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INTRODUCTION

‘As flame of fire as we gather; as skyful of starts as we scatter.’

In memory of Lao Song (Mingiu Song)

1.1 SELF-HEALING MATERIALS

Self-healing materials, defined by the name, present a new class of smart
materials which can fully or partially repair themselves when damaged. In
contrast to the traditional ‘damage prevention’ paradigm (the materials are
designed such that the occurrence of damage is delayed as much as possible),
the development of self-healing materials is guided by the ‘damage
management’ principle [1, 2]. That is, the formation of damage is tolerable, as
long as the damage can be fully or partially erased by the accumulation of
healing agents and/or removal of the damage. Inspired by nature, the self-
healing behaviour is generally achieved by the local migration of the healing
agents [3], i.e. a fraction of the material is mobile, and once the damage takes
place and the repair is required, the mobile phase can be triggered (either
externally triggered by certain external stimulations or internally triggered by
the damage itself) resulting in transfer towards the damage sites, where the
healing takes place subsequently and the mobile phase becomes immobilised
again. In the field of self-healing materials, the dominating sub-field has been
the study of self-healing polymers [4, 5], where the self-healing capacity is
provided by the discharge of encapsulated healing agents and/or the
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incorporation of dynamic bonds. Given the relative effective chemical reactions,
the large volume of mobile molecules and the fast diffusion, self healing in
polymers is feasible even at room temperature. Another widely-studied self-
healing system is concrete [6], where the healing agent is the mineral
generated by the bacteria, which are previously embedded in the concrete and
can be activated by the water through the load-induced cracks. Other examples
include self-healing composites [7, 8], asphalts [9], ceramics [10], etc.
Regardless of the varying details of healing mechanism, the existence of local
mobility is required.

1.2 SELF-HEALING METALS

The realisation of self healing in metals is, however, more difficult than in
polymers, mainly because of: (1) the relatively low mobility of metallic atoms
resulting from the strong atomic bonding and (2) the relatively small size of
the metallic atoms acting as the healing agents. Due to these intrinsic
limitations, the application of self-healing metals is usually restricted to either
the systems that require assisted healing or systems that operating at elevated
temperatures with small initiating damage [11, 12]. For the former category,
external triggers like electric field [13] and local melting [14] are commonly
used to provide a higher mobility, so that healing can be achieved for cracks in
the range of mm’s. For the latter category, the healing agents are generally
provided by the autonomous nucleation of nano-sized or micro-sized
precipitates that exclusively form at the damage sites at high temperatures [15,
16]. The precipitates are capable of healing the microscopic damage, and since
the accumulation of microscopic damage can lead to macroscopic damage and
subsequently to catastrophic failure, the healing of the damage at its initial
stage can effectively prolong the lifetime of the metal.

One potential application lies in the field of creep-resistant alloys. This
is for two reasons. Firstly, creep damage takes place at elevated temperatures,
which can provide mobility for the metallic atoms. In addition, creep-induced
damage is initially small (in the range of tens of nm) and therefore relatively
easy to be filled by the also small healing atoms. Since the accumulation of small
scale damage can ultimately result in the final failure, the self healing of early
stage damage is of great importance.
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1.3 SELF HEALING OF CREEP-INDUCED DAMAGE

When exposed to a combination of a high temperature and constant stress
levels (even below the quasi-static yield stress), metals experience time-
dependent plastic deformation, known as creep. Creep damage often begins
with the nucleation of grain-boundary cavities, which further grow and
coalesce into larger cracks, and ultimately leads to failure [17]. To improve the
creep resistance, the traditional mechanism is to tune the microstructure and
composition of the metals such that the initiation of the cavities is postponed
as long as possible [18-20]. However, since nucleation of the cavities has been
regarded as being unavoidable, the concept of self healing [3, 11, 12] has been
proposed as an alternative strategy. In the self-healing creep-resistant alloys,
the healing agents are provided by supersaturated solute atoms pre-dissolved
in matrix that show a tendency to precipitation. The healing is autonomous, i.e.
the trigger for the healing is the damage itself, instead of some external assist.
The high temperature, where creep takes place, provides a relatively high
mobility for the transport of the healing agents. To summarise, during creep,
the occurrence of cavities triggers the migration of solute atoms (previously
immobilised in the matrix) towards the damage sites, where the healing
subsequently takes place by precipitation. Thereby the continuous growth and
the more catastrophic coalesce of the cavities can be postponed, if not
prevented.

In recent years, the concept of self healing has been verified as being
effective in prolonging creep lifetimes in multiple metallic systems. For
austenitic stainless steels (i.e. steels having an fcc lattice structure at the
operating temperature), Laha and co-workers [15, 21] reported that the
combined addition of boron and nitrogen is effective in reducing the cavity
growth rate, as well as increasing the creep rupture strength. Lumley and co-
workers [22, 23] demonstrated that underaged Al alloys showed a lower strain
rate, and thus a longer lifetime, compared to a fully-aged counterparts. The
improvement in the creep performance after an under-ageing heat treatment
is achieved by the dynamic precipitation of free solute atoms and the
subsequent retardation of dislocation motion during the creep test. In a
systematic study on ferritic steels (i.e steels or alloys with a bcc lattice
structure at the operating temperature), a series experiments on binary Fe-X
alloys, including Fe-Cu [24-26], Fe-Au [16, 27-30], Fe-Mo [31] and Fe-W [32],
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as well as simulation studies [33-35] have been conducted to reveal the healing
mechanism during creep. For these model alloys, the grain-boundary cavities
(that serve as triggers) are expected to be autonomously filled gradually by the
formation of solid precipitates (that serve as healing agents). The composition
of these alloys are selected such that at the operating temperature 1 at.% of
supersaturated solute atoms are immobilised in the matrix. Several criteria are
fundamental in order to achieve autonomous site-selective healing: (i) an extra
amount of solute atoms (typically 1 at. % supersaturation at the creep
temperature) need to be present into the matrix, providing the driving force
for the formation of precipitates; (ii) the nucleation energy barrier at free creep
cavity surfaces need to be sufficiently lower than the energy barrier for
nucleation in the matrix, assuring the site selectively; (iii) the solute atoms
should have a higher diffusivity compared to the host atoms, so that the cavity
can shrink during filling by precipitation as the vacancies diffuse outward due
to the Kirkendall effect; and (iv) the solute atoms should not react with other
microstructural components and thereby not be consumed before reaching the
damage sites. Guided by the findings from the model alloys, a series of ferritic
chrome steels with a combination of decent high-temperature mechanical
properties and self-healing potential have been designed [36]. In these steels
other alloying elements than the healing element, W, such as C, Cr, Ni are added
to achieve decent mechanical properties, but as in the model alloys, the healing
is due to only one solute element (i.e. the healing agent).

So far, the self healing of creep damage in ferritic Fe-based alloys by
precipitation has only been demonstrated for systems with one healing
element (for both the model alloys and for the designed alloys). It is of great
interest to introduce a ternary Fe-X-Y system with two healing elements, which
can (1) provide insight in the interplay between two separate healing agents in
the same system and (2) be used to explore the potential of effective healing
on different time scales. This thesis starts with studying the precipitation
behavior at the surface of creep-induced grain boundary cavities in a Fe-Au-W
ternary model alloy. Both Au and W serve as healing agents, and at the
operating temperature, both elements are in a supersaturated state with
approximately 1 at.% of supersaturation. Since the diffusivity of Au is
approximately two orders of magnitude higher than that of W, it can be
expected that the two healing agents operate on different time scales, which
can further extend the functioning time of self healing. Following the first step
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from the binary Fe-X and the ternary Fe-X-Y self-healing model alloys towards
multi-component industrial steels, this thesis also test evaluates the creep and
self-healing behaviourbehavior in custom the designed ferritic 12Cr steels
alloys [36] and gives suggestions for follow-up experiments and the design of
the next generation of self-healing creep-resistant steels.

1.4 SCOPE OF THIS THESIS

In Chapter 2, autonomous healing of creep-induced grain boundary cavities by
Au-rich and W-rich precipitates was studied in a Fe-3Au-4W (wt.%) alloy at a
fixed temperature of 550 °C with different applied stresses. The ternary alloy,
with two supersaturated healing solutes with a concentration comparable to
previously studied Fe-3Au and Fe-4W alloys, serves as a model system to study
the interplay between two separate healing agents. The creep properties are
evaluated and compared with those of the previously studied Fe-Au and Fe-W
binary systems. The microstructures of the creep-failed samples are studied by
electron microscopy to investigate the cavity filling behavior and the mass
transfer of supersaturated solute to the defect sites. A model is proposed to
describe the competitive healing behavior of the Au-rich and W-rich
precipitates.

One of the challenges in studying the healing of the creep-induced
defects lies in the observation of both the creep cavities and the precipitation
inside these cavities at different stages of the creep life. In Chapter 3, the study
of precipitation of supersaturated solutes in bcc iron at free surfaces for
ternary Fe-3Au-4W and related binary Fe-3Au and Fe-4W alloys (all in wt.%)
is proposed as a complimentary method to understand and predict the
precipitation behaviour and the mass transfer of supersaturated solutes. The
time evolution of the surface precipitation is compared among the three alloys

to investigate the interplay between the Au and W solutes in the ternary system.

The kinetics of the precipitation on the external free surface for the ternary
Fe-Au-W alloy is compared to the previously studied precipitation on the
internal surfaces of the grain-boundary cavities during creep loading of the
same alloy.

To better understand the microstructure development at different
stages of creep, in Chapter 4, synchrotron X-ray holotomography is applied as
a powerful tool to visualise the evolution of both the grain-boundary cavities
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and the precipitates within the cavities. The damage and healing behaviour in
a Fe-3Au-4W (wt.%) ternary system is studied by performing creep
experiments with a constant stress of 145 MPa at 550 °C. The creep
experiments are stopped after different times to investigate the microstructure
development at different stages of creep. With two voxel sizes of 100 and 30
nm, Au-rich and W-rich precipitates can be segmented. The segmentation
results are compared with the SEM results from a previous research on the
same ternary system. The growth of cavities and the mass transfer of solute
towards the damage sites are also compared with the previously studied two
binary counterparts.

Self healing of creep-induced cavities is achieved by the removal of
vacancies from the cavities due to the inverse Kirkendall effect. In Chapter 5,
a set of numerical and analytical models is presented to predict the growth and
contraction of grain-boundary creep cavities in binary self-healing alloys. The
inward vacancy flux is driven by the stress distribution along the grain
boundary, while the time-dependent outward vacancy flux results from the
solute segregation on the cavity surface. Both the stress distribution and the
solute flux are calculated with a multi-physics finite element package
COMSOL® [37]. The time evolution of the filling ratio, and the resulting critical
stress, are calculated based on the accumulated inward and outward vacancy
fluxes. The influences of the grain-boundary to bulk diffusivity ratio, the level
of solute supersaturation, and the spacing between neighbouring cavities on
the healing efficiency are addressed explicitly and solutions are proposed as a
function of the imposed stress.

As introduced in section 1.3, a series of ferritic 12Cr steels with a
combination of decent high-temperature mechanical properties and self-
healing potential have been designed. In Chapter 6, the creep behaviour of two
novel experimental alloys with compositions based on the design rules is
investigated by performing a series of creep experiments at high temperature
(550 °C) with different applied stresses. By carefully examining the
microstructures of the creep-failed samples in both the creep-deformed
regions and the stress-free regions in the samples, the validity of the self-
healing concept in the steels is evaluated. The creep lifetimes of the designed
steels are compared with the existing commercial steels under similar creep
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conditions. Based on the observations and discussion, suggestions for the
design of the next generation of self-healing creep-resistant steels are given.

The main findings in this thesis are compiled in a summary.
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COMPETITIVE HEALING OF CREEP-INDUCED
DAMAGE IN A TERNARY FE-3AU-4W ALLOY

‘Let’s put it this way: imagine the case of the breakdown had taken place after

your experiment had been running for 800 hours.”’

Zhou Zhou

Autonomous healing of creep-induced grain boundary cavities by Au-rich and
W-rich precipitates was studied in a Fe-3Au-4W (wt.%) alloy at a fixed temperature
of 823 K (550 °C) with different applied stresses. The ternary alloy, with two
supersaturated healing solutes, serves as a model system to study the interplay
between two separate healing agents. The creep properties are evaluated and
compared with those of the previously studied Fe-Au and Fe-W binary systems. The
microstructures of the creep-failed samples are studied by electron microscopy to
investigate the cavity filling behavior and the mass transfer of supersaturated solute
to the defect sites. Compared to the Fe-Au and Fe-W alloys, the new Fe-Au-W alloy
has the lowest steady strain rate and the longest lifetime. The site-selective filling
of the creep-induced cavities is attributed to two different categories of
precipitates: micron-sized Au-rich precipitates and nano-sized W-rich precipitates.
The Au-rich precipitates are found capable to fully heal the cavities, while the
W-rich precipitates show only a limited degree of healing. The two types of
precipitates show a reluctance to coexistence, and the formation of W-rich
precipitates is suppressed strongly. A model is proposed to describe the competitive
healing behavior of the Au-rich and W-rich precipitates.

This chapter has been published in Metall Mater Trans A 51 (9), 4442-4455 (2020).



2. COMPETITIVE HEALING OF CREEP-INDUCED DAMAGE IN A TERNARY FE-3AU-4W ALLOY

2.1 INTRODUCTION

When metals are exposed to an elevated temperature (T > 0.4 Tmer), the
application of a constant stress generally causes a time-dependent increase in
strain. This phenomenon is known as creep. During creep, quasi-spherical
micron-sized cavities form preferentially at the grain boundaries oriented
perpendicular to the load direction. When these cavities are formed, they grow
and coalesce into micro- and subsequently macro-cracks, which ultimately
leads to failure. Traditionally, efforts have been made to improve the creep
resistance by stabilizing the microstructure of the material and postpone the
cavity propagation as long as possible [1-3]. As cavity nucleation is assumed to
be inevitable, the concept of self-healing [4-6] is proposed as an alternative
strategy, in which the occurrence of the cavities triggers dissolved (non-
majority) atoms to move towards the defects and fill them. In this self-healing
approach the cavity growth can be interrupted before coalescence takes place.

The idea of self-healing has been applied to various (industrial and
model) metallic systems to improve the creep-resistance. Lumley and co-
workers [7, 8] demonstrated that underaged Al alloys showed a lower strain
rate, and thus a longer lifetime, compared to a fully-aged counterparts. The
improvement in the creep performance after an under-ageing heat treatment
is achieved by the dynamic precipitation of free solute atoms and the
subsequent retardation of dislocation motion during the creep test. Laha and
co-workers [9, 10] reported that the combined addition of boron and nitrogen
into austenitic stainless steels (with an fcc lattice structure) is effective in
reducing the cavity growth rate, as well as increasing the creep rupture
strength. During creep, BN preferentially precipitates on the free cavity
surfaces and thereby partially heals the cavities [9-11]. For ferritic steels (with
a bcc lattice structure), a series of binary systems [6, 12-20], including Fe-Cu,
Fe-Au, Fe-Mo and Fe-W, serving as model alloy systems have been investigated
systematically to reveal the mechanism and criteria of self healing. The
composition of these alloys was selected such that at the operating
temperatures the solute is in a supersaturated state by approximately 1 at.%.
The supersaturated solute atoms are expected to segregate at the open volume
defect sites and fill them progressively, and thereby the coalescing of the
cavities can be prevented or delayed. The Fe-Cu system has been shown to be
moderately effective in enhancing the creep resistance [12, 21]. Cu-rich
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precipitates were found to fill the cavities formed during creep. However,
owing to the similar atomic radius of the precipitating Cu atom and the matrix
Fe atom, the Cu atoms were found to show only a weak preference to
precipitate in the open-volume cavities, in comparison with precipitation along
the intact grain boundaries and dislocations within the matrix [12, 13]. This
competing precipitation route leads to a gradual depletion of the available
healing atoms (in the form of supersaturated solute Cu) when a cavity is
formed and needs to be filled. The Au atom has an atomic radius that is 13%
larger than that of the Fe atom, which results in an appreciable strain energy
for segregation in the Fe-Au solid solution. It is therefore expected to show an
obvious site-selective healing effect, i.e. the Au-rich precipitates will form
almost exclusively on the free cavity surface and disc-shaped precipitates
connected to the dislocations in the matrix will remain nano-sized as they are
restricted in their growth [14, 15, 17, 20]. In a related recent study Zhang and
co-workers [22] demonstrated that Au atoms dissolved in bcc iron can also
actively heal nuclear radiation damage in a mechanism not unlike that for
creep damage healing. Considering the costliness and the limited availability of
Au, Fe-Mo [16] and Fe-W [18] systems were investigated as an alternative. In
Fe-Mo and Fe-W alloys the precipitating phase responsible for healing is not
the solute-rich fcc phase, but the intermetallic Laves phase (FezMo and Fe,;W,
respectively). Both the Fe-Mo and Fe-W system showed a high self-healing
potential and site-selective phenomena similar to the Fe-Au system, except for
the slower kinetics due to the lower diffusivity of Mo and W in bcc Fe. Based on
the observations from the above-mentioned experiments and complementary
computation studies [23], the essential requirements for the self-healing
capability can be formulated [6]: (i) a supersaturation to provide the driving
force so that the healing agent can precipitate at the defect sites; (ii) a relatively
large misfit between the matrix phase and the newly-formed precipitate phase
such that the precipitation within the matrix can be restrained by the
nucleation barrier; (iii) a larger diffusivity of the healing element compared to
the diffusivity of iron, so that the vacancy flux would be reversed away from
the cavity due to the Kirkendall effect; and (iv) there should be no chemical
reaction between the healing element and iron matrix so that the solute
diffusion towards the cavity is not interfered.

