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Abstract

Nickel-based superalloys are a commonly used material in applications where
high strength is required at high temperatures. A typical such example is
jet engines and, in the case of polycrystalline nickel-based superalloys, com-
ponents like turbine disks. Under severe loading conditions, such as cyclic
loading combined with sustained dwell times at high temperatures, polycrys-
talline nickel-based superalloys are known to experience accelerated fatigue
crack growth in oxygen-rich environments compared to vacuum. Environ-
mentally assisted crack initiation could for example be identified as cause for
turbine disk fracture in some cases of mechanical turbine failure of passenger
airplanes. It has been shown by experimental work in the past that oxy-
gen is the main deteriorating species in the case of intergranular fracture in
nickel-based superalloys.

In this work we develop a fully coupled chemo-mechanical cohesive zone
model accounting for the interaction between oxygen transport into the grain
boundaries and their stress state. The model is presented in a thermodynamic
framework. Additionally, a chemo-mechanical cohesive finite element carrying
both the displacement and the concentration field is suggested. The finite
element formulation is complemented by a moving boundary condition for
the concentration field, accounting for the increase in environment-exposed
surface as edge cracks grow into the structure. Aside from handling edge
cracks, the moving boundary condition yields physically meaningful results
even in the case of crack initiation at interior grain boundaries.

Numerical experiments are conducted on bi- and polycrystals. It is shown
that the modeling framework can qualitatively reproduce experimentally ob-
served phenomena, like the reduction of tensile strength in oxygen rich en-
vironments, the acceleration of crack growth rates upon increasing environ-
mental oxygen concentration and saturation thereof for high environmental
oxygen levels. It is also demonstrated that edge cracks can be propagated
past preexisting cracks inside the polycrystal while maintaining realistic oxy-
gen boundary conditions.

Keywords: Intergranular fracture, Grain boundaries, Crystal plasticity, Stress-
assisted diffusion, Polycrystal, Crack propagation, Crack growth rate, Moving
boundary condition.
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CHAPTER 1

Introduction

1.1 Motivation

Nickel-based superalloys are a class of high-strength, heat resistant materi-
als. For polycrystalline nickel-based superalloys, a shift from transgranular to
intergranular fracture is observed if they are subjected to a combination of
an oxygen-rich environment, high temperatures and tensile loading sustained
over a significant dwell time. In applications that require this class of mate-
rials, e.g. gas turbines, parts often experience such a severe combination of
loading conditions.

Several cases of intergranular oxygen-assisted fracture have occurred in jet
engines in the past. In September 2000, the stage 1 turbine disk of a Boeing
767-2B7(ER) broke during a maintenance ground run; part of the disk broke
through a fuel tank and the left wing [2]. In December 2002 on a passenger
flight, a Boeing 767-219ER had to return to its origin six minutes into the
flight because the left engine failed after a loud noise was heard. The engine
failure was caused by fracturel of the first-stage high pressure turbine (HPT)
disk, which is shown in Figure 1.1 [1]. In June 2006, the stage 1 HPT disk
of a Boeing 767-223(ER) failed during a maintenance ground run. The disk
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Chapter 1 Introduction

Figure 1.1: Rear face of the broken stage-1 HPT disk from a Boeing 767-219ER
(General Electric CF6-80A high-bypass turbofan engine). The fracture
originated on the left side of the disk, the initial part of the crack broke
intergranuarly. [1]

completely split the engine [3]. In September 2015, the takeoff of a Boeing
777-236ER had to be aborted because the left engine failed and took fire
during the takeoff ground roll. Failure was caused by fracture of the stage 8
high pressure compressor disk [4].

