrilateral quadratic elements with full integration are used, with the mesh being very refined close to the
crack tip - see Fig. 11. The characteristic length of the elements close to the crack tip is of 10 nm. Plane strain conditions
are assumed.

The higher order boundary conditions require special consideration. We assume that the interaction between the dislo-
cations and the various material interfaces in the bending specimen is such that dislocations are not allowed to exit the
plastic layers. These micro-hard conditions, emulating dislocation blockage, are likely to be a good approximation to the dis-
location behaviour at the niobium-sapphire and niobium-alumina interfaces. The degrees of freedom corresponding to the
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Fig. 11. Schematic and detailed views of the finite element mesh employed to model the four-point bending experiments by Korn et al. (2002).
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Fig. 12. Tensile stress distribution along the interface between single crystal Nb and sapphire ahead of the crack. The results are shown for distortion
gradient plasticity (solid line) and for conventional plasticity (dashed line). The stress distribution is normalised by the yield stress of single crystal Nb.

plastic strain tensor and the plastic spin are therefore constrained & = 5},3 = efy = 19,5, = 0. Apart from that, the conventional
boundary conditions are straightforward, as provided in Fig. 10.

The results obtained from the finite element model are shown in Fig. 12, in terms of tensile stress versus distance along
the interface, ahead of the crack tip. The stress distribution is normalised by the yield stress of single crystal niobium and
results are shown for both conventional and distortion gradient plasticity. While the maximum stress predicted by con-
ventional plasticity is below 4oy, insufficient to trigger brittle fracture, the stress level predicted with distortion gradient
plasticity exceeds the theoretical lattice strength (100y) over hundreds of nanometres. Consequently, the combination of lo-
cal crack tip strengthening and dislocation blockage provides a rational basis for atomic decohesion at bi-material interfaces
in the presence of plasticity.

Finally, contours are obtained for the relevant component of Nye’s tensor, as shown in Fig. 13. The magnitude of oy,
increases in the vicinity of the crack tip, reaching a maximum value that does not exceed 0.01 um~!. This is in agreement
with experimental observations of lattice distortions beneath nano-indents - see Das et al. (2018).
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Fig. 13. Contours of the relevant component of Nye’s tensor, «y,, in the Nb layer in the vicinity of the crack tip.

6. Conclusions

We investigate, numerically and analytically, the crack tip behaviour of metals by using distortion gradient plasticity.
The influence of two notable constitutive features on fracture mechanics predictions is investigated for the first time: (i)
the use of Nye’s tensor as primal higher order kinematic variable, and (ii) the role of the plastic spin. A generalised J-
integral is defined, which is then used to determine the crack tip asymptotic singularity order. On the numerical side, a
finite element framework is presented, which builds upon a novel viscoplastic function that enables efficient modelling of
both rate-dependent and rate-independent behaviour. The analysis of crack tip fields under mode I and mixed-mode fracture
assuming small scale yielding conditions reveals the following main findings:

 An elastic region exists close to the crack tip, where the plastic strains are negligible and the Cauchy stress follows the
r~172 singularity of linear elasticity. This elastic core, reminiscent of a dislocation-free zone, is present for both gradient-
based and curl-based higher order constitutive choices. However, the nature of the singularity will change for a less-
than-quadratic defect energy.

The stress elevation due to strain gradient hardening predicted in the annular plastic zone embedding the elastic core
is very sensitive to the constitutive choice of the defect energy. The use of Nye’s tensor leads to a substantially weaker
stress elevation, as compared with the plastic strain gradient tensor, for the same value of the material length scale. The
values of Nye’s tensor predicted in the vicinity of the crack are consistent with experimental observations.

- A small influence of x, the parameter governing the dissipation due to the plastic spin, is observed. Increasing x raises

crack tip stresses, with the upper bound being given by the irrotational plastic flow scenario.

We emphasise that, for the case where gradients effects are due to Nye’s tensor only (Lp = 0), our analysis is constrained
by the assumption of a continuous plastic distortion field. The framework should be extended to admit discontinuity in
some components of the plastic distortion, as in Panteghini and Bardella (2018), and this will be the goal of future work.

Finally, the framework is employed to shed light into the paradox of brittle fracture in the presence of plasticity in bi-
material interfaces. By modelling the paradigmatic experiments by Elssner et al. (1994) and Korn et al. (2002) on niobium-
sapphire interfaces, we find that:

+ The combination of micro-hard higher order boundary conditions, emulating dislocation blockage, and gradient plasticity
effects lead to interface crack tip stresses that are larger than the theoretical lattice strength over a distance of hundreds
of nm; rationalising quasi-cleavage in bi-material interfaces.
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Appendix A. Additional details of numerical implementation

Assume 2D plane strain conditions, as in the numerical examples addressed in the paper. Accordingly, for an element
with k nodes, the nodal variables read,

. R R R 1T
i=[a a i 4] (A1)
. . . . . . . T
8P — [sf(l) 850) }/,g,(l) 8)1(9(") Ef(k) yxr;(k)] (A.2)
58 = [0 ... ﬁxpy(")]r (A3)
The shape functions matrices for a given node n are then given by,
Ny 0 0
u_|No O e | 0 Ny 0
Nn = [0 N M= N N, 0 (A4)
0 0 Ny

with sz being, in plane strain conditions, the scalar N, for node n. While the interpolation matrices for gradient and
curl-based quantities are given by,

— aNn 0 0 -
i
—_n 0 0
dy
9Ny 0 0 N 0
X O0X
aN, N
0 n , 0 3y 0
u er
B, = 0 dOy ; B, = _% _BNn o ; (A.5)
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o o M
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e _ ax 293y | 9 _ n
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_cm _Zn 0 0
ay ay
My M 0
L Ox ax _
On the other side, the stiffness matrix components are given by,
oR: T
Kbt = 8u,: = /Q (B3) CBy, dv (A7)
&b 8R” T p
K = 5gb =~ /Q (BY) eNeE! dv (A8)
0P, GRSP T
Ko = G = - fﬂ (N) B, dv (A9)
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