So far, the self healing of creep damage in ferritic Fe-based alloys by
precipitation triggered by cavities [19] resulting in an extended creep lifetime
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2. COMPETITIVE HEALING OF CREEP-INDUCED DAMAGE IN A TERNARY FE-3AU-4W ALLOY

[17], has only been demonstrated for binary alloys. To transfer the concept of
self healing to systems with a higher complexity closer to that of commercial
(multi-component) creep-resistant steels, a ternary Fe-X-Y system with two
healing elements can provide insight in the interplay between two separate
healing agents in the same system.

In the present study, we explore the damage behavior of a ternary
Fe-3Au-4W (wt.%) alloy containing two different healing elements: the fast
diffusing Au and the slower diffusing W. The composition of the alloy was
selected such that at the pre-defined and set testing temperature of 823K
(550 °C) both elements are in a supersaturated state with approximately 1 at.%
of supersaturation for both elements. The concentration of each solute element
in the Fe-3Au-4W ternary system is comparable to our previously studied
Fe-3Au and Fe-4W binary systems. Creep tests at a fixed temperature with
different constant applied stresses were performed to evaluate the creep
properties of the new ternary alloy. The resulting microstructures of the
fractured samples are studied in detail by scanning and transmission electron
microscopy to evaluate the cavity filling behavior and the mass transfer of
supersaturated solute to the defect sites.

2.2 EXPERIMENTAL

High-purity Fe-Au-W ternary alloy sheets were produced on order by
Goodfellow®. The as-received material contains 3.826 wt.% (1.222 at.%) W
and 3.073 wt.% (0.916 at.%) Au with balance Fe. Dog-bone shaped creep
samples with a gauge length of 12.5 mm and a cross-section of 3 mm? were cut
by spark erosion, where the gauge length was chosen to be in the rolling
direction. The samples were sealed in an evacuated quartz tube filled with 200
mbar ultra-high purity argon to prevent oxidation during annealing. After
annealing for 5 hours at 1141 K (868 °C) in order to solutionize the solute
atoms Au and W, the samples were quenched into water. The as-quenched
samples were examined using electron microscopy to assure that the samples
are properly homogenized and that there is no precipitation before the creep
tests (Fig. S2.1). The solutionized as-quenched samples showed an average
grain size of 103(37) um. Creep experiments until rupture were performed
under vacuum at a constant temperature of 823 K (550 °C) and with constant
stress levels ranging from 170 to 235 MPa. The experiment conditions are
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summarized in Table 2.1, while the experimental details of the test facility can
be found in [17].

Both the microstructure in the uniform deformation region and the
actual fracture surfaces were characterized via scanning electron microscopy
(SEM) using a JEOL JSM 6500F instrument equipped with energy-disperse X-
ray spectroscopy (EDS), viz.: ThermoFisher UltraDry detector (30 mm?) with
Noran System Seven software for data acquisition and analysis. To reveal the
precipitate crystal structure and composition, transmission electron
microscopy (TEM) measurements were performed using a FEI Cs-corrected
cubed Titan instrument. Elemental analysis was done with an Oxford
Instruments EDX detector X-MaxN 100TLE. Lattice images were collected on a
Gatan US1000 camera. ADF (Annular Dark Field) images and EDX spectra for
elemental mapping were collected in STEM (Scanning Transmission Electron
Microscopy) mode.

Table 2.1: Summary of the experiment conditions and the creep results for the present
Fe-Au-W alloy and the previous Fe-Au [19,20] and Fe-W [18] alloys. All the
experiments are performed at a fixed temperature of 823 K (550 °C).

Alloy Stress Strain rate Lifetime
(MPa) (h'1) (h)
170 2.162(3)x10-° 224.5
180 2.670(1)x10-° 141.6
Fe-Au-W 190 2.625(3)x105 134.6
Grain size: 103 pm 200 4.723(6)x10-° 97.4
210 7.53(2)x105 66.6
235 7.29(1)x105 50.6
Stress exponent: n = 4.0(8) (strain rate)
n = 4.6(5) (lifetime)
60 3.190x10-5 641.7
Fe-Au [19, 20] 80 5.080x10- 375.7
Grain size: 57 pm 100 7.362x10° 209.9
117 2.748x10+ 57.2
Stress exponent: n = 2.9(9) (strain rate)
n = 3.4(8) (lifetime)
100 2.6(1)x10-° 1113
Fe-W [18] 140 8.7(3)x10-5 236.4
Grain size: 127 pm 160 2.0(5)x104 104.2
200 5.5(1)x10-4 56.8

Stress exponent: n = 4.3(4) (strain rate)
n = 4.4(4) (lifetime)
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2.3 RESULTS

2.3.1 CREEP RESULTS

The strain versus time results of the Fe-Au-W alloy samples loaded at a fixed
temperature of 823 K (550 °C) but for different constant loads are shown in Fig.
2.1a. The derived steady state strain rate (obtained by linear fitting of the strain
levels covering 15% to 85% lifetime) and creep lifetime are presented in
Fig. 2.1b and 2.1c, respectively. The initial strain of the samples increases with
the increase in load. Soon after the loads are fully applied, the steady-state
creep begins with a strain rate that remains about constant for most of the
lifetime of these small samples. The transition from the steady-state creep to
the tertiary creep occurs with a sharp increase in the strain rate, leading to a
subsequent failure of the sample. The final strain ranges from 5% to 9%, while
the strain attributed by the steady-state creep is below 1%, indicating a brittle
nature of the ternary Fe-Au-W alloy. The steady-state strain rate fulfils the
Sherby-Dorn equation [24] & = Ad™o™exp (—Q/RT), where A is a structure
dependent constant, d is the grain size, m is the grain size exponent, o is the
applied stress, n is the stress exponent, Q is the activation energy, R is the gas
constant and T'is the temperature in kelvin. The corresponding stress exponent
for the steady-state strain rate n is 4.0(8), while the stress exponent derived
from the lifetime corresponds to 4.6(5). The creep results of our previous
Fe-Au [19, 20] and Fe-W [18] alloys are also presented in Fig. 2.1b and 2.1c for
comparison. The Fe-W alloy has a grain size of 127 pum, which is comparable to
the Fe-Au-W grain size of 103 pm, thus the original data are shown. Since the
grain size of the Fe-Au alloy was smaller (57 pm), the strain rate and the
lifetime of the Fe-Au alloy have been normalized using the grain size exponent
(m=-2 [17]). It can be seen that among these three alloys, the Fe-Au-W alloy
has the lowest strain rate and the longest lifetime. The stress exponent for the
Fe-Au-W and Fe-W alloys are comparable, indicating a similar creep-
controlling mechanism. While for the Fe-Au alloy, the creep-controlling
mechanism is likely to be different, especially in the low-stress regime. The
strain rates and lifetimes for the three alloys with their experimental
conditions are summarized in Table 1.
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Fig. 2.1: (a): Creep curves for the Fe-Au-W alloy samples with different constant stress
levels at a temperature of 823 K (550 °C). (b) Derived steady-stage strain rate and (c)
creep lifetime as a function of applied stress. The strain rates and lifetimes of the

previous Fe-Au [19, 20] and Fe-W [18] samples are also summarized and compared in
(b) and (¢).
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2.3.2 MICROSTRUCTURE OF THE CREEP-FAILED SAMPLES

The fracture surface of the creep-failed sample after having been exposed to an
applied stress of 200 MPa for 97.4h is shown in Fig. 2.2a. The sample
experienced a decohesive rupture at a grain boundary, which is consistent with
the sudden transition from the steady-state creep to the tertiary creep, as
shown in Fig. 2.1a. Some precipitates can be found on the fracture surface, both
on the grain faces and at original grain corners or edges, as indicated by arrows.
Some examples of formed cavities and precipitation healing are provided in Fig.
2.2b. The cavities are preferentially formed along the grain boundaries
perpendicular to the stress direction (indicated by white arrow). Subsequently,
the precipitates nucleate on the free creep cavity surface and then grow to fill
the cavity gradually. In Fig. 2.2b, an example of a cavity fully filled by
precipitation is indicated by a blue arrow. The precipitate is significantly
enriched in Au (17.3 at.% Au and 2.1 at.% W). The precipitate indicated by a
yellow arrow inside of the cavity in Fig. 2.2b is enriched in both Auand W (1.7
at.% Au and 3.6 at.% W) with respect to the nominal value. The Au and W
concentration profiles along the black line crossing the precipitate in Fig. 2.2b
are measured with EDS and are presented in Fig. 2.2c. The precipitate is
enriched in Au with a peak concentration of about 17 at.%, while the W
concentration remains around the nominal value. The Au concentration is
likely to be underestimated, given the limited resolution of the EDS. In
agreement with the binary Fe-Au system [20], uniformly dispersed disc-
shaped nano-sized Au-rich particles are found within the matrix, as shown in
Fig. 2.2b and 2.2d. In contrast to the Fe-Au binary system, no micron-scale Au
depletion zone was observed in the current ternary Fe-Au-W alloy. As
indicated in Fig. 2.2d, the depletion zone has a maximum width of
approximately 0.5 pm. The reduced width of the Au depletion zone suggests a
reduction in the effective Au volume diffusivity inside the bulk of the ternary
Fe-Au-W alloy due to a suppression of the extensive subgrain formation
observed in the binary Fe-Au alloy [17,20].

It is important to note that the precipitates are triggered by the
formation of the cavities (instead of triggering the cavities). In the creep-failed
samples, many precipitates formed in the cavities show irregular shapes, and
their shapes match the geometry of the corresponding cavities, indicating a
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cavity-triggered healing behavior. More detailed discussions can be found in
[17] and [19].

(b)

Au: 17.3(9) at.%
W : 2.1(5) at.%

Au: 1.7(1) at.% ‘
W: 3.6(2) at.%

TU DELFT SEM  BEI 15.0kV  X12.000 WD 21.4mm

\Au-depletion zone

Concentration (at.%)

Distance (um)

Fig. 2.2: Scanning electron microscopy data for Fe-Au-W alloy sample after creep at a
constant stress of 200 MPa at 823 K (550 °C). (a) Fracture surface of the creep-failed
sample. The white arrows indicate the precipitates. (b) Micrograph for the same
sample. The blue arrow indicated precipitate is significantly enriched in Au while the
yellow arrow indicated precipitate is enriched in both Au and W. (¢) Composition
profile of the line scan in (b). (d) Micrograph of the same sample. Au-rich discs and a
Au depletion zone can be observed.

The composition of a collection of precipitates located on samples with
varying creep lifetimes is analyzed by EDS and the results are summarized in
Fig. 2.3. The vertical dotted line corresponds to the nominal Au concentration
and the horizontal dotted line corresponds to the nominal W concentration.
The data points located in the blue-shaded region and the yellow-shaded
region correspond to the precipitates enriched in W and in Au, respectively.
The data points in the non-shaded region represent the precipitates enriched
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in both Au and W. It can be observed that the precipitates have a composition
that ranges up to 20 at.% Au and 8 at.% W. Independent of the lifetime most of
the precipitates are either enriched in Au or enriched in W, and only a few
precipitates are enriched in both Au and W. This indicates that the Au-rich and
W-rich precipitates are formed independently, and that within the
experimental resolution of the EDS, Au-rich and W-rich precipitates rarely
occupy the same cavity.
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Fig. 2.3: Collected precipitate compositions for precipitates in creep samples with
different stress levels and creep lifetimes. The vertical dotted line and the horizontal
dotted line indicate the nominal Au concentration and the nominal W concentration,
respectively.

In order to characterize the precipitation behavior in more detail,
additional TEM experiments were performed. Fig. 2.4 shows the TEM results
for the sample that was exposed to a stress of 190 MPa at a temperature of 823
K (550 °C). As shown in Fig. 2.4a, disc-shaped precipitates are found uniformly
distributed within the matrix. The discs have a diameter of 40-150 nm and a
diameter-to-thickness ratio ranging from 5 to 10. An interface relationship of
(015) matrix | (116)precipitate and orientation relationships of [002],,4¢rix I
[002]recipitate and [200]pmaerix I [110]precipitate are found between the

matrix and the disc-shaped precipitates. As shown in the elemental map in
Fig. 2.4b, the discs are enriched in Au, while the W distribution is about uniform.
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A line scan across a precipitate (shown in Fig. S2.2) shows a Au concentration
of 56 at.% in the center. The discs have an fcc structure, with a lattice
parameter of ao = 3.95(6) A, corresponding to a gold concentration of 61(20)
at.% for the precipitate. The gold concentration of the surrounding matrix is
lower than the nominal value (about 0.6 at%). Au-rich discs are found to be
connected to dislocations (Fig. 2.4c). Since no discs were observed in an as-
quenched sample, it can be concluded that the disc-shaped precipitates
nucleate from the dislocations, which are generated during creep. No W-rich
precipitates are found in the matrix of the creep-failed sample. On the grain
boundaries with no cavities, many precipitates with a size of 5 - 50 nm are
observed (Fig. 2.4d). These precipitates are enriched in either Au or W and the
two types of precipitates are usually found in contact with each other (Fig.
2.4e).

Fig. 2.4: TEM results for the Fe-Au-W alloy sample after creep at a stress of 190 MPa.
(a): Disc-shaped precipitates in the matrix. (b): Elemental distribution of Auand W for
the selected square area in (a). (c): Disc-shaped precipitates (with 3 perpendicular
orientations) connected with dislocations (lines) are observed in the matrix.
(d): Precipitates on a grain boundary without cavities. (e): Elemental distribution of Au
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and W for the selected square area in (d). By overlapping the distribution of Auand W,
one can see that the Au-rich and W-rich precipitates are in contact.

2.3.3 FRACTURE SURFACE

To clarify the formation of creep cavities, precipitation on the creep cavity
surface and the interaction between Au-rich and W-rich precipitates, the
fracture surfaces after creep were examined. The brittleness of the material
and the decohesive rupture enabled a direct observation of the grain boundary
fracture, with complementary mirror-like information from both sides of the
fracture surface. Fig. 2.5 shows the fracture surface of the creep-failed sample
after creep at a stress of 200 MPa. Two kinds of cavities can be observed in Fig.
2.5a and 2.5b: (i) large rectangular-shaped cavities (box 1 in Fig. 2.5f) and (i)
small ellipsoid-shaped cavities (box 2 in Fig. 2.5f), which are often fully filled
with precipitation. In this case, most of the precipitates stick to one side of the
broken sample (side A), but generally, the precipitates are found on both
surfaces (see the neighbor grain on the right-hand side). By comparing the
precipitate shape with the shape of the corresponding dent on the opposite
surface, it seems that the ellipsoid cavities are fully filled by the micro-sized
precipitates.