These four examples have in common that the fracture through the tur-
bine disks was initiated by intergranular cracking, followed by a transition
to transgranular fracture until rupture. All disks were made from polycrys-
talline nickel-based superalloys. Note that while turbine blades are often man-
ufactured from singlegzrystalline nickel-based superalloys, disks are commonly
made from polycrystalline material. The technical failure investigations in-
dicate that the fractures were initiated by environmentally assisted fatigue
crack growth, resulting in stress concentrations at the crack tips that in turn
led to failure by other fracture mechanisms. Further detailed information on
the metallurgical investigations performed for the 2006 and 2016 engine fail-
ures can be found in the metallurgical investigations report by GE [5] and the
Materials Laboratory factual report by NTSB [6], respectively.

The measures for avoiding such type of failure of turbines focus on non-
destructive crack detection durimﬁ| maintenance.~ However, in order to be
able to design parts which are less likely to experience environmentally as-



1.2 Research objectives

sisted cracking, it is crucial to understand the chemo-mechanical fracture
phenomenon and to be able to make predictions under which conditions it
is likely to occur.

1.2 Research objectives

It would be beneficial for future component design and material choices to
improve the understanding of environmentally assisted intergranular fracture
of nickel-based superalloys by using modeling and simulations. However, only
few modeling efforts have been focused on capturing the interaction between
environmental and mechanical effects. The objectives of the first part of this
research project have focused on the environmentally assisted and thus inter-
granular fracture behavior:

e Understand which factors influence environmentally assisted intergran-
ular fracture in polycrystalline nickel-based superalloys.

e Build a numerical framework for predicting the interaction between en-
vironmental effects and the mechanical behavior of the polycrystals.

o Capture the dependence of intergranular crack propagation rates on dif-
ferent environmental and loading conditions, including varying dwell
times and cyclic loading.

Continuing, for the second part of the project there are several possible re-
search objectives such as:

o Extend the model by a fracture model for transgranular cracks. Investi-
gate the transition regime from transgranular to intergranular fracture
and try to predict under which conditions trans- or intergranular fracture
occurs. A focus could be on the influence of microstructural mechanical
effects on the crack path.

o Extend the model for intergranular fracture to a 3D setting and inves-
tigate the influence of out-of-plane effects. A focus could be on the
suitability of 2D modeling as a computationally cheaper approximation.

Both possible future research objectives lead to a significant increase in the
computational cost and therefore open up for research on strategies for han-



Chapter 1 Introduction

dling expensive models. Such strategies include for example nonlinear precon-
ditioning, GPU assisted linear solvers and adaptive mesh refinement.



CHAPTER 2

Experimental observations

Over the past decades, a significant amount of experimental work has been
performed in order to understand the impact of oxygen on intergranular frac-
ture of nickel-based superalloys at high temperatures. This chapter gives a
brief overview of experimental work that constitutes the basis for the chemo-
mechanical modeling of oxygen-assisted intergranular fracture in this work.
The experimental findings are summarized in the list below and translate into
different aspects of the model, which will be described in Chapter 3.

1. Reduction of ultimate tensile strength

A reduction of ultimate tensile strength and of ductility is observed in oxygen-
rich environments compared to those observed in vgeuum. In particular, this
effect occurs if the exposure to oxygen is combined with mechanical load-
ing. Oxygen exposure without mechanical loading does not cause material
degradation to the same degree. [7]

2. Acceleration of crack growth rate

Crack propagation is addelerated in oxygen-rich environments compared to
a vacuum. This effect is particularly pronounced when the specimens are
exposed to a dwell time in the oxygen-rich environment during tensile or
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Figure 2.1: Crack propagation rates da/dN increase for increasing oxygen partial
pressure in the environment. For higher oxygen partial pressures, a
higher stress intensity factor leads to faster crack growth. The crack
propagation is also accelerated for lower cyclic loading frequencies
(compare the 1s-1s cycle to the 10s-10s cycle in b)). Figure reprinted
with permission from [10], original results from [11].

cyclic loading [8], [9], [10].