As shown in Fig. 2.5¢-5f, some nano-sized precipitates (significantly
smaller than the ellipsoidal particles) are found inside the rectangular cavities.
Unlike the ellipsoidal micro-sized precipitates, the nano-sized precipitates are
distributed over the cavity surface, showing only a limited degree of filling. To
determine the composition of the two types of the precipitates, the atomic
concentrations of Fe, Au and W were mapped using EDS, as shown in Fig. 5c.
The ellipsoidal micro-sized particles correspond to Au-rich precipitates (with
a highest observed concentration of about 8 at.% Au), while the nano-sized
particles in the rectangular cavities are enriched in W (up to about 5 at.% W).
A closer observation of the cavities covered with nano-sized particles yields
more detailed information. As shown in Fig. 2.5d and 2.5e, spots 1 and 4 are
only enriched in W, while spots 2 and 3 are enriched in both Au and W. The
nano-sized particles in the rectangular cavities are generally enriched in W, but
some of the nano-sized particles are found to be enriched in Au. By comparing
this observation with the TEM results in Fig. 2.4d and 2.4e, where nano-sized
Au-rich and W-rich precipitates are both found on the grain boundary, it can
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be concluded that spots 2 and 3 correspond to a situation where nano-sized
Au-rich and W-rich particles both are located inside the rectangular cavity, and
that these two types of nano-particles are in direct contact with each other.

& e
¥ Au: 0.86 (1) at.%
g8 3.2(2) at. %

Au: 1.0(1) at.%
W: 43(2)at.%

SideB {2 Si

15.0kVv. X2.000 WD 21.0mm 10pm

Fig. 2.5: (a) and (b): Both sides of a grain-boundary fracture surface of the Fe-Au-W
alloy sample after creep at a stress of 200 MPa. (c): Elemental distribution of Fe, Au and
W for the selected square area in (a). (d) to (f): Precipitates of different sizes are found
in the cavities: the micro-sized precipitates in (e) are Au-rich, while the nano-sized
particles inside of the rectangular cavities are generally W-rich, but some Au-rich nano-
sized particles are also found. The micro-sized Au-rich and nano-sized W-rich
precipitates rarely coexist, but an occasional example of coexistence is found in (e).

Although it is experimentally found that nano-sized Au-rich and W-rich
particles can be formed within the same cavity, in most cases the cavity is filled
with either Au-rich or W-rich precipitates. In Fig. 2.5f, boxes 1 and 2 provide
some insight in the interaction between Au-rich and W-rich precipitates during
healing. In the rectangular cavity in box 1 only nano-sized particles are found.
On the contrary, the two cavities in box 2 are filled with Au-rich precipitates,
which are attached to the opposite side (side A) of the fracture surface, and the

23




2. COMPETITIVE HEALING OF CREEP-INDUCED DAMAGE IN A TERNARY FE-3AU-4W ALLOY

cavities on side B show a very clean counterpart without nano-sized W-rich
particles. In most of the examined cavities, the micro-sized Au-rich and the
nano-sized W-rich precipitates demonstrate a persistent reluctance to coexist
with each other, within the resolution of the EDS. A rare cavity showing both
micro-sized Au-rich precipitates and nano-sized W-rich precipitates is shown
in Fig. 2.5e. These fracture surface observations agree well with the result in
Fig. 2.3: the precipitates are enriched in either Au or W and only few of the
cavities are found to be filled by both types of precipitates.

In addition to the precipitates in the cavities, some uniformly-
distributed nano-sized particles are also found in the area around the cavities,
as can be seen from Fig. 2.5d to 2.5f. This area of the fracture surface without
cavities was intact at the end of the steady-state creep and only formed in the
rapidly evolving final (tertiary) creep stage. EDS results show that these
particles are enriched in W. No Au-rich particles are found on the fracture
surface around the cavities.

The fracture surface of the creep-failed sample at a stress of 235 MPa is
presented in Fig. 2.6a to 2.6d. With a shorter lifetime due to a higher stress, the
size of both the cavities and precipitates are generally smaller. Two regions can
be distinguished from the fracture surface: (i) a region with a net-shaped
pattern in the vicinity of the grain edges and (ii) a flatter interior region. In the
flatter region, the precipitate distribution shows a preference towards the
grain edges, indicating that the cavities located on the grain edges or corners
are preferentially healed. The net-shaped pattern may be induced by subgrain
boundaries and dislocation cells that have formed in the initial creep stage [25].
Similar to the creep-failed sample at a stress of 200 MPa presented in Fig. 5, the
same two types of precipitates are observed on the fracture surface for a
sample with a relatively short lifetime. In Fig. 2.6a to 2.6d the relatively large
Au-rich precipitates and the nano-sized W-rich particles, which are scattered
over the surface of the rectangular cavities, are indicated by the yellow and
blue arrows, respectively. The morphology of the Au-rich precipitates is
different from those observed in the samples with a relatively long lifetime.
Instead of an ellipsoidal shape, the Au-rich particles have a more irregular
shape, especially in the region with the net-shaped pattern. It is worth to note
that in Fig. 2.6c and 2.6d, the cavities and the Au-rich precipitates do not have
a one-to-one correspondence, as observed in the creep-failed sample at a stress
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of 200 MPa. Some of the cavities on side A do not have a corresponding
precipitate on side B, indicating that the sample is in an early stage of filling
where the Au-rich precipitation has just started to take place, initiated by the
formation of the cavity.

Side A

Fig. 2.6: (a) to (d): The fracture surfaces for the Fe-Au-W alloy sample after creep at a
stress of 235 MPa. (e) to (h): The fracture surfaces for the Fe-Au-W alloy sample after
creep ata stress of 180 MPa. The blue arrows indicate Au-rich precipitates while yellow
arrows indicate W-rich particles.
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In Fig. 2.6e to 2.6h, the fracture surface of the creep-failed sample at a
stress of 180 MPa with a longer lifetime of 141.6 h is presented. The two types
of precipitates with micron-sized Au-rich precipitates and W-rich nanoscale
precipitates, as well as the reluctance for coexistence of Au-rich and W-rich
precipitates in a single cavity, are evident from Fig. 6e and 6f. These
observations are consistent with the results for the samples with a stress of
200 MPa (97.4 h) and 235 MPa (50.6 h). However, in Fig. 2.6g and 2.6h, a large
number of cavities are half-filled by Au-rich precipitates (indicated by the blue
arrow) and are decorated by the nano-sized W-rich particles (indicating by
yellow arrows) over the cavity surface. Compared with the observations from
samples with shorter lifetimes, it is most probable that these cavities are
initially occupied by both W-rich and Au-rich nano-sized precipitates but that
during the relatively long lifetime the Au-rich precipitates have overgrown the
W-rich precipitates by their faster kinetics.

2.4. DISCUSSION

2.4.1 MECHANISM OF SELECTIVE HEALING

[t was experimentally observed that the creep cavities were fully or partially
filled by precipitates that segregated from the homogeneous supersaturated
matrix. As indicated in Fig. 2.2, both the cavities and the precipitates showed a
preference to form at grain boundaries oriented perpendicular to the stress
direction or at the grain boundary edges. The observed precipitates are
different in composition, size, shape, spatial distribution and degree of filling.
As shown in Figs. 2.5 and 2.6, the Au-rich precipitates are usually found to be
micron-sized with ellipsoidal shapes, while the W-rich particles are usually
roundish and nano-sized. Some nano-sized Au-rich particles are also found in
contact with W-rich precipitates. Many micron-sized Au-rich precipitates on
the fracture surface show complementary shapes with the cavities they fill on
either side of the fracture surface, indicating that the cavities are fully filled.
The W-rich precipitates, on the other hand, are scattered over the cavity
surfaces, generally showing only a limited degree of filling. For the samples
with shorter lifetimes (less than 100 h), the two types of precipitates are in
most cases not found to coexist on a micron-scale: the cavities are filled by
either micron-sized Au-rich or nano-sized W-rich particles, while coexistence
only happens occasionally. However, nano-sized Au-rich and W-rich
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precipitates can be found concurrently in the same cavities. This observation
from the fracture surfaces is consistent with the precipitates composition
distribution shown in Fig. 2.3, where most of the precipitates are enriched in
either Au or W. The few precipitates enriched in both Au and W may
correspond to (i) the occasionally observed coexistence behavior of micron-
sized Au-rich precipitate and nano-sized W-rich particles (Fig. 2.5€) or (ii) the
coexistence of nano-sized Au-rich and W-rich particles (Fig. 2.5d and 2.5e).

It is worth to note that both Au-rich and W-rich precipitates show an
obvious site-selectivity, i.e., the precipitates form exclusively on free surfaces.
No precipitation takes place within the bulk, except for the nano-sized, disc-
shaped Au precipitates (Fig. 2.2d and Fig. 2.4), which were also observed in the
binary Fe-Au system [17, 20]. These Au-rich discs were found to be connected
to dislocations (Fig. 2.4c), which act as nucleation sites, and can be consumed
by the nucleation and growth of the healing precipitates in the nearby grain
boundary cavities. After the disc-shaped precipitates are consumed, a
depletion zone forms in the vicinity of the grain boundary (Fig. 2.2d). The site
selectivity results from the strain energy generated by the misfit between the
solute and the matrix atoms.

The healing mechanism of the Fe-Au-W system is illustrated in Fig. 2.7.
In stage I (Fig. 2.7a), the as-quenched sample is homogeneous without any
matrix precipitates or grain boundary segregation (as confirmed in Fig. S2.1).
When the sample is exposed to high temperature and stress (stage II), solute
atoms segregate on the grain boundaries in the form of nano-sized Au-rich and
W-rich precipitates. Meanwhile, dislocations are generated, which act as
nucleation sites for the formation of Au-rich disc-shaped precipitates within
the matrix. As indicated in Fig. 2.7b, the Au-rich discs, which are connected to
dislocations, form uniformly within the matrix and remain stable until a cavity
is formed nearby. When a cavity is generated (stage IlI), the healing takes place.
Since the grain-boundary diffusivity is orders of magnitude larger than the bulk
diffusivity, a 1D bulk diffusion towards the grain boundary takes place once a
free surface in the form of a creep cavity is generated. The solute Au atoms in
the matrix diffuse towards the grain boundary as the grain boundary serves as
a fast path in transferring the healing solute towards the cavity. During this
process, the nano-sized grain boundary Au-rich precipitates (formed in stage
I1) are consumed via grain-boundary diffusion. Meanwhile, the nano-sized W-
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rich precipitates (formed in stage II) are left on the grain boundary, since the
diffusivity of W is much slower than that of Au. This phenomenon can be
observed in Fig. 2.5d to 2.5f, where W-rich precipitates can be found on the
fracture surface around the creep cavities. If the amount of solute and
precipitated Au atoms on the grain boundary is not enough to fully fill the
cavity, the disc-shaped Au-rich precipitates in the matrix are subsequently
consumed. In this situation, a depletion zone for Au is generated in the vicinity
of the grain boundary. The width of the depletion zone is either determined by
the volume of the cavity (when the cavity is small) or by the bulk solute
diffusion length (when the cavity is large). This phenomenon is illustrated in
Fig. 2.7c (and supported by the data in Fig. 2.2d). When a cavity forms in the
depletion zone for Au (stage IV), it can only be filled by W-rich precipitates, as
illustrated in Fig. 2.7d. Unlike the Au-rich precipitates, the W-rich precipitates
only provide a limited degree of healing, due to the lower diffusivity of W.Some
nano-sized Au-rich particles can also form in these new-formed cavities, but
the precipitates are predominantly enriched in W (as observed in Fig. 2.5c).

2.4.2 FILLING RATIO

Analogous to our previous 3D nano-tomography studies on self-healing of
creep damage in Fe-Au [19] and Fe-W [18] alloys, the healing efficiency can be
estimated from the filling ratio of the cavities (volume of the precipitate
divided by the total volume of the cavity in which it formed). The estimated
filling ratios (see supplementary information for details), obtained from the
experimental fracture surfaces for the creep-failed samples at different stress
levels are shown in Fig. 2.8. As expected, a higher filling ratio is achieved at a
lower stress (and correspondingly a longer lifetime). For the lowest stress of
180 MPa (with the longest lifetime) a filling ratio of 71% was achieved.
According to our previous research [16, 18, 19], the cavities already start to
form at the beginning of the creep. However, the healing only starts after the
cavity reaches a certain volume. Therefore, if the sample lifetime is short, the
precipitates may not have had enough time to grow and catch up with the
growth of the cavities. Owing to the relatively short lifetime, the highest stress
of 235 MPa results in the lowest filling ratio.
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Fig. 2.7: Mechanism of cavity formation and solute healing. (a) The as-quenched
sample, showing a homogenized composition without matrix precipitation or grain
boundary segregation. (b) When the stress is applied, dislocation-connected Au-discs
(indicated by the black arrows) form uniformly in the matrix. Meanwhile, the grain-
boundary precipitation (enriched in either Au or W, as indicated by the dashed line)
forms. (c) When a cavity is generated, a Au-rich precipitate fills the cavity by 1D
diffusion from the bulk to the grain boundary and grain-boundary diffusion towards
the cavity. The Au-rich precipitates on the grain boundary is consumed and W-rich
particles are left on the grain boundary (indicated by the black arrows). A Au depletion
zone is subsequently generated due to the consumption of the Au-discs in the matrix.
(d) A cavity forms within the Au depletion zone and is partly filled by nano-sized W-
rich precipitates (and some sparse nano-sized Au-rich precipitates).
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Fig. 2.8: Average filling ratio for the Fe-Au-W alloy samples after creep at a stress of
180, 200 and 235 MPa.

2.4.3 THE SIZE OF THE PRECIPITATES AND THE CREEP CAVITIES

In our previous studies [18, 19], the time evolution of the average volume for a
precipitate (or a cavity) was fitted by V = kt", where V is the average volume
of a precipitate a cavity, t is the time, k and n are constants that dependent on
the material and the condition whether or not the precipitates (or cavities) are
linked to their neighbors. For all the precipitates and isolated cavities, n = 0.8.
For the linked cavities, the exponent n has a higher value of 1.3.

To compare the results of the current ternary system with the previous binary
alloys, the average diameters of the cavities and precipitates as a function of
time are shown in Fig. 2.9 (examples of the size distributions are presented in
Fig. S2.3). For the present ternary alloy, the average sizes of the cavities and
the Au-rich precipitates show an increase with time, although at a stress of 180
MPa (with a lifetime of 141.6 h) both the Au-rich precipitates and the cavities
are smaller than their counterparts at a stress of 200 MPa (with a lifetime of 97
h). Although the average cavity size at a stress of 180 MPa is smaller than that
at 200 MPa, the size of the top 20% largest cavities in the two samples are
comparable. In fact, as shown in Fig. 2.9b, the difference between the top 20%
cavity size and the average cavity size increases for a decrease in stress (and
correspondingly an increase in lifetime). The top 20% cavities generally
correspond to the rectangular cavities (which are partially-filled by W-rich

30



2.4. DiscussioN

cavities), while the average cavity sizes are attributed to both the partially-
filled and the fully-filled cavities. The partially-filled cavities grow continuously,
while the growth of the fully-filled cavities is stopped (or strongly suppressed).
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Fig. 2.9: Evolution of the size of (a) the precipitates and (b) the cavities as a function
of time. The dotted curves represent the experimental data for the binary Fe-3Au [19]
and Fe-4W [18] systems. The equivalent diameter corresponds to (d) = (6/m)(kt™)/3,
where k and n are the experimentally determined growth constant and growth
exponent, respectively.

By comparing the cavity evolution among the three systems, a smaller
cavity growth rate is observed for the new ternary alloy. In the Fe-Au-W alloy,
Au-rich precipitates are smaller in size than both the Au-rich precipitate in
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Fe-Au system and the W-rich Laves precipitates in Fe-W system. The most
pronounced difference lies in the size of the W-rich precipitates with only 30-
60 nm in diameter in the Fe-Au-W system, which is one order of magnitude
smaller than the precipitates in the Fe-W binary system. The formation of
W-rich precipitates has apparently been suppressed strongly in the ternary
alloy.

2.4.4 NUMBER DENSITY AND VOLUME FRACTION

The number of cavities and of Au-rich precipitates per unit of fracture surface
area (2D number density) for the ternary Fe-Au-W alloy is now compared with
the data for the binary Fe-Au alloy [19]. Assuming that: (1) all the cavities and
precipitates are located on grain boundaries and (2) the decohesive rupture
takes place along the grain boundaries whose orientation angles to the stress
direction are larger than 45° (about perpendicular to the applied stress). Then
the 2D number density can be converted from our current measurement to a
3D volume number density. According to our previous study [20] about 2/3 of
the precipitates are located on the grain boundaries with an GB/stress
orientation angle larger than 45°. The volume number density is thus
estimated to be n, = (3/2)n,/d; for the cavities and n, = 3n,/d for the
Au-rich precipitates, where d; is the average grain size and n4 is the areal
number density of precipitates or cavities (average of the observation on both
sides of the fracture surface). Assuming a spherical shape for the cavities
(precipitates), the corresponding volume fraction of the cavities (precipitates)
can be written as f, = (r/6){d>)n,, where (1/6){(d3) corresponds to the
average volume of the cavities (precipitates). The results are summarized in
Table 2.2. Compared to the binary Fe-Au alloy, the ternary Fe-Au-W alloy has
smaller cavities and precipitates, but the number density of the cavities and
precipitates is higher. In the binary system a lower stress (and thus a longer
lifetime) results in larger cavities, larger precipitates and lower number
densities. This phenomenon is related to a precipitate-precipitate coalescence
and cavity-cavity linking [19], which can result in an increase in particle size
and a decrease in number density. Considering the larger stresses applied to
the ternary alloy, as well as its brittle nature, it can be concluded that in the
ternary alloy the coalesce of the cavities and precipitates is limited when the
stress is higher than 180 MPa.
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Table 2.2: Volume number density of the Au-rich precipitates and cavities of the
current ternary samples and the previous binary Fe-Au samples [19]. All the
experiments are performed at a fixed temperature of 823 K (550 °C).

Sample Stress Lifetime (d) (um) ny (um-3) £, (%)
(MPa)  (h) ppt  cavity ppt cavity ppt cavity
60 6417 0.76(4) 1.5(1) 1.7(1)x10+ 7.0(5)x105 0.098  0.64
pepy 80 3757 0.63(4) 150(6) 13(1) x10+ 7.6(3)x105 024  0.76

100 2099 0.67(3) 0.86(2) 9.3(6) x10+ 1.94(6)x10+ 0.35  0.24
117 572  0.63(3) 0.85(4)1.11(7) x103 9.2(5)x105 0.4  0.11

180 1416 027(9) 0.7(1) 1.1(4)x102 1.4(2) %10 0.032(7) 0.10(2)
FeAuW 200 974  0.44(5) 0.8(2) 3.3(5)x103 1.8(3)x103 0.03(1) 0.09(3)
235  50.6 0.203(4) 0.6(1) 1.1(3)x102 1.9(1) x10- 0.011(6) 0.033(6)

2.4.5 HEALING KINETICS

The volume diffusivity of solute Au and W in bcc-iron at a temperature of 823
K (550 °C) corresponds to 7.4x10-19 m2s-1 and 3.3x10-21 m2s-1 [26], respectively.
Given the dilute nature of the ternary alloy it is assumed that these values also
apply to the ternary alloy. As no values have been reported for the grain-
boundary diffusivity of Au and W in bcc-iron, the Fe self-diffusivity along the
grain boundary is taken, which amounts to 2.4x10-14 m2s-1 [27]. The grain-
boundary diffusivity is orders of magnitude higher than the volume diffusivity,
indicating that volume diffusion is the rate-controlling process. In this situation,
the diffusion of the solute atoms towards the creep cavities can thus be
simplified by a 1D diffusion [28], i.e., the supersaturated solute atoms diffuse
towards the nearest grain boundaries, before they are transferred to the
cavities by grain-boundary diffusion. In the diffusion process of the
supersaturated solute from the bulk to the creep cavities the volume diffusivity
is the rate-controlling factor, while grain boundaries serve as fast diffusion
paths. The 1D flux (from one side of the matrix) is estimated by [28]:

_DXAx< 1 )_g Dy 2

X7 \uDyt) Qmt

where Ax = x4, — X, is the supersaturation of the solute, Dy is the diffusivity of
the solute element in the matrix phase, {1 is the atomic volume and ¢t is the time.
Assuming that the solute that arrives at the free surface forms a layer with a
fixed solute concentration Xp, the layer thickness a follows from the mass

33



2. COMPETITIVE HEALING OF CREEP-INDUCED DAMAGE IN A TERNARY FE-3AU-4W ALLOY

d : o
balance x,, d—ctl = ()Jy. Starting from a homogeneous supersaturated matrix with

a(t = 0) = 0 this results in a parabolic thickening of the precipitate layer:

DX Ax

a(t)_—f (e t)de =22
p

(2.2)

When A is the creep cavity spacing at the grain boundary (oriented
perpendicular to the stress) then a surface area S, = A% contributes to the
cavity filling by solute transport from the bulk. For a surface area S, the total
precipitation volume amounts to:

2S0+/Dxt Ax
N

Experimentally, the total precipitation volume on one single side of the

Vaigr () = a(t)So = (2.3)

fracture surface with a surface area of S, can be estimated as:
n 3
Vexp = gSO<d my (2.4)

where (1/6)(d3) corresponds to the average volume of the precipitates, n, is
the areal number density.

The calculated and experimental results are shown in Fig. 2.10. It is
worth to note that the Au-rich precipitates are more or less uniformly
distributed over the whole fracture surface, while the W-rich precipitates are
only distributed within the rectangular-shaped cavities. As shown in Fig. 2.5d
to 2.5f, the areal number density of W-rich particles is only meaningful when
the area of the rectangular-shaped cavity is considered (instead of the whole
fracture surface area). Therefore, the values of n, for the W-rich and Au-rich
precipitates in Eq. (4) are studied in different areal units. As shown in Fig. 2.10,
the W-rich precipitates volume estimated from the experiments agrees well
with the result calculated based on the 1D diffusion, indicating that the
precipitation of the W-rich phase is controlled locally by the volume diffusion
of W atoms towards the cavity surface. The precipitation of the Au-rich phase,
on the other hand, has a faster kinetics compared to the prediction by the 1D
diffusion model, suggesting the presence of faster pathways, in comparison to
volume diffusion. In our previous study [20], an effective diffusivity, which is
two orders of magnitude larger than the volume diffusivity was observed,
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owing to the formation of subgrains during creep. Since no evidence of
subgrains was observed, the faster healing kinetics might be attributed by
other defects, such as dislocations.
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Fig. 2.10: Diffusion controlled precipitation volume as a function of time. The solid
curves are calculated by Vy;r((t) = (Z/ﬁ)(Ax/xp),/DXt and the scattered data
points are calculated by V,,,, = (m/6){d3)n,. Note that the W-rich precipitate volume

is estimated by assuming that the W-rich precipitates are uniformly distributed over
the creep cavity surface.

2.5. CONCLUSIONS

The autonomous healing of creep-induced grain boundary cavities by Au-rich
and W-rich precipitates in a Fe-3Au-4W (wt.%) ternary system have been
studied. The ternary alloy, with two supersaturated healing solutes inside,
serves as a model system to provide insight in the interplay between two
separate healing agents. The creep tests were done at a high temperature of
823 K (550 °C) with different applied stresses. The creep properties of the
ternary alloy are evaluated and compared with those of the previously studied
Fe-Au and Fe-W binary systems. The microstructures of the creep-failed
samples are studied in detail by electron microscopy to investigate the cavity
filling behavior and the mass transfer of supersaturated solute to the defect
sites. The main conclusions are as follows:
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(1) Compared with the two binary Fe-Au and Fe-W systems, the ternary
Fe-Au-W system shows the lowest steady-state strain rate and the longest
creep lifetime. The Fe-Au-W alloy has similar creep rate controlling mechanism
as the Fe-W alloy.

(2) During creep at a temperature of 823 K (550 °C), Au-rich and W-rich
precipitates form predominantly on the free surface of the creep-induced
cavities and thus heal the cavities. A filling ratio of 71% is achieved for the for
the lowest applied stress of 180 MPa.

(3) By investigating the fracture surfaces of the creep-failed samples, two types
of precipitates are found: micron-sized Au-rich precipitates and nano-sized W-
rich particles. The Au-rich precipitates show the capacity of fully filling the
cavities, while the W-rich particles, which are distributed over the cavity
surface, show only a limited degree of healing. The two types of precipitates
show an apparent reluctance of coexistence when the lifetime is shorter than
100 h.

(4) The healing mechanism of the Fe-Au-W system is as follows: due to the fast
Au diffusivity, early-formed creep-induced cavities are filled by the Au-rich
precipitates, which results in the formation of a zone that is depleted in Au. The
cavities that form at a later stage in this Au-depleted zone can only be partially
filled by W-rich precipitates.

(5) Compared to the previous binary Fe-Au and Fe-W systems, the average
sizes of the precipitates and the cavities in the ternary Fe-W-Au system are
smaller, while their number densities are larger. This indicates that the
precipitate-precipitate coalescence and the cavity-cavity linkage is limited.

(6) The Au-rich precipitation is controlled by a combination of volume
diffusion and grain boundary diffusion of supersaturated Au solute, which is
accelerated by matrix defects, such as dislocations. The W-rich precipitation in
the cavities is locally controlled by a 1D diffusion of solute W, while the
formation of W-rich Laves phase precipitates is suppressed on microscopic
length scales.
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2.6 SUPPLEMENTARY MATERIAL

2.6.1. INITIAL MICROSTRUCTURE

The microstructure of the Fe-Au-W sample has been characterised before (as-
received sample) and after homogenisation and subsequent quenching (as-
quenched sample). In the as-received sample irregular grains can be observed
with some Au-rich precipitates along the grain boundary (Fig. S2.1), indicating
a strong grain boundary segregation. Besides of the Au-rich precipitates, a
limited number of spherical inclusions is present in the grain interior. These
inclusions correspond to FeWO. particles, which remain stable during the
homogenisation and the creep experiments. After homogenisation and
subsequent quenching, the irregular grains grow into equiaxed grains, the Au-
rich precipitates on the grain boundaries are dissolved in the matrix and the
stable oxidation particles are unchanged.

i (a) As-received (b) As-quenched (c) As-quenched, cross-section

Stable oxidation

Au-rich segregation

_// 1 pm

100 pm

Fig. S2.1: Microstructure of the (a) as-received sample and (b), (c) as-quenched sample.

The insertin (a) shows two types of precipitates in the as-received sample, undissolved
Au-rich segregation and a stable FeWO4 particle.

2.6.2. ELEMENTAL MAPPING OF AU-RICH PLATE-SHAPED PRECIPITATES IN THE
MATRIX
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Hectron Image 2 [2][]

Fig. $2.2: (a) Elemental maps of a disc-shaped precipitate in the matrix in the Fe-Au-
W alloy sample after creep at a stress of 190 MPa and (b) the corresponding
composition profile obtained from TEM measurements.

2.6.3. DETERMINATION OF THE AVERAGE FILLING RATIO OF THE CREEP CAVITIES ON
THE FRACTURE SURFACE

The filling ratios are calculated from the SEM images of the fracture surfaces.
For the creep failed samples at a stress of 180, 200 and 235 MPa, at least 5
regions of interest were selected on corresponding sides of the fracture surface
(i.e., atleast 10 regions of interest for the two sides). Subsequently, the area of
each precipitate, each cavity and the whole region of interest was analysed.
Given the fact that (1) the Au-rich particles play the main role in cavity filling
and (2) some W-rich particles have a size of only several pixels, we focused
only on Au-rich precipitates. Any particle with an area less than 0.05 um?
(corresponding to an equivalent diameter of about 80 nm) was regarded as
noise and was thus ignored in the filling ratio estimation.
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For each cavity on the fracture surface the two corresponding sides (A
and B) are investigated. When a creep cavity with precipitation inside it is
broken up, the total area of the cavity Si: on the fracture surface is equal for
side A and side B. The precipitate area covered inside the cavity on side A
corresponds to Sa and on side B to Sg. The filling fraction of a cavity is now
estimated by FR = (Sa+Sg)/Stwt. Note that the filling ratio is confined to 0 < FR
< 1. After determination of the filling fraction for all individual cavities on a
selected part of the fracture surface the overall filling ratio is obtained by
averaging over the individual values of the probed cavities.

2.6.4. SIZE DISTRIBUTION OF PRECIPITATES AND CAVITIES LOCATED AT THE
FRACTURE SURFACE

Side A, precipitates Side B, precipitates

Side B, cavities Side A, cavities

N
00 02 04 06 12 14 16 18 00 02 04 06 08 10 12 14 16 18

Equiva

eter (um) Equivalent Diameter (um)

(a) Sample 200 MPa

Side A, precipitates Side B, precipitates

SideB, cavities Side A, cavities

00 01 02 03 04 05 06 07 08 09 10 0o 01 02 03 04 05 06 07 08 09 10

Equivalent Diameter (um) Equivalent Diameer (um)

(b) Sample 235 MPa

Fig. $2.3: Size distribution of cavities and precipitates for the Fe-Au-W alloy sample
after creep at a stress of (a) 200 MPa and (b) 235 MPa. The precipitates and cavities on
each side are analysed separately.
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The size distribution of the precipitates and cavities for two regions from the
creep-failed samples at a stress of 200 and 235 MPa are presented in Fig. S2.3.
The equivalent diameter of a precipitate (or a cavity) is regarded as the
diameter of a circle with the equivalent area. At a stress of 200 MPa, the
precipitates on one side show a clear corresponding relationship with the
cavities on the other side. Especially for the precipitates on side A and the
cavities on side B, which demonstrate very similar distributions, indicating that
almost each cavity on side B has a corresponding filling precipitate on side A
with a smaller size. However, for the larger cavities (with a diameter > 1.4 um),
no corresponding precipitates can be found on either side, indicating that those
cavities remain unfilled until the fracture takes place. A different healing
behaviour can be observed for an applied stress of 235 MPa, where the cavities
have a wider distribution in comparison with the precipitates. Because of the
limited lifetime (50.6 h), the precipitates have not fully filled the cavities when
failure takes place. Therefore, the sizes of the precipitates and cavities do not
match, indicating the presence of many unfilled and partially filled cavities.
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SURFACE PRECIPITATION OF
SUPERSATURATED SOLUTES IN A TERNARY
FE-AU-W ALLOY AND ITS BINARY
COUNTERPARTS

‘I you disagree with your boss, either listen to him, or do it your way, and shove

your success in his face.”

A friend from TU Delft

The precipitation of supersaturated solutes at free surfaces in ternary Fe-3Au-4W
and binary Fe-3Au and Fe-4W alloys (composition in weight percentage) for
different ageing times was investigated at a temperature of 700 °C. The time
evolution of the surface precipitation is compared among the three alloys to
investigate the interplay between the Au and W solutes in the ternary system. The
Au rich grain-interior surface precipitates show a similar size and kinetics in the
Fe-Au-W and Fe-Au alloys, while the W rich grain-interior surface precipitates
show a smaller size and a higher number density in the Fe Au W alloy compared to
the Fe-W alloy. The kinetics of the precipitation on the external free surface for the
ternary Fe Au-W alloy is compared to the previously studied precipitation on the
internal surfaces of the grain-boundary cavities during creep loading of the same
alloy.

This chapter has been published in J. Mater. Sci. 56(8) (2020) 5173-5189.



3. SURFACE PRECIPITATION OF SUPERSATURATED SOLUTES IN A TERNARY FE-AU-W ALLOY AND ITS BINARY COUNTERPARTS

3.1 INTRODUCTION

Metals in service degrade due to processes like creep, fatigue, wear, corrosion,
and radiation damage. Traditionally, efforts have been made to stabilize the
material composition and microstructure so that the occurrence of damage is
postponed as long as possible, which corresponds to a damage prevention
strategy [1]. Since the initiation of the damage is assumed to be inevitable, the
concept of self healing is proposed as an alternative strategy, in which case the
occurrence of damage triggers mobile healing agents to move towards the
defect and heal the defect site [2,3]. In the self-healing approach, the
propagation of damage is interrupted.

The self-healing concept has been applied to improve the creep
resistance [4-7], fatigue resistance [8,9] and the radiation damage resistance
[10] of various metallic systems. The combined addition of boron and nitrogen
into austenitic stainless steels (with an fcc lattice structure) is effective in
reducing the cavity growth rate, as well as increasing the creep rupture
strength [4,11]. The self-healing behavior was studied in underaged Al alloys
subjected to creep [5,8] and fatigue [8] conditions. The healing solutes (usually
Cu atoms) migrate to the defects and form precipitates via bulk diffusion or
pipe diffusion along dislocations. The improvement in creep and fatigue
performance is achieved by dynamic precipitation, the subsequent reduction
in the dislocation mobility and/or the closure of the incipient cracks. It has
been demonstrated that Au atoms dissolved in bcc iron can actively heal early-
stage radiation damage by solute segregation [10]. In a systematic study on
ferritic steels (with a bcc lattice structure), a series of binary and ternary alloys
[6,7,12-17], including Fe-Cu, Fe-Au, Fe-Mo, Fe-W and Fe-Au-W, were
investigated to reveal the mechanism of self healing during creep. The
composition of these alloys was selected such that at the operating
temperatures the solute is in a supersaturated state by approximately 1 at.%.
The supersaturated solute atoms are expected to segregate on the surfaces of
the creep-induced grain-boundary cavities and fill them progressively. As a
result, the coalescence of neighboring creep cavities can be prevented or
delayed.