3. Saturation of crack growth rate upon reaching a critical amount of oxygen
The acceleration of the crack growth rate in oxygen rich environments has been
quantified in several experimental studies/ The crack growth rates are found
to depend on the environmental oxygen content [11], [9] and on the imposed
dwell time [[12];1[8], [13], [14]. Exemplary results for these dependencies are
shown in Figures 2.1 and 2.2, respectively.

The dependence of the crack growth rate on the environmental oxygen con-
tent is described in Figure 2.1 in terms of the oxygen partial pressure in the
environment. Crack propagation per cycle is displayed for increasing oxygen
partial-pressuire for-different load levels (compare Figure 2.1a) and for varying
dwell tim(:E?cAompare Figure 2.1b). It can be observed that the crack propa-
gation rates are npt Jdependent on the environmental oxygen concentration if
it is low. For increasing concentration, there is a region with quickly increas-
ing crack growth rate around 1Pa of oxygen partial pressure followed by a
saturation of the cr@ propagation rates for high environmental oxygen con-
centration. It is additionally important to notice that the cracks propagate
intergranularly for high oxygen concentrations, but transgranularly for low
oxygen concentrations. There is a transitioning region with mixed inter- and
transgranular fracture that coincides with the beginning of the region with
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Figure 2.2: Crack propagation rates da/dN increase for longer dwell times at max-
imum load, both in isothermal fatigue (IF) and in thermo-mechanical
fatigue (TMF). For very short and very long dwell times, saturation of
the crack growth rate is approached. Figure reprinted with permission
from [13]

quickly increasing crack growth rates.

Furthermore, cracks propagate faster for higher loads and for longer dwell
times. The latter is quantified in Figure 2.2 by showing crack propagation
per cycle fdr]cyclic loading with varying dwell time at the maximum load
level. Similarly to the dependence on oxygen pressure, short dwell times have
a small impact on the crack growth rate, but with increasing dwell times the
cracks grows increasingly fast and for very long dwell times saturation of the
crack propagation rates is app@ched. Like for increasing oxygen concen-
tration, a transition from transgranular crack growth for short dwell time to
intergranular crack growth for long dwell times has been observed.

Concluding these observations, the right halves of Figures 2.1 and 2.2 are
related to intergranular fracture. It is further concluded that a critical amount
of oxygen is needed for causing the acceleration of crack growth. This critical
amount of oxygen must be available from the e@onn@t in the first place. If
it is available, there must be sufficient time for the critical amount of oxygen to
enter into the structure. After the material has been damaged by a sufficiently
high oxygen concentration, further increase of the oxygen concentration in the
material does not affect the intergranular fracture process.
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4. Presence of oxygen only along grain boundaries

Oxygen is found exclusively along grain boundaries and does not significantly
diffuse into the grains [15], [16]. Notice that this is a major difference from
hydrogen embrittlement where hydrogen diffusion into the bulk material is a
relevant process.

All four above described effects are based on the presence of oxygen in the
environment and in the material ahead of the crack tip. This work takes
the fundamental assumption that oxygen diffusion into the grain boundaries
ahead of the crack tip happens and that oxygen causes degradation of the grain
boundaries. However, no assumption is made on what the chemo-mechanical
phenomenon cdusirig|the material degradation is.

10



CHAPTER 3

Modeling

3.1 Chemo-mechanically coupled cohesive zone
model

As the possible crack paths are a priori known to be intergranular, cohesive
zone modeling is used for representing the cracks. Hence, cohesive elements
are introduced along all grain boundaries. An adaption of the well known
Xu-Needleman cohesive law ([17]) by Kolluri et al. [18] that adds irreversible
damage is used as a base model for the mechanical behavior of the grain
boundaries. In this section, an overview of the additions made to the base
cohesive law in order to account for the chemo-mechanical phenomena dis-
cussed in Chapter 2 is given. For a complete model formulation, the reader is
referred to Paper A.

A concentration field ¢ is introduced on the grain boundaries, i.e. in the
cohesive elefilents. As it is known that oxygen is present only along grain
boundaries,[fhere is no need for a concentration field in the bulk material.
Firstly, the effect of the concentration field on the cohesive law will be de-
scribed. Secondly, the oxygen transport into the structure is discussed.