One of the challenges in studying the healing of the creep-induced
defects lies in the observation of both the creep cavities and the precipitation
inside these cavities at different stages of the creep life. In previous studies
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[7,16], characterisation techniques, such as scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and atom probe tomography
(APT), provided extensive information on the microstructure including the
composition of the precipitates, the orientation relation between the
precipitation and the matrix and the local compositional distribution. Recently,
synchrotron X-ray nano-tomography was utilized on the Fe-Au and Fe-W
systems [12,13], and 3D structures of the cavities and the healing precipitates
were reconstructed with a voxel size down to 25 nm. However, these
techniques are either limited to 2D information (SEM and TEM) or to small 3D
regions with a nanometre length scale (APT). The synchrotron X-ray nano-
tomography can probe a wider range of length scales in 3D, but can only
provide limited access due to the high demand. Sun and co-workers [18]
provided a complimentary solution by linking the precipitation on the free
creep-cavity surface during creep to the precipitation behaviour on an external
surface during ageing. In contrast to a self-healing system during creep loading,
where the precipitation is formed on the internal surface of a cavity, in a
surface precipitation experiment [19], the solute diffuses towards the external
free surface of the sample and forms surface precipitates there. These
precipitates at an external surface are much easier to observe than those at
internal surfaces. By comparing the growth kinetics of the precipitates formed
on the external surface (from surface precipitation experiments) and on the
internal surfaces (from self-healing creep experiments), it was demonstrated
that the underlying physics for precipitation on the external surface and on
internal surfaces is the same [18].

In the present study, the precipitation of supersaturated solutes in bcc
iron at free surfaces for ternary Fe-3Au-4W and related binary Fe-3Au and Fe-
4W alloys (all in weight percentage) is explored. The time evolution of the Au-
rich and W-rich precipitates is investigated for different ageing times. This
study aims to provide a complimentary method to understand and predict the
precipitation behaviour and the mass transfer of supersaturated solutes. The
results for the ternary Fe-Au-W alloy are compared with the binary Fe-Au and
Fe-W alloys to investigate the interplay between the two healing agents in the
ternary system. The Au-rich and W-rich precipitates found in the ternary Fe-
Au-W system are consistent with the ones observed in the binary Fe-Au and
Fe-W systems. The Au-rich precipitates formed at 700 °C show an fcc structure
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with 60 at.% Au and 40 at% Fe, while the formed W-rich precipitation
corresponds to the hexagonal Fe,W Laves phase.

3.2 EXPERIMENTAL

One ternary Fe-3.07Au-3.80W system and two binary systems, Fe-2.87Au and
Fe-3.80W (in weight percentage) were selected for the present surface
precipitation study. The Fe-based alloys were produced by Goodfellow®. Small
plates with dimensions of about 10x10x0.5 mm3 were cut from the as-received
rolled sheet materials by spark erosion. Subsequently, the samples were sealed
separately in evacuated quartz tubes filled with 200 mbar ultra-high purity
argon to prevent oxidation during annealing. The annealing (8 h at 868 °C for
the Fe-Au-W and Fe-Au alloys and 24 h at 900 °C for the Fe-W alloy) and the
subsequent water quenching were performed to dissolve the solute elements
into the single phase ferritic (bcc) matrix. The samples were then polished to
an OPS level, ultrasonically cleaned extensively, and subsequently placed in an
alumina crucible that was mounted into a horizontal quartz tube furnace
(Carbolite MTF 12/38/850, UK) with an inner tube diameter of 30 mm. The
temperature in the furnace tube was measured with a NiCr/NiAl (type K)
thermocouple at the sample location. To avoid oxidation of the samples, a gas
mixture of argon and 10 vol.% hydrogen was used to flush the furnace for about
1 hataflow rate of 1 L/min before the samples were heated. Prior to admitting
the gas mixture to the furnaces, each gas, i.e. Ar and H, (both with a purity
better than 5N vol.%, Linde, The Netherlands), was filtered to remove any
residual hydrocarbons, moisture and oxygen, with Accosorb (< 10 ppb
hydrocarbons), Hydrosorb (<10 ppb H20) and Oxysorb (< 5 ppb 0>) filters
(Messer Griesheim, Germany), respectively. To further reduce the oxygen level,
the argon was passed through an inline quartz tube filter with titanium powder
(100 pm, 99.5 wt% purity, TLS Technik GmbH & Co) heated to 800 °C. The flow
of each gas was regulated and monitored using mass flow controllers
(Bronkhorst, The Netherlands). After flushing the furnace tube, the crucible
was heated and kept at 200 °C for 2h to remove any oxygen and water
adsorbed on the surfaces inside the quartz tube. After that, the samples were
heated to 700 °C and held isothermally for different times. After the aging, the
samples were cooled in the furnace to room temperature. Scanning electron
microscopy (SEM, JEOL JSM 6500F, Japan) coupled with energy-disperse X-ray
spectroscopy (EDS) was used to characterize the samples after the heat
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treatment. In addition, scanning electron microscopy combined with a xenon
plasma focused ion beam (Helios G4 PFIB UXe, Thermo Fisher Scientific, USA)
was performed to create cross-sections to obtain information on the
precipitation underneath the free surface. On small features (cf. Fig. 3g and 3h),
the beam energy employed was 5 keV with an effective analysis volume of
about 200 nm across.

3.3 RESULTS

The SEM images of the three alloys after ageing for different times are shown
in Fig. 3.1. For all three alloys the precipitates are found both on and within the
perimeter of the grain boundaries. Based on their surface location with respect
to the grain boundaries, the precipitates are referred as the grain-boundary
(GB) surface precipitates or grain-interior (GI) surface precipitates,
respectively. For the precipitates in the Fe-Au alloy, the EDS results show a gold
concentration of 40 - 60 at.%. After ageing for 8 and 32 h (Fig. 3.1d and 3.1e),
the GI precipitates vary from grain to grain, in their size, shape and spatial
distribution. After 32 h annealing, the GI precipitates are generally larger than
their counterparts at 8 h, while after ageing for 100 h, only a limited amount of
GI precipitates can be observed for the Fe-Au alloy (Fig. 3.1f), indicating that
most of the Au-rich GI precipitates are collected at the grain boundaries. For
the Fe-W samples, the precipitates start to form after 32 h of aging (Fig. 3.1g).
By EDS it is observed that the W concentration corresponds to 20-32 at.%. The
precipitates show some variation in number density for different grains, but
their shapes are similar (Fig. 3.1g and 3.1h). From 32 to 100 h, the W-rich
precipitates experience an obvious increase in size.

The precipitation in the ternary Fe-Au-W alloy shows more complexity.
In the 8 h sample (Fig. 3.1a) only Au-rich precipitates were found. The GI
precipitates in different grains show different shapes and distributions, similar
to their counterparts in the Fe-Au sample. On the surface of the 32 h sample,
precipitates with different compositions can be observed: the GB precipitation
is generally enriched in Au, while the GI precipitates can be (1) enriched in W,
(2) enriched in Au and (3) enriched in both W and Au. The W-rich precipitates
are the small particles scattered within the perimeter of the grain boundaries.
Similar to their counterparts in the Fe-W alloy, the W-rich GI precipitates
distribute uniformly in the grains, and usually show irregular shapes with

47



3. SURFACE PRECIPITATION OF SUPERSATURATED SOLUTES IN A TERNARY FE-AU-W ALLOY AND ITS BINARY COUNTERPARTS

sharp edges. However, for the 32 h samples, the W-rich GI precipitates in the
Fe-Au-W ternary alloy are much smaller, compared to those in the Fe-W
sample. The Au-rich and (Au/W)-rich precipitates are generally larger and
show a roundish shape, which are difficult to differentiate without further
compositional analysis. After ageing for 100 h, the W-rich precipitates show a
branched surface precipitate structure for some of the grains (Fig. 3.1c). It is
clear that there are more W-rich precipitates for some grains (e.g. grain 1) than
in others (e.g. grain 2 and 3). Grain 4 in Fig. 3.1c gives an example in which
some roundish Au-rich GI precipitates can be observed, while no W-rich
precipitates are found.

Fig. 3.1: SEM images for the Fe-Au-W, Fe-Au and Fe-W alloys after ageing for different
times. (a) to (c): Fe-Au-W sample after ageing for 8, 32 and 100 h, respectively; (d) to
(f): Fe-Au sample after ageing for 8, 32 and 100 h, respectively; (g) to (h): Fe-W sample
after ageing for 32 and 100 h, respectively. The scale bars correspond to 10 pm.
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Fig. 3.2: Compositional map of the Fe-Au-W sample after ageing for 100 h.

A compositional map of the Fe-Au-W sample after ageing for 100 h is
shown in Fig. 3.2. It can be observed that the grain boundaries are mainly
covered by Au-rich precipitates, while the GI branched surface precipitate
structures are W-rich. In the interior also Au-rich precipitates can be observed:
some are isolated, and some are in contact with the W-rich patterns like snow
decorating the branches. From Fig. 3.1 and 3.2, by comparing the 100 h Fe-Au-
W ternary sample with its binary counterparts, two major differences can be
observed: (1) in the grains covered with the branched surface precipitate
structures the area fraction of the W-rich precipitates is much larger for the Fe-
Au-W sample than that in the Fe-W sample and (2) in the Fe-Au alloy, the Au-
rich precipitates show a strong tendency to dissolve and migrate towards the
grain boundaries via the diffusion of Au atoms, leaving only small GI
precipitates in the grains (Fig. 3.1f), while in the Fe-Au-W alloy, large Au-rich
GI precipitates are found in the majority of the examined grains.

A closer observation of the (Au/W)-rich GI particles yields more
detailed information. Fig. 3.3 shows the GI precipitates for the ternary Fe-Au-
W alloy after ageing for 32 h. The roundish precipitates in Fig. 3.3a are either
enriched in Au or enriched in both Au and W. A SEM image with higher
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magnification is provided in Fig. 3.3b. The small precipitate at the top left
corner is enriched in both Au and W, while the two larger particles show a core-
shell structure. The cores of the particles are enriched in both Au and W, while
the shells are enriched in Au only. It is therefore inferred that the W-rich
precipitates formed first, while the Au-rich precipitation is added from below,
and subsequently wrapped the previously-formed W-rich particles, eventually
forming a core-shell structure. There are three types of GI precipitates in Fig.
3.3c and 3.3d: the ones enriched in Au (indicated by yellow arrows), the ones
enriched in W (indicated by blue arrows) and the ones with a core-shell
structure (indicated by a green arrow). In Fig. 3.3c, it is observed that the
majority of the Au-rich GI precipitates are uniformly distributed, but in the
vicinity of a core-shell particle, a Au depletion zone is generated. In the
depletion zone, only W-rich precipitates can be observed, which indicates that
the Au-rich precipitates show a higher mobility on the free surface compared
to their W-rich counterparts.

Similar to the grain boundaries, the precipitates with a core-shell
structure also act as a sink (or assembly site) for the Au-rich precipitates. This
explains the difference in size distribution of the Au-rich precipitates between
the ternary Fe-Au-W alloy and the binary Fe-Au alloy for long ageing times. In
the Fe-Au alloy only the grain boundaries act as a sink for the Au-rich
precipitates, and therefore most of the Au-rich GI precipitates are collected by
the grain boundaries after 100 h of ageing. In the Fe-Au-W alloy, however, both
the grain boundaries and the core-shell particles act as assembly sites for the
Au-rich precipitates, and as a result some GI precipitates have survived the
long-term aging in the form of core-shell particles. It is worth noting that
compared to the uniformly distributed Au-rich precipitates, the precipitates
attracted by the assembly sites cover a smaller area fraction. For example, the
area fraction of the Au-rich precipitates in regions Az and A4 in Fig. 3c is about
twice as high as in regions A; and A,. This strongly suggests that the
precipitates thicken during the coarsening. Fig. 3.3e — 3.3h may correspond to
the early stage of the core-shell structure formation. In Fig. 3.3g, it is observed
that Au-rich precipitates form from both sides of a previously-formed W-rich
precipitate, resulting in a sandwich-like structure. This observation of side-by-
side formation is consistent with the results from creep-failed samples [17],
where Au-rich and W-rich precipitated are found to be present in contact with
each other (without forming a compound).
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Fig. 3.3: SEM images for the Fe-Au-W sample after ageing for 32 h. (a-b): Morphology
and structure of the (Au/W)-rich GI precipitates; (c-d): Effect of the (Au/W)-rich
precipitates on the distribution of the Au-rich GI precipitates. (e-g): Au-rich and W-rich
GI precipitates form in contact to each other, yielding a sandwich structure; (h)
Compositional scan along the line in (g).

It is worth to note that a core-shell structure was also observed in [19],
however, different mechanisms account for the structures in the two studies.
In reference [19], the core-shell structure was due to the temperature change
during cooling and the associated changes in the equilibrium Ge concentration,
while in the current study, the core-shell structure results from the Au

51



3. SURFACE PRECIPITATION OF SUPERSATURATED SOLUTES IN A TERNARY FE-AU-W ALLOY AND ITS BINARY COUNTERPARTS

diffusion towards the pre-existing W-rich particles, which act as nucleation
sites.

To investigate how far the precipitates extend below the surface into
the matrix, a plasma focused ion beam (PFIB) was used to further investigate
the Fe-Au-W alloy after 100 h of aging, as shown in Fig. 3.4. As indicated in Fig.
3.4a, three cross-sectional slits were generated containing the W-rich
precipitates (Fig. 3.4b and 3.4c) and the Au-rich grain boundary (Fig. 3.4d). W-
rich precipitates form on the free surface, with an average thickness of about
74 nm (Fig. 3.4b and 3.4c). The matrix precipitates (indicated by the yellow
arrows) are Au-rich precipitates. Our previous research [6,7] revealed that
these precipitates have a disc-shaped geometry and are generally connected to
dislocations. In Fig. 3.4d, a valley filled with Au-rich precipitation along the
grain boundary can be observed, with a width of about 1.4 um and a depth of
about 0.9 pm. Au-rich precipitation is also observed on the grain boundary
underneath the free surface, suggesting that Au transport primarily proceeds
via (1) diffusion along the grain boundaries underneath the surface and (2)
surface diffusion. The diffusion paths of the Au atoms are indicated by the
green arrows in Fig. 3.4d. It is worth noting that W-rich precipitates are also
observed on the Au-covered grain boundary (indicated by a blue arrow in Fig.
3.4d and 3.4e), indicating a segregation tendency of W solutes towards the
grain boundaries. However, the solute Au shows a much stronger segregation
tendency towards the grain boundaries compared to solute W.

To our knowledge, the Fe-Au-W ternary phase diagram has not yet
been measured or calculated. However, given the immiscibility and the positive
formation energy for the Au-W system [20, 21], and the fact that the Au-rich
and W-rich precipitates form independently instead of forming a compound
[17], the phases of the Au-rich and W-rich precipitates were estimated on the
basis of the binary phase diagrams for Fe-Au and Fe-W systems, respectively.
According to the binary phase diagrams, the Au-rich precipitates should show
fecc structure with 60 at.% Au and 40 at.% Fe at 700 °C, while the W-rich
precipitates should correspond to the Fe;W Laves phase with a hexagonal
structure. The phases of the precipitates were determined by EBSD as shown
in Fig. 3.5. The red and blue colours correspond to the fcc Au phase and the
hexagonal Fe,W Laves phase, respectively. In the current research, the Au-rich
precipitates show a Au concentration of 40 - 60 at.%, while the W-rich
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precipitates show a W concentration of 20 - 32 at.%, which is consistent with
the expected composition within the accuracy of the EDS. The particles
enriched in both Auand W (see Fig. 3.3(b), a particle has 7 at.% Au and 23 at.%
W) correspond to a situation where the Au-rich and W-rich precipitates are
formed in contact to each other (instead of forming a ternary compound), but
due to the spatial resolution limitation of EDS, we cannot separate them.

Pt layer

500 nm

Fig. 3.4: PFIB-SEM results for the Fe-Au-W alloy after ageing for 100 h. (a): The three
locations where PFIB was performed; (b) and (c): The cross-section of W-rich
precipitates; (d) and (e): the cross-section of an Au-rich grain boundary. The yellow
arrows, blue arrow and green arrows indicate the Au-rich matrix precipitates, W-rich
precipitate segregated on a grain boundary and the diffusion paths of Au, respectively.
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(b)

Fig. 3.5: Backscattered electron image (a) and EBSD phase map (b) for a Fe-Au-W
sample after 32 h of ageing. The red corresponds to the fcc Au phase, while the blue
corresponds to the hexagonal FeoW Laves phase.

To quantify the precipitation in the three alloys, and thus compare the
precipitates in the ternary alloy with its binary counterparts, in Fig. 3.6 the
equivalent diameter (for the GI precipitates) and the area fraction (for the sum
of the GI and GB precipitates) are presented for the three alloys as a function
of the ageing time. For each sample, 7 to 15 grains were analysed, and the
average value and the scatter is shown. The Au-rich and W-rich precipitates
are presented separately for clarity. The results of Fig. 3.6a indicate that: (1)
the equivalent diameter of the GI precipitates increases up to about 32 h for
both the Fe-Au-W and Fe-Au alloys. However, from 32 to 100 h, the size of the
GI precipitates in the Fe-Au-W alloy remains about constant, while in the Fe-
Au alloy the GI precipitates show a significant decrease in size. (2) the area
fraction of the GI precipitates for the Fe-Au alloy increases slightly from 8 to 32
h before it decreases significantly from 32 to 100 h, indicating a significant Au
diffusion towards the grain boundaries. For the Fe-Au-W alloy the area fraction
peaks at 8 h before it decreases gradually from 8 to 100 h. The decrease in area
fraction occurs earlier in the Fe-Au-W ternary alloy, because there are more
assembly sites (the precipitates with the core-shell structure) for the Au-rich
GI precipitates. With the diffusion of Au, some Au-rich precipitates grow at the
expense of the others dissolving, resulting in a smaller area fraction. (3) the
grain boundaries of the Fe-Au alloy collect more Au-rich GI precipitates
compared to the ternary Fe-Au-W counterpart, as can be seen from the area
fraction of the GB precipitates. This is consistent with the results in Fig. 1: in
the Fe-Au alloy most of the Au-rich GI precipitates are collected by the grain
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boundaries after 100 h aging, while in the ternary Fe-Au-W system the
particles with a core-shell structure provide extra assembly sites for the Au-
rich GI precipitates.
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Fig. 3.6: Equivalent diameter of the GI precipitates and area fraction of both the GB and
GI precipitates for (a) the Au-rich precipitation in Fe-Au-W and Fe-Au alloys and (b)
the W-rich precipitation in Fe-Au-W and Fe-W alloys for different ageing times.

The size and the area fraction of the W-rich precipitates in Fe-Au-W and
Fe-W alloys are compared in Fig. 3.6b. Unlike the fast size evolution of the Au-
rich GI precipitates that results in a maximum size around 32 h, the W-rich GI
precipitates are still growing from 32 to 100 h. The W-rich GI particles are
smaller in size in the Fe-Au-W alloy at 32 h, but the smaller particles show a
larger area fraction compared to their counterparts in the Fe-W alloy. During
the whole ageing process, the area fraction of the W-rich precipitates in the
ternary Fe-Au-W alloy is 5-10 times larger than that in the binary Fe-W alloy.
It is also worth noting that from 32 to 100 h, the area fraction of the GI
precipitates in the Fe-W alloy increased by 5 times, while the area fraction of
the GB precipitates remains at a relative constant level. This indicates that the
surface diffusion of W is much slower than that of Au, so that the Au-rich GI
precipitates on the surface show an obvious tendency to migrate towards the
grain boundaries (and to the core-shell structures) via the Au atom diffusion,
while the W-rich precipitates tend to be immobile once formed on the surface.

As indicated in Fig. 3.6b, the Au segregation clearly enhances the
precipitation kinetics of the W-rich Fe;W Laves phase on the surface. This is
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expected to be caused by the enhanced W diffusion in the matrix and an
enhanced nucleation in the ternary Fe-Au-W alloy, as the solute Au depleted
diffusion layer below the surface shows a significant shrinkage. From Fig. 3.6b,
it is clear that at 100 h the surface fraction for the Fe,W precipitates in the
ternary Fe-Au-W alloy (fa =~ 21%) is one order of magnitude larger compared
to that in the binary Fe-W alloy (fa = 2%). This indicates a much slower
kinetics. In fact, the value of the surface fraction fj observed for the binary Fe-
W alloy at 100 h is of the same order as the surface fraction fa for the ternary
Fe-Au-W alloy at 32 h (fa = 2%). As shown in Fig. 3.1, for the ternary Fe-Au-W
alloy at 32 h also no branched structure was observed, consistent with the
observation for the binary Fe-W alloy at 100 h. It is therefore expected that the
branched structure in the binary Fe-W alloy is only formed for a larger surface
fraction fa, which is expected to be reached for significantly longer times (about
400 h). The origin for the transition in morphology from roundish to branched
surface precipitates has not been established, but is expected to be related to
an anisotropy in growth rate with respect to orientation. As the hexagonal
Fe,W Laves phase has a significantly lower symmetry than the bcc Fe-based
matrix the most favourable growth conditions are expected for specific
orientation relations between the precipitate and the matrix (for which the
interfacial strain is minimised). In TEM studies on bulk Fe-Cr-Co-W steels three
different orientation relations (OR1: [101], Il [1211],, (111), Il (1103), ,
(011), Il (0001), ; OR2: [113], Il [2110], , (110), Il (0113), , (411), I
(0001),; and OR3: [011], Il [2110],, (100), Il (0223),, (111), Il (0001),)
have been identified for the hexagonal Fe,W Laves phase (L) precipitates and
the a-Fe matrix (a) [22]. These orientations relations are expected to also
govern the branching growth behaviour of the Fe,W surface precipitates on the
bcc Fe matrix.

3.4. DISCUSSION

3.4.1 THE EVOLUTION OF THE SIZE AND SITE DENSITY OF GRAIN-INTERIOR
PRECIPITATES
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Fig. 3.7: Map of the number density n, versus the average size (d) of the GI
precipitates in each grain of the three alloys after different aging times. (a) Summary
all the data. (b-e) Individual maps for: (b) Au-rich precipitates in the Fe-Au alloy, (c)
Au-rich precipitates in the Fe-Au-W alloy, (d) W-rich precipitates in the Fe-W alloy and
(e) W-rich precipitates in the Fe-Au-W alloy, respectively. The dashed straight lines
correspond to n, « (d)~? scaling behaviour (constant thickness) and the solid lines to
ny o {(d)~3 scaling behaviour (shape conservation).

The size and distribution of the GI precipitates in every analysed grain are

provided in Fig. 3.7. Each data point corresponds to the information from a
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single grain. The Au-rich and W-rich precipitates in the Fe-Au-W alloy are
considered separately. Since it is difficult to classify the Au-rich and (Au/W)-
rich particles unambiguously just by their shape, the roundish particles with a
core-shell structure (Fig. 3.3b) are regarded as Au-rich precipitates. Assuming
that the ratio between the GB precipitation and the GI precipitation is constant
in each grain after a fixed annealing time, then the total amount of the GI
precipitates per unit area is the same for each grain. If all precipitates have a
constant thickness, then the area fraction of precipitates shows a scaling
relation ny o (d)™ with a slope of m = -2. If the precipitates are shape-
conserved, then the particles grow in three directions and their thickness is
proportional to the corresponding equivalent diameter, resulting a scaling
relation ny o (d)™ with a slope of m = -3.

For a grain area S;, a number of precipitates N, and a particle average
diameter (d), the number density n4 and the area fraction fi of the GI
precipitates correspond to ny=N/S; and f4=N(mw/4){d?)/S; ~
n (m/4){(d)?/S; = (m/4){d)?*n,. The dashed lines in Fig. 3.7 with a slope of m
= -2 correspond to 0.1%, 1% and 10% area fraction contours, respectively.
Assuming an average GI precipitate height (h) that is proportional to its
equivalent diameter (d) with a scaling factor 4, then the total volume V; of the
GI precipitates per unit area S; (the equivalent thickness of the precipitation
layer on the surface if the precipitates spread over the sample surface, covering
it uniformly) corresponds to a = V;/S; =~ (NA(d)3)/(N/n,) = A{d)3n,. The
scaling factor A depends on the GI precipitate shape. The solid lines in Fig. 3.7
with a slope of m = -3 correspond to an equivalent thickness of 0.1, 1 and 10
nm, respectively (4 = ©/20, for a cylinder-shaped particle with a height of
0.2(d) [18]).

As indicated in the schematic diagram inserted Fig. 3.73, it is easy to
determine whether the GI precipitates are in the stage of nucleation, growth,
coarsening or a combination. For instance, if the precipitates experienced an
increase in number density without a change in their size (as indicated by the
upward pointing green arrow), then the particles are in the nucleation stage. If
the number density keeps constant and the size increases, then the precipitates
are growing (indicated by the right pointing purple arrow). A constant area
fraction (or equivalent thickness) with an increase in size and a decrease in
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number density corresponds to a coarsening process (indicated by the black
arrow).

The size and distribution of the GI Au-rich precipitates for the Fe-Au
alloy after ageing for 8, 32 and 100 h, respectively, are shown in Fig. 3.7b. By
comparing the 8 and 32 h data, it is clear that the collection of the data points
shifted towards the right bottom direction, indicating a typical coarsening
process. From 32 to 100 h, the number density of the precipitates remains
around the same level, yet the average size and the corresponding area fraction
and equivalent thickness decreased significantly, resulting from the diffusion
of the Au solute towards the grain boundaries. For all the three ageing times,
the data points closely follow a n, o< (d)™ scaling with a slope m of -3.2(3) at
8h,-3.1(6) at32 hand -2.3(5) at 100 h. It is therefore indicated that for shorter
ageing times (< 32 h), the GI precipitates in the Fe-Au system are likely to be
shape-conserved, while after ageing for 100 h, the thickness of the precipitates
seems to approach a constant value.

The characteristics of the Au-rich GI precipitates in the Fe-Au-W alloy
are shown in Fig. 3.7c. At an ageing time of 1 h, most of the precipitates have
an equivalent diameter smaller than 0.3 pm, but the equivalent diameter of the
largest precipitate already exceeded 1 um, indicating that growth had occurred
in some grains. From 1 to 8 h, the precipitates experience an obvious growth,
and the precipitate area fraction and equivalent thickness are similar in all the
grains (also similar to the Fe-Au counterpart). The precipitation behaviour in
the Fe-Au-W alloy after ageing for 32 and 100 h is very different from the
observation in the Fe-Au alloy. Firstly, the precipitate size and number density
show a wider distribution. In addition, the decrease in area fraction and
equivalent thickness only occurred in limited number of grains. This is
consistent with the observation in Fig. 1d, where several large GI particles
remained after 100 h of ageing (probably in the form of a core-shell structure).
From 1 to 100 h the data points follow a n, « (d)™ scaling with a slope m
of -2.4(3)at1h,-3.0(2) at8h,-3.2(2) at 32 hand -2.5(5) at 100 h of aging. This
indicates that the precipitation behaviour of the Au-rich is similar for the Fe-
Au-W and the Fe-Au alloys.

As shown in Fig. 3.7d, for the W-rich precipitates in the Fe-W alloy, from
32 to 100 h, the GI precipitates increase both in size and number density with
aging time, indicating a combined nucleation and growth process. For the Fe-
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Au-W alloy shown in Fig. 3.7e most of the W-rich precipitates after 32 h ageing
have the diameter between 0.2 to 0.4 um, while their number densities vary by
nearly two orders of magnitude. This indicates that the W-rich precipitates are
in the nucleation stage. The data points for the Fe-W alloy follow a ny « (d)™
scaling with a slope m of -4(1) at 32 h and -2.6(3) at 100 h. Compared to the
binary Fe-W alloy, the W-rich precipitates in the ternary Fe-Au-W alloy are
much smaller in size (for 32 h of aging), but their area fraction is either similar
to or nearly one order of magnitude larger than the precipitate area fraction in
the Fe-W system. This is consistent with the W-rich precipitation behaviour in
the creep-failed samples [17]: the W-rich particles are smaller in the Fe-Au-W
alloy than in the Fe-W alloy, but the total amount of the W-rich precipitates is
not suppressed. On the contrary, the W-rich precipitation in the Fe-Au-W alloy
seems to be accelerated after long-time ageing: for the 100 h samples, the W-
rich precipitates show an average area fraction of about 21% with an average
height of about 74 nm (see Fig. 3.4), yielding an equivalent thickness of about
15 nm. Both the area fraction and the equivalent thickness in the Fe-Au-W alloy
are much larger than that for the Fe-W alloy. Compared to the Au-rich
precipitates, the W-rich precipitates show different growth mechanism: after
100 h of ageing, the W-rich precipitates in the Fe-Au-W sample follow an, «
(d)™ scaling with a slope m of -2.1(6), indicating that the W-rich precipitates
are plate-shaped with a relatively constant thickness. Two examples are
provided in Fig. 3.8, where the W-rich precipitates with different in sizes and
number densities in the two grains yield similar area fractions. The lateral
growth of the branched surface precipitates stops when the branches are about
to make contact. Since the individual branched surface precipitates are
sometimes difficult to distinguish (indicated in Fig. 3.8(a)), in the grains where
they are formed, the number density of the precipitates may have been
underestimated and the equivalent size overestimated.
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Fig. 3.8: Two examples of W-rich GI precipitates in the Fe-Au-W alloy for an ageing
time of 100 h. The equivalent sizes (5.0 and 1.7 um in (a) and (b), respectively) and
number densities of the W-rich precipitates (0.0073 and 0.0900 um2 in (a) and (b),
respectively) are obviously different in the two grains, while the area fractions are
similar (22 and 24 % in (a) and (b), respectively). The dashed lines in (a) show the
partitions of precipitates.

3.4.2 THE EVOLUTION OF THE EQUIVALENT THICKNESS OF THE GRAIN-INTERIOR
PRECIPITATES

The number density n4 and equivalent diameter <d> show for most of the GI
precipitates a n, o (d)™ scaling with a slope m of about -3, indicating a 3D
shape conserving growth and coarsening (see Fig. 3.7). It is therefore easy to
obtain the equivalent thickness attributed by the GI precipitates by fitting the
data in Fig. 3.7 with a fixed slope of m = -3 (assuming 4 = t/20).

a ~ A{d)3n, (3.1)

For the W-rich precipitates in the Fe-Au-W alloy after 100 h of ageing,
fitting by Eq. (3.1) yields an equivalent thickness of 102 nm. Since the branched
surface precipitates seem to have a constant thickness (as discussed in section
3.4.1), the equivalent layer thickness of the W-rich precipitates is estimated by
ay = hf,. After 100 h of ageing the average height of the W-rich precipitates
corresponds to h = 74 nm.

The surface precipitation of the solutes can be simplified into a 1D
diffusion process, where the solute agents diffuse towards the free surface, and
after reaching the surface they nucleate to form precipitates. The 1D flux and
the equivalent thickness of the precipitation layer are estimated by [23]:
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_ DyAx 1 _ Ax Dy 3.2
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a(t)=gfojx(a,t)dt -2 I

And

(3.3)

Where Ax = x,, — x4 is the supersaturation of the solute element X, Dy is the
diffusivity of the solute element in the matrix phase, Q1 is the atomic volume, t
is the time and x,, is the concentration of the solute element in the precipitate

phase.

The experimental results estimated by Equation (4.1) and the results
calculated by Equations (3.2) and (3.3) are compared in Fig. 3.9. The Au-rich GI
precipitates show a similar trend in the ternary Fe-Au-W alloy as in the binary
Fe-Au alloy. In the early stage (before 32 h for the Fe-Au sample and 8 h for the
Fe-Au-W system), the thickness of the Au-rich GI precipitates shows an
increase a « t* with a slope a of approximately 0.5, indicating a diffusion-
controlled process. For the W-rich precipitates, the corresponding slope « is
much larger than 1/2, indicating that the W-rich precipitates are still in the
nucleation stage. Compared to the W-rich GI particles in the binary Fe-W alloy,
the precipitates in the ternary Fe-Au-W alloy starts with a smaller size and a
higher number density ny, yielding a lower equivalent thickness. After ageing
for 100 h, however, the thickness of the W-rich precipitation in the Fe-Au-W
system exceeded that in the Fe-W system by nearly three times, indicating that
the W diffusion in the Fe-Au-W system is accelerated for longer ageing times.
The acceleration phenomenon may result from the depletion of supersaturated
Au solute. At 700 °C, the diffusivity of Au is two orders of magnitude higher
than that of W, so that the depletion of Au is much faster. With the diffusion of
Au towards the surface, a shrinkage is generated in the Au-depleted matrix, due
to the size difference between the Au and Fe atoms. The resulting elastic tensile
strain field may cause an enhanced diffusion of W [24].
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Fig. 3.9: (a): Equivalent thickness of the GI precipitation layer @ for the three alloys
as a function of ageing time ¢t The solid lines are calculated by a(t) =
(Z/JE)(Ax/xp)\/D_Xt, where Ax is the supersaturated solute fraction, Xp the solute
fraction in the precipitate and Dy the solute (volume) diffusivity of element X. The
experimental data are obtained from Fig. 3.7 assuming n, o (d)~3. The scattered data
points are creep results from a previous research on Fe-Au-W system [17].