11
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Figure 3.1: Environmental degradation of cohesive law. Initially, the strength of
the cohesive law is Tmax in tangential and omax in normal direction.
The maximum traction in each direction is reached when the respec-
tive jump Ay / Ay, reaches its characteristic value é, / d,. For increasing
environmental damage do,, the tractions in normal and tangential di-
rection decrease.

Environmental damage

To account for the reduction of ultimate tensile strength and thereby give rise
to the accelerated crack growth, the tractions resulting from the base cohesive
law T2 are reduced by an environmental damage variable do, such that

T = (1—do, H(Ay)) TP, (3.1)

where A, is the normal jump along the interface and H is the Heaviside func-
tion. The resulting tractions T are represented in Figure 3.1. The strength of
the cohesive law, and thus the fracture energy, is reduced upon increasing the
environmental damage do,. The reduction only happens for positive normal
separation jumps A, > 0. Notice that theﬂitial stiffness of the cohesive law
is also reduced.

The spatial domain of standard mechanical cohesive elements is their mid-
plane, thus the dimension of the domain is reduced by one compared to the
overall spatial dimension. In order to differentiate between quantities defined
in the spatial dimension and on the mid-plane, the oxygen concentration on
the mid-plane of the cohesive elements is introduced as grain boundary con-

12



3.1 Chemo-mechanically coupled cohesive zone model
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Figure 3.2: Relation between the environmental damage variable do, and the

maximum grain boundary concentration ¢&",,. The damage variable

increases quickly around a characteristic oxygen concentration ¢,
which can be related to the regions of high crack rate acceleration in
Figure 2.1.

centration ¢ and all quantities denoted with superscript gb subsequently
refer to the domain of the cohesive elements.

The environmental damage is the main model feature for causing the accel-
erated crack[gowth rate. Therefore, the experimentally observed saturation
effects in crack rate acceleration come into the model at this point. As ex-
plained in Chapter 2, it is assumed that the saturation effects can be related
to reaching a critical amount of oxygen in the grain boundaries. The crack
growth rate increases quickly around a characteristic oxygen concentration
cfﬁar and approaches saturation for much larger concentrations. This is re-
flected in the, model by using an exponential relation between the oxygen

concentration and the environmental damage

b
do, = doy.max (1 — exp (—c%fax / C%har)) : (3.2)
where the history variable ¢8> has been introduced as maximum experienced

oxygen concentration in a material point in order to ensure irreversibility.
Additionally, an upper limit of the environmental damage do, max is intro-
duced as a model parameter. The relation between oxygen concentration and
environmental damage is shown in Figure 3.2.

[
13



Chapter 3 Modeling

Stress-assisted oxygen diffusion

The base assumption for oxygen transport into the structure is that oxygen
diffuses along the grain boundaries. This is accounted for by a diffusive oxygen
flux jffem according to Fick’s law. Additionally, it is known that accelerated
crack growth is associated with oxygen exposure under mechanical loading. In
order to account for this, the assumption of stress-assisted diffusion towards
high hydro-static stresses (originally suggested by Sofronis and McMeeking
[19] in the context of hydrogen embrittlement) is adopted. As the hydro-
static stress is not readily available in cohesive elements, the mechanically
assisted flux j;gnbech is instead assumed to be proportional to the gradient of
normal traction V&>T,. The oxygen flow in the grain boundaries 58 can then
be expressed as

. Vo .
j%b = — DVePeEP £ D esb R—T2 verT, . (3.3)
j cg}tl)e m ‘7 iich

Therein, the introduced model parameters are the base diffusivity along grain
boundaries D and for the partial molar volume of oxygen in metal Vo,. Fur-
ther, R is the universal gas constant and 7' is the absolute temperature. In the
damage zone, the mechanical flux jizch is the dominant phenomenon trans-
porting oxygen into the grain boundaries, thus ensuring that significantly less
oxygen can enter the structure without mechanical loading (ngTn = 0).
However, the chemical flux jf}lfem plays an important role in the initiation of
the degradation process, as it is the first phenomenon bringing small amounts
of oxygen into the structure. The oxygen starts to degrade the cohesive law
according to Equation (3.1), resulting in increasing traction gradients between
regions with and without oxygen. This in turn gives rise to the traction as-
sisted oxygen flux.