The scattered data on the right top corner corresponds to the
equivalent thickness of the particles from the creep experiment [17]. The
creep experiments were performed at 550 °C. For comparison the data in Fig.
3.9 were normalised using Equation (3), i.e. by applying a scaling factor

a™/a™ = <x§2AxT1 D;1>/<x;1AxT2 /D;Z). It is clear that the equivalent

thicknesses of both the Au-rich and W-rich precipitates are systematically
higher under the creep conditions. Two reasons are expected to be responsible
for the difference: (1) During creep a significant amount of excess vacancies
and dislocations are generated by the deformation [25,26], which enhances the
diffusion of the solutes. (2) for surface precipitation only a fraction of the
solutes diffuses towards the grain-interior free surface directly, as the rest of
the solutes are attracted by the nearby grain boundaries, through which the
solutes can reach the free surface (indirect route with different diffusion rates).
Assuming the solutes choose the shortest diffusion path (to either the nearest
grain boundary or the nearest free surface), then GI precipitates would no
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longer form after the diffusion length reaches half of the grain size. For average
grain sizes of 84 pm (Fe-Au sample) and 105 pum (Fe-Au-W sample), the newly-
nucleated Au-rich GI precipitates are not expected to form any longer after
about 500 h and 800 h ageing, respectively.

3.4.3 LINKING THE SURFACE PRECIPITATION TO THE CREEP CAVITY PRECIPITATION

The external free surface precipitation bears great resemblance to the
formation of precipitates on the surface of the internal creep cavities as formed
in creep experiments. In a previous study on the Fe-Au system [18], the growth
rate of the Au-rich precipitates on the external free surface was found to be
comparable to that on the internal free surface of a creep-induced cavity. By
comparing the present study with the creep results for the Fe-Au-W alloy [17],
similarities are observed in terms of the size and distribution of the
precipitates and the interplay between the two solutes. In the Fe-Au-W alloy,
the Au-rich and W-rich precipitates are found to form in contact to each other,
yielding a sandwich-like structure, for surface conditions (present work) and
for creep conditions (ref. [17]). In the Fe-Au-W alloy and the Fe-Au alloy, the
evolution of the Au-rich GI precipitates (the ones not connected to grain
boundaries) is similar, indicating that the addition of W does not seem to have
a strong influence on the kinetics of solute Au. Similar results were obtained
under the creep conditions, where the size evolution of the Au-rich precipitates
is comparable in the Fe-Au-W alloy [17] and the Fe-Au alloy [13]. The
precipitation behavior of the W-rich GI precipitates is however significantly
different in the Fe-Au-W alloy compared to the Fe-W alloy. In the present
research, it is observed that the W-rich GI precipitates in the Fe-Au-W alloy
start with a smaller size and larger number density, but the overall diffusion
flux is not reduced for longer ageing times. The creep experiments show similar
results: the W-rich precipitates formed in the creep-induced cavities show
smaller sizes and a higher number density in the Fe-Au-W alloy [17] compared
to the Fe-W alloy [12], indicating that more nucleation sites are available for
W-rich precipitation in the Fe-Au-W alloy (both under surface and creep
conditions). One explanation may be the increased roughness that is generated
with the depletion of the supersaturated Au solute from the underlying matrix.
As discussed in section 3.2, the continuous depletion of Au results in a
shrinkage of the matrix and strains resulting from local gradients in the solute
Au concentration, which further leads to a re-organisation of the surface atoms

64



3.4. DiscussIoN

into terraces (examples are shown in Fig. 3.10). Therefore, more nucleation
sites are available for the W-rich precipitates in the ternary system, which
causes a higher nucleation rate together with the enhanced diffusivity. An
estimation of the healing kinetics in [17] also indicated that the W diffusion is
not suppressed in the relevant creep cavities.

Fig. 3.10: Terraces generated after the nucleation of Au-rich GI precipitates on the
surfaces of (a) Fe-Au and (b) Fe-Au-W alloy samples.

One difference between the surface precipitation and the creep-cavity
precipitation is the shape of the precipitates. Under surface conditions, the
aspect ratio of the Au-rich GI precipitates varies from 1.2 (nearly round) to
about 12, while for the Fe-Au-W alloy the W-rich GI precipitates develop into
branched surface precipitates after long ageing. However, under creep
conditions the shapes of both the Au-rich and W-rich precipitates are
constrained by the shape of the creep cavity, so that the Au-rich precipitates
with a high aspect ratio and the W-rich branched surface precipitates are not
likely to form.

Another difference between the two conditions is the diffusivity of the
solutes. As indicated in Fig. 3.9 and discussed in Section 3.4.2, the diffusion of
both Au and W solutes are enhanced under the creep condition, due to the
deformation-induced excess vacancies and dislocations. The overall
deformation-enhanced diffusivity of element X (either solute or host)
corresponds to [25,26]:
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Dy = (1 — g)DY + gD = (1 — g)DE(1 + x&*/xi") + gDF ~ (3.5)

in which D} is the lattice diffusivity, DY is the solute diffusivity induced by the
vacancies, D,’; is the dislocation-induced pipe diffusivity, xy* is the
concentration of the excess vacancies, x{,h is the concentration of the vacancies
under thermal equilibrium condition, and the factor g corresponds to the
fraction of atoms associated with the pipe. Since the production rate of the
excess vacancies is proportional to the strain rate, at the strain rates as low as
(2-7) x 105 h1 [17], the pipe diffusion is mainly responsible for the diffusion
enhancement and Equation (3.5) can be simplified to Dy = gD} . At 823 K
(550 °C), the Fe self-diffusivity in bcc iron is 1.5x10-21 m2s-1, while the self-
diffusivity along dislocations corresponds to about 10-15 m2s-1 [27]. For self-
diffusion, assuming g = wbh?p, in which b and p are the burger’s vector and the
dislocation density, and taken as 2.58 A and 1014 m<2, respectively. The
enhanced diffusivity is then estimated to be about 28 times larger than the
lattice diffusivity, resulting in an equivalent thickness of about 5 times bigger
than under surface conditions. For higher strain rates (e.g. for the Fe-Au [13,7]
and Fe-W [12] systems) where the diffusion through the excess vacancies can
no longer be neglected, a stronger enhancement in diffusivity may be expected.

3.5 CONCLUSIONS

The precipitation of supersaturated solutes at free surfaces was studied in a
ternary Fe-3Au-4W alloy and two binary Fe-3Au and Fe-4W counterpart alloys.
The surface precipitation can be categorised into GI precipitates (not
connected to grain boundaries) or GB precipitates. The Au-rich GI precipitates
show a 3D shape-conserving growth before they are collected by the grain
boundaries, while the W-rich Laves phase precipitates, which are relatively
immobile once nucleated on the surface, are found to grow laterally with a
relative constant thickness. The Au-rich GI precipitates are similar in terms of
their size and kinetics to those for the ternary Fe-Au-W and binary Fe-Au
systems. However, the W-rich GI precipitates in the Fe-Au-W system show a
smaller starting size, a higher number density and an overall faster kinetics
compared to the binary Fe-W system. While the precipitation on the free
surface showed an overall slower diffusivity than during creep conditions, the
surface precipitation experiments can qualitatively predict the healing of the
creep-induced grain boundary cavities in terms of the interplay between
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SELF HEALING OF CREEP-INDUCED DAMAGE
IN FE-3AU-4W BY MULTIPLE HEALING
AGENTS STUDIED BY SYNCHROTRON

X-RAY NANO-TOMOGRAPHY

‘Ze kunnen je wel begrijpen als ze maar naar je willen luisteren.”’

Kelly Greene

Constant stress creep experiments at 550 °C were performed on a high-purity
Fe-34Au-4W (wt.%) ternary alloy with about 1 at.% supersaturation for Au and W
in order to study self healing of grain-boundary cavities by both Au-rich and W-rich
precipitates. Using synchrotron X-ray nano-tomography, the development of the
creep cavities and the healing precipitates at different stages of creep was
visualised using two spatial resolutions (30 and 100 nm voxel size). The healing
kinetics was found to strongly depend on the nucleation time of the cavities. Cavities
nucleated at an early stage of creep could be fully healed, while the healing of the
late-nucleated cavities is much slower due to a decrease in the diffusional flux of
the healing supersaturated solutes over time, as a result of (i) a decrease inter-
cavity spacing caused by cavity nucleation and (ii) a gradual depletion of the
supersaturated solutes near the grain boundaries. The interaction between the
competing healing mechanisms for creep cavities by Au-rich and W-rich
precipitates is discussed. It was found that Au-rich precipitates are formed much
faster than the W-rich precipitates, and thereby effectively provide creep damage
healing on different time scales.
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4.1 INTRODUCTION

When exposed to a combination of a high temperature and constant stress
levels even below the quasi-static yield stress, metals experience time-
dependent plastic deformation, known as creep, ultimately leading to failure
due to accumulated damage. Creep damage often begins with the nucleation of
grain boundary cavities, which further grow and coalesce into larger cracks,
which ultimately leads to failure [1]. To improve the creep resistance, the
traditional mechanism is to tune the microstructure and composition of the
metals such that the initiation of the cavities is postponed as long as possible
[2-4]. However, since the nucleation of the cavities has been regarded as being
unavoidable, the concept of self healing [5-7] has been proposed as an
alternative strategy. In self-healing metals, the early-stage cavities can be filled
autonomously by the precipitation of the supersaturated solute atoms pre-
dissolved in the matrix. Thereby the continuous growth and the more
catastrophic coalesce of the cavities can be postponed, if not prevented. In
recent years, the concept of self healing has been verified as being effective in
prolonging creep lifetimes in multiple metallic systems. For austenitic stainless
steels (i.e. steels having an fcc lattice structure at the use temperature), Laha
and co-workers [8, 9] reported that the combined addition of boron and
nitrogen is effective in reducing the cavity growth rate, as well as increasing
the creep rupture strength. In a systematic study on ferritic steels (i.e steels or
alloys with a bcc lattice structure at the use temperature), a series experiments
on binary Fe-X and ternary Fe-X-Y alloys, including Fe-Cu [10-12], Fe-Au [13-
17], Fe-Mo [18], Fe-W [19] and Fe-Au-W [20], as well as simulation studies [21-
23] have been conducted to reveal the healing mechanism during creep. For
these model alloys the only creep damage present is the formation and growth
of grain boundary cavities and the healing reaction is their autonomous filling
due to the formation of solid precipitates in these cavities once formed. Several
criteria are fundamental in order to achieve autonomous site-selective healing:
(i) an extra amount of solute atoms (typically 1 at.% supersaturation at the
creep temperature) need to be present into the matrix, providing the driving
force for formation of precipitates; (ii) the nucleation energy barrier at free
surfaces need to be sufficiently lower than the barrier of interior nucleation,
assuring the site-selectivity; (iii) the solute atoms should have a higher
diffusivity compared to the host atoms, so that the cavity can shrink as the
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vacancies diffuse outward due to the Kirkendall effect; and (iv) the solute
atoms should not react with other microstructural components and thereby
not have been consumed before reaching the damage sites. Guided by the
findings from the model alloys, a series of ferritic chrome steels with a
combination of decent high-temperature mechanical properties and self-
healing potential have been designed [24]. In these steels other alloying
elements than the healing element, W, such as C, Cr, Ni are added to achieve
decent mechanical properties, but as in the model alloys, the healing is due to
only one solute atom (i.e. the healing agent).

To monitor the damage formation and the subsequent precipitation
healing, multiple characterisation techniques have been applied, ranging from
the more direct observation-based techniques such as scanning electron
microscopy (SEM) and transmission electron microscopy (TEM), to the more
indirect small-angle neutron scattering (SANS), which provides information on
the evolution of the size distribution. In the past two decades, synchrotron
X-ray tomography has been applied as a powerful non-destructive tool to study
the cavity evolution during creep [25-27]. The high-flux X-ray beam with a high
collimation and monochromaticity allows fast scans with high resolution, and
brings insights into early stage cavity nucleation via in-situ experiments [25,
28]. The high coherence makes it possible to perform phase contrast imaging
and holotomography [29]. Recently, Fang and co-workers [13, 19] utilised
synchrotron X-ray nano-tomography on the Fe-Au and Fe-W self-healing
systems to monitor the development of both the creep cavities and the healing
precipitates with a voxel size down to 30 nm. Recent research by synchrotron
X-ray techniques on metals can be found in reviews [30, 31].

In the present study, we explore the damage and healing behaviour in
a Fe-3Au-4W (wt.%) ternary system in which not one but two healing agents
can act simultaneously. Au and W were selected as the most appropriate
elements for such an experiment given the existence of detailed creep damage
healing studies on their binary counterparts [13, 19] and the difference in X-
ray absorption for W and Au which may make it possible to discriminate
between pore filling due to Au-rich or W-rich precipitates.

Creep experiments with a constant stress of 145 MPa at 550 °C were
applied and stopped after different times to investigate the microstructure
development at different stages of creep. Synchrotron X-ray holotomography
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provides a powerful tool to visualise the evolution of both the grain-boundary
cavities and the precipitates within the cavities. With two voxel sizes of 100
and 30 nm, Au-rich and W-rich precipitates can be segmented. The
segmentation results are compared with the SEM results from a previous
research on the same ternary system [20]. The growth of cavities and the mass
transfer of solute towards the damage sites are also compared with the
previously studied two binary counterparts [13, 19].

4.2 EXPERIMENTAL

4.2.1 SAMPLE PREPARATION AND CREEP TESTS

High-purity Fe-Au-W alloy sheets were ordered from GoodFellow. The
composition of the samples is Fe-3.8W-3.1Au (in wt.%). Dog-bone shaped
creep samples with a gauge length of 12.5 mm and a cross-section of 3 mm? (6
mm width and 0.5 mm thickness) were cut by spark erosion. The samples were
then sealed in quartz tubes filled with 200 mbar ultra-high purity argon to
prevent oxidation during annealing. After the homogenising process (at 868 °C
for 5 h), the samples were quenched in water. The as-quenched samples were
examined with scanning electron microscopy to assure a uniform
homogenised matrix in which no precipitates can be observed before creep
tests. The solutionised as-quenched samples showed an average grain size of
77 pym. A limited amount of FeWO, particles could be detected in the grain
interior both for the as-received and creep-loaded samples. These particles are
expected to remain stable during creep and they do not show an obvious effect
on the grain boundary cavity formation or the healing, not did the lead to
internal cavity formation.

The creep experiments were performed in vacuum at a fixed
temperature of 550 °C with a constant stress of 145 MPa. The creep lifetime is
estimated to be inversely proportional to the steady strain rate, which fulfils
the Sherby-Dorn equation [32] &5 = Ad™o"exp (—Q/RT), where A is a
structure dependent constant, d is the grain size, m is the grain size exponent,
o is the applied stress, n is the stress exponent, @ is the activation energy, R is
the gas constant and T is the temperature in kelvin. Taking the stress exponent
n =4.6 [20] and assuming the grain size exponent m the same as that of the Fe-
Au alloy (m =-2 [16]), the estimated lifetime of the ternary Fe-Au-W alloy with
the grain size of 77 um yields 240 h. In order to study the microstructure

74



4.2 EXPERIMENTAL

development at different stages of creep, the creep experiments were
interrupted after 10, 50, 100, 150 and 223 hours. The microstructure in the
uniform deformation region was characterised via scanning electron
microscopy (SEM) using a JEOL JSM 6500F instrument equipped with energy-
disperse X-ray spectroscopy (EDS). To reveal the precipitate crystal structure
and composition, transmission electron microscopy (TEM) measurements
were performed using a FEI Cs-corrected cubed Titan instrument. Elemental
analysis was done with the Thermo Fisher Scientific super-X detector in
the ChemiSTEMT™ configuration. Lattice images were collected on a Gatan
camera. ADF (Annular Dark Field) images and EDX spectra for elemental
mapping were collected in STEM (Scanning Transmission Electron Microscopy)
mode.