[]
3.2 Moving boundary condition

In order to compute crack propagation rates in polycrystals, it is crucial to be
able to propagate cracks through polycrystals and to track their crack tips.
This requires a criterion to determine if a material point is broken and a
way to compute the crack length. Further, specific treatment of the chemical

14



3.2 Mowving boundary condition
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Figure 3.3: Different fracture scenarios: Edge cracks (blue / left) should fill up
with oxygen, while interior cracks (yellow / right) should not.
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boundary conditions is needed, as the outer boundary of the structure changes
when cracks open up.

A local fracture criterion based on the remaining strength of the grain
boundaries in the normal direction o, is used here. For a given fracture limit
value T}, broken regions I's are a subset of the grain boundaries I'y and are
defined as

I's = {X cely: 0. < Tf} . (34)

For details, the reader is referred to Paper B.

As cracks grow from the domain boundary into the structure and open up,
the crack flanks are also exposed to the environmental oxygen concentration
Cenv- Comnsider the fracture due to environmental damage in Figure 3.3 (blue).
Originally, only the domain bolndary was exposed to ¢°™V. In the state de-
picted in the Figure, the crack has propagated, leaving the crack flanks (left
from the crack tip) exposed to the environment. [_;é.]s the crack propagates
further, the fractured domain I't changes.

The coupled chemo-mechanical cohesive zone model presented in Paper A
describes the material behavior ahead (i.e. right in Figure 3.3) of the crack
tip. It is therein assumed that the oxygen concentration_behind the crack
tip (in the broken regions) is the environme@l oxygen concentration c®V.

15



Chapter 3 Modeling

Therefore, an oxygen boundary condition that moves along with the crack tip
is needed. Additionally, cracks can in general originate anywhere, not only at
the outer boundary of the structure. A crack that initiates inside the structure
(e.g. due to a material weakness, compare with the yellow / right crack in
Figure 3.3) should not fill up with oxygen as long as it is not connected to the
oxygen supply.

To fulfill these requirements, a penalty approach that penalizes the con-
centration gradient V&PceP in the broken regions It is proposed. Combined
with Dirichlet boundary conditions on the concentration field at the outer
boundary of the structure, this approach enforces the environmental oxygen
concentration in edge cracks, as spatial changes of the concentration are not
allowed wherever the grain boundaries are broken. On the other hand, for a
c unconnected to the boundary, the only effect is a constant concentra-
tion throughout the crack. This corresponds to an instantaneous oxygen flow
through it.

The penalty condition is imposed by adding an additional term to the weak
form of the mass conservation of oxygen

Phe / H(T; — 0,) VEPcEP . WEPs e8P dA (3.5)
Is

where py. is a penalty coefficient and d¢8” is the variation of ¢8°. The Heavi-
side function cancels the term in non-broken material points. Notice that this
term can also be interpreted as an additional oxygen flux due to the moving
boundary condition jﬁs. This oxygen flux should however be a strictly trailing
phenomenon to the fracture process and only interact with the coupled co-
hesive zone model in terms of supplying realistic conditions behind the crack
tip.

In practice, the penalty term also needs to be regularized in order to avoid
numerical difficulties. Details of the regularization are given in Paper B.

3.3 A perspective: Inter- vs. transgranular
fracture

The presented model is a cohesive zone model that predicts fracture in the
grain boundaries. However, as discussed in Chapter 2, fracture only occurs

O
16



3.8 A perspective: Inter- vs. transgranular fracture

intergranularly under certain conditions and a transitioning region with both
trans- and intergranular fracture has been experimentally observed. Such a
mixed fracture region has also been observed in the turbine disks discussed in
section 1.1. While transgranular fracture is (not yet) possible with the present
model, the model can be used as the tool accounting for intergranular fracture
in a mixed trans-/intergranular fracture setting.

The following scenario is suggested for incorporating transgranular fracture
and including a transitioning region to intergranular fracture: Undamaged
grain boundaries have a higher strength than the bulk material. Thus the
base fracture mechanism would be transgranular fracture, as observed e.g. in
vacuum or in a lack of time for oxygen to enter the structure. A possible choice
for modeling fracture through the grains is to adopt a phase-field model. A
similar approach has recently been suggested by Valverde-Gonzalez et al. [20]
for hydrogen embrittlement.

Upon oxygen exposure, the grain boundaries are weakened until they be-
come weaker than the bulk material. If sufficiently much oxygen is supplied
and it enters the structure sufficiently fast, fracture becomes purely intergran-
ular. The mixed fracture region naturally arises from the transition between
these two scenarios. If the strengths of the grains and the grain boundaries are
approximately equal, the local chemo-mechanical conditions determine where
the crack growths. Possible factors influencing the crack growth in this case
could e.g. be the grain size, crystal orientations or local stress concentrations
(for example arising from material defects or at grain boundary intersections).

17






CHAPTER 4

Concluding Remarks and Future Work

Environmentally assisted intergranular fracture is a phenomenon that reduces
the life-time of components made of nickel-based superalloys. Examples of
such components are turbine disks of jet engines. While the phenomenon has
been known and experimentally investigated for many years, there has been
less work on numerical modeling of the interaction between the environment
and the mechanical behavior of polycrystals.

In this work, we present a numerical framework for predicting the interac-
tion of oxygen, acting as embrittling element, and accelerated intergranular
fracture of polycrystals. The framework is based on chemo-mechanical phe-
nomena which were inferred from a literature study of various experimental
results on intergranular fracture of nickel-based superalloys. The framework
is thermodynamically consistent, and it has been shown in Paper A that it
can qualitatively reproduce important experimental results, such as stress re-
laxation in oxygen-rich environments. In Paper B the framework is extended
to allow for crack propagation and computation dfjcrack growth rates. Tt
has therein been demonstrated that reasonable relations between the envi-
ronmental oxygen content and the letack growth acceleration in the case of
intergranular fracture can be predicted.

19



Chapter 4 Concluding Remarks and Future Work

With these results, the major part of the first set of research objectives
has been achieved. However, the results from Paper B are thus far limited
to monotonic loading. Most realistic loading conditions, e.g. in the turbine
disk examples, include cyclic loading. In the case of the turbine disks the
loading / unloading would correspond to starting / stopping the engines, with
a significant dwell time under loading while the engine is running. Thus, the
work in Paper B should be complemented by applying the presented model
to cyclic loading scenarios.

Coming to the second half of this project, there are several possible paths
to follow. So far, in all simulations a 2D plane strain assumption has been
adopted. An evaluation of the importche of 3D effects and the suitability
of the 2D assumption would be relevant for future numerical research on this
topic, especially when trying to approach simulations on a structural rather
than a micro-structural scale. Another possibility could be an extension of
the currédt model to fully resolve the micro-structural behavior and also allow
for transgranular fracture. It would especially allow evaluations of the micro-
mechanical effects that influence the transition from trans- to intergranular
fracture.

Either of these paths lead to significantly increased computational cost of
the current model. The full simulation code for this project has been written
in the Julia programming language, making use of open-source software pack-
ages. Hence, we have full access to all parts of the program. We intend to use
this for investigating strategies for handling and reducing the computational
cost, by using e.g. non-linear preconditioning, GPU assisted linear solvers and
adaptive mesh refinement.

20
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