4.2.2 SYNCHROTRON X-RAY NANO-TOMOGRAPHY

The interrupted creep samples were further machined for the tomography
experiments. Rectangular samples with a cross section of 300x300 pm? and a
length of approximately 6 mm were cut from the uniform deformation region
by spark erosion, with their long axis aligned with the loading direction during
creep. Tomography measurements were performed at the ID16A-NI nano-
imaging beamline of the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France [33]. The beamline provides a high-brilliance beam focused
down to nano size (13 nm), allowing the observation of 3D microstructure for
the creep-induced cavities and the precipitates formed in the cavities. The
rectangular samples were mounted on a rotation stage and illuminated by the
X-ray beam. A series of 2D X-ray projections (in total 1800 projections for each
scan) were recorded as the sample rotated around an axis over 180 degrees at
4 focus-to-sample distances for the phase retrieval [29]. Combining the
information at the 4 distances, the phase map for each angle was obtained
running inhouse developed GNU Octave scripts. With the ESRF PyHST software
package [34], the obtained phase maps were reconstructed to 3D digital images.
For each sample, two resolutions were used with the corresponding voxel sizes
of 100 nm and 30 nm. The volume of view (VoV) of the 30 nm scan is selected
within the VOV of the 100 nm scan, allowing one to compare the
microstructure of a same region with different resolutions. The 100 nm and 30
nm scans yield reconstructed volumes of 321.6x321.6x321.6 um3 and
96.48x96.48x96.48 ums3, respectively. The VoVs to be analysed were selected
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by on-line prior inspection of the X-ray images. The VoV should contain at least
one grain boundary perpendicular to the loading direction, to show some form
of creep damage and to be fully contained in the sample, preferably as close to
the central axis as possible.

4.2.3 PHASE SEGMENTATION AND QUANTITATIVE ANALYSIS

The subsequent tomographic rendering and phase segmentation are
performed with the FEI Avizo software. From the microstructure
characterisation and in line with previous electron microscopy studies [20], 4
phases are detected in the creep-failed Fe-Au-W samples, namely the bcc
matrix, the fcc Au-rich precipitates (with an Au concentration of about 60 at.%),
the W-rich Fe;W Laves precipitates, and the cavities. The FeWO, particles are
not taken into consideration since they do not affect the damage formation and
self-healing behaviour. The electron densities of the precipitates can be
estimated based on their composition and crystal structure. Since the electron
densities of the precipitates (3.71 e/A3 for AusoFeso and 3.38 e/A3 for Fe,W,
respectively) are higher than that of the matrix (2.21 e/A3 for Fe) and even
more so for the cavities (vacuum), the precipitates (including the Au-rich and
W-rich ones) and the cavities can be separated from the matrix by applying
carefully selected threshold values to the grey value in the reconstructed slices.
In the current work, the features with a higher electron density have a lower
grey scale value, while a lower electron density results in a higher grey scale
value. This means that in the reconstructed slices the precipitates are darker
than the matrix, while the cavities are brighter.

In addition to the thresholds I,;/m and .4y /m to separate the
precipitates, cavities and the matrix (lpp¢/m is the threshold between the
precipitates and the matrix and /¢4, the threshold between the cavity and
the matrix), another threshold Iy, /w (Iau/w < Ippt/m) 1S required to further
segment the Au-rich and W-rich precipitates. Based on the microstructures of
the precipitates (further discussed in section 4.3.2) and previous results [20],
the two types of precipitates are found to form separately for most of the cases.
Therefore, it is safe to label a precipitate either Au-rich or W-rich. For each
labelled precipitate, if the majority of its voxels have a grey scale between I,
and I,,; /m, this precipitate is categorised as W-rich. Due to the small size of the
W-rich precipitates, the segmentation of the Au-rich/W-rich precipitates is
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only applied to the scans with a voxel size of 30 nm (and not for the scans with
a voxel size of 100 nm). For both resolutions, objects (precipitates and/or
cavities) with a volume smaller than 8 voxels (i.e. with a volume smaller than
8 x 10-3 and 2.16 x 10-* um3 for the scans with a voxel size of 100 nm and 30
nm, respectively) were regarded as noise, and therefore ignored.

After the phase identification, the binary images were used for further
analysis in MATLAB using the DIPimage toolbox [35]. For each object (cavity
or precipitate), its shape was determined by the shape complexity, its
elongation and flatness [13, 19]. The elongation and flatness are calculated
from the three semi-axes of an equivalent ellipsoid with the same moments of
inertia as the object itself. It is assumed that the volume occupied by a
precipitate was previously occupied by an open cavity. By checking the contact
between the precipitates and the open volume for each cavity, we determine
how many precipitates are contributing to fill the cavity, how much volume has
been filled, and how much volume remains open. The total volume of a cavity
is therefore Veay + Vprec, Where Vprec is the volume of the precipitates in contact
with the open volume V. The filling ratio of an individual cavity is therefore
FR = Vpree/(Veav + Vprec). More detailed on the applied methodology for the shape
classification and the filling ratio calculation can be found in reference [13]. A
quantitative analysis is applied based on the scans with a 100 nm resolution,
which provide a larger illuminated volume and therefore a better statistical
significance. A volume rendering for the same region of interest (ROI) with
both the 100 nm and 30 nm voxel sizes is shown in Fig. S4.1 (supplementary
Information). As expected, the two resolutions provide similar results for
objects with a relatively large size, while some difference can be observed for
the smaller objects and more detailed features can be distinguished for the
smallest voxel size.

4.3. RESULTS

4.3.1 CREEP RESULTS

The strain-time curves of the creep experiments at a stress of 145 MPa and a
temperature of 550 °C are shown Fig. 4.1. The steady-state creep begins with a
relatively constant strain rate soon after the load is fully applied. Given the
reproducibility of these creep curves interrupted at different times, the general
characteristics of the creep-induced cavities and the corresponding healing
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precipitates can be monitored as a function of time. It is clear that the samples
interrupted at 10, 50, and 100 h are in the steady-state creep regime, while the
two samples with longer times (150 and 223 h, respectively) show an onset
towards tertiary creep, where the strain rate increases rapidly compared to the
steady-state creep. It is found that the strain contribution from the steady-state
creep is less than 1%, which is consistent with previous results on the same
alloy [20]. The strain rate for the 5 samples lies between 1.85(9)x10-5 h-1 and
2.359(2)x10-5 h-1, with an average strain rate of 2.09(4)x10-5 h-1. Taking the
steady-state creep rate for the ternary alloy with different grain sizes (77 pm
in the present study and 103 pm in the previous study [20]), a grain size
exponent of m = -2.2 is deduced.
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Fig. 4.1: Creep curves for the Fe-Au-W alloy samples with a constant applied stress of
145 MPa at a temperature of 550 °C. The creep experiments were interrupted after the
indicated creep times.

4.3.2 MICROSTRUCTURE OF THE CREEP SAMPLES

Fig. 4.2(a) shows a SEM image of a grain boundary with grain-boundary
cavities and healing precipitates for the Fe-Au-W alloy sample with a creep
time of 223 h (at 145 MPa and 550 °C). Several grain-boundary cavities are
fully filled by relatively large precipitates (indicated by yellow arrows), while
others show a very limited degree of filling, and only nano-sized precipitates
can be observed inside the cavities (indicated by blue arrows). EDS results
demonstrate that the larger precipitates in the cavities with a high filling ratio
are significantly enriched in Au (about 18 at.% Au), while the nano-sized
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precipitates in the cavities with a limited filling ratio are generally enriched in
W (1.8 - 4.8 at.% W). Apart from the precipitates formed exclusively at the free
surface of the cavities, nano-sized Au-rich precipitates can also be observed in
the matrix, as indicated by the triangular region. As shown in Fig. 4.2(b), these
precipitates are found to be disc-shaped and are generally connected with
dislocations formed during creep. These disk-shaped Au-rich precipitates are
restrained from growing, due to the strain energy resulting from the mismatch
between the precipitate lattice and the matrix lattice. Examples for dislocations
and the strain contrast are indicated by the red arrows and circles in Fig. 4.2(b).
[t is worth to note that the disc-shaped Au-rich precipitates can be consumed
by the nucleation and growth of the healing precipitates in the nearby cavities
[16]. In fact, on the upper side of the grain boundary in Fig 4.2(a), a depletion
zone is formed, where fewer Au-rich nano-sized precipitates can be observed.
It is deduced that during the creep, the disc-shaped precipitates in the
depletion zone are dissolved into the matrix and diffused towards the grain
boundary in the form of Au atoms, through which they are further transported
to the cavities and nucleate as Au-rich healing precipitates [16].

The TEM bright field (BF) and high angle annular dark field (HAADF)
images with the EDX maps reveal the morphology and the composition of the
nano-sized precipitates in the partially-filled cavities, as shown in Fig. 4.2(c).
Consistent with the SEM-EDS result, most of the precipitates located at the
cavity surface with a low filling ratio are enriched in W; for example, the
particle indicated by the dashed blue circle has 29 at.% W and 4 at.% Au. The
composition of the precipitates is in line with the expected composition of
Fe,W Laves phase. Due to the limited size of the W-rich precipitates, it was
difficult to uniquely establish the lattice structure. The co-existence of Au-rich
and W-rich precipitates is found both at cavity surfaces (e.g. Fig. 4.2(c)) and at
grain boundaries. An example of this co-existence is given in Fig. 4.2(d): the Au-
rich and W-rich precipitates form in contact to each other, showing a sandwich
structure, instead of isolated particles. The Au-rich precipitates were
confirmed to show an fcc structure with a composition of about 60 at.% Au.
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Fig. 4.2: SEM and TEM data for the Fe-Au-W alloy sample after 223 h creep with a
constant applied stress of 145 MPa at 550 °C. (a) SEM image of a grain boundary and
its vicinity. The yellow arrows indicate cavities that are filled by Au-rich precipitates,
while the blue arrows indicate the nano-sized W-rich precipitates that show a limited
degree of filling. Nano-sized Au-rich precipitates in the matrix are indicated by the
dashed triangle. In between of the grain boundary and the triangular region with nano-
sized Au-rich matrix precipitates, a precipitate-free depletion zone is observed. (b)
TEM bright field (BF) image for the nano-sized Au-rich precipitates. The red arrows
and circles indicate the dislocations and strain contrast, respectively. (c) TEM BF and
high angle annular dark field (HAADF) images with EDX maps for grain-boundary
cavities. The encircled particle is mainly enriched in W (29 at.%) while its Au
concentration is slightly higher (4 at.%) than nominal. (d) Example for co-existence of
the Au-rich and W-rich precipitates at a grain boundary. The Au-rich and W-rich
precipitates have formed in contact to each other, rather than in the form of isolated
particles.
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4.3.3 TOMOGRAPHIC RENDERING

Fig. 4.3 shows a 3D overview of the creep cavity and healing precipitate
distribution in the samples with creep times ranging from 10 to 223 h for a
voxel size of 100 nm. The TEM results in Fig. 4.2 indicate that the W-rich
precipitates generally have a size of about 100 nm (consistent with previous
results [20]), which is comparable to the resolution of this scan. Therefore, all
the precipitates will be combined in the analysis of the 100 nm resolution data,
without classification in either Au-rich or W-rich precipitates. The cavities and
precipitates are represented by red and green volumes, respectively. It is clear
that with the increase in creep time: (1) more features can be observed and (2)
the features, including the cavities and the precipitates, are growing in size. In
the sample after 10 h of creep, some cavities and sporadic precipitates are
observed, with an average equivalent diameter of 0.54 pm for the cavities and
0.41 um for the precipitates. Most of the cavities are empty, indicating that the
cavities are in their initial growth state just after nucleation. In the sample after
50 h of creep, more features (especially more precipitates) are observed in
comparison to the sample after 10 h of creep. In addition, the cavities and
precipitates start to show interaction: one or more precipitates are usually
found in the vicinity of a cavity, indicating that the precipitates have multiple
nucleation sites at the cavity surface. From 50 to 100 h of creep, both the
cavities and the precipitates experienced obvious growth. Most of the cavities
and the precipitates are located at the grain boundaries, especially at the
transverse grain boundaries oriented perpendicular to the load direction.
Cavities on some grain boundaries are significantly elongated, indicating a fast
propagation of the cavities. In the binary Fe-Au [13] and Fe-W [19] samples, a
significant amount of cavities were found to show a linkage of neighbouring
cavities in the later stages of creep, in some cases resulting in cavities covering
the whole grain boundary with the volume larger than 1000 pm3. The cavity
linkage is also observed in the current ternary Fe-Au-W system for the longest
creep times (150 and 223 h). However, due to the limited creep strain in the
ternary system, the linkage phenomenon is not as obvious as in the binary
counterparts. The largest open volume found in the 223 h sample was less than
200 pms3.
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precipitates cavities

Fig. 4.3: Tomographic images of the Fe-Au-W alloy after creep at 550 °C with a constant
applied stress of 145 MPa for different times. The images are obtained with a voxel size
of 100 nm. The applied stress is normal to the top view.
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Fig. 4.4 and Fig. 4.5 show examples of the cavities and precipitates from
samples with different creep times. As illustrated in Fig. 4.4, in the sample after
10 h of creep most of the cavities have an elliptical or spherical shape: three
cavities with a size of about 1 um are aligned along the grain boundary
direction. After 50 h of creep, the average equivalent diameter of the cavities
increased from 0.54 um (10 h) to 0.74 um (50 h), and one or more precipitates
are found to nucleate at the surface of the cavities. It is also worth to note that
for the cavities, more complex shapes have developed, even though the
increase in size is limited compared to the sample with 10 h of creep. Where
the cavities after 10 h of creep usually have an ellipsoidal shape with smooth
surfaces, after 50 h the cavities show more detailed features with tails and
edges. As indicated by the white arrows (Fig.4.4(b), top view), the cavities
appear to grow only in specific directions (as indicated by the white arrows),
as for other directions the growth is restricted by precipitation. This
anisotropic growth results in cavities with more complex shapes compared to
the ones observed in the 10 h sample (which had limited to time to grow after
nucleation). The completion between cavity growth and precipitate healing is
more obvious in the first example for the sample after 150 h of creep (Fig.
4.5(a)): the precipitates form around the cavity surface until the cavity is
eventually wrapped by the precipitates. For the longer creep times a linkage of
cavities is observed for part of the cavities. Fig. 4.5(b) provides a clear example
showing the early stage of linkage between two neighbouring cavities
(indicated by the yellow boxes). A late stage of linkage can be observed in Fig.
4.5(c) and 4.5(d), where the linkage of cavities results in a cleavage of the grain
boundaries. In Fig. 4.5(b), the precipitates are observed at the notch of the
cavity (indicated by the solid white circles) and the linking point between the
two cavities (indicated by the dashed white circles). The morphology of the
cavities and precipitates provides indirect evidence that the precipitates are
formed after the occurrence of the cavities.
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Front View Side View Top View

Fig. 4.4: Examples of early-stage creep cavities and healing precipitates after (a) 10 h
and (b) - (d) 50 h creep. The red and green volumes indicates cavities and precipitates,
respectively. The white arrows in (b) indicate the growth direction of the cavities (the
cavity growth in other directions seem to be blocked by the precipitates).
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Front View Side View Top View

A}

Fig. 4.5: Examples of late-stage creep cavities and healing precipitates after (a) - (c)
150 h and (d) 223 h creep. The red and green volumes indicates cavities and
precipitates, respectively. Yellow boxes indicate the linkage of two originally isolated
cavities. Precipitates were found at the notch and at the linking point of the cavities, as
indicated by the solid and dashed circles, respectively.
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Fig. 4.6: Example of the further segmentation of Au-rich and W-rich precipitates in the
223 h sample. (a) - (c) Front view, side view and top view for a region of interest (ROI)
with a volume of 30 x 30 x 40 um3. (d) - (e) Two examples of cavities partly filled by
both Au-rich and W-rich precipitates. The precipitates and open volumes are shown
separately on the left, while for better visualisation, larger transparent contours are
presented on the right to indicate the original cavity in the absence of healing. (f) - (g)
Two tomography slices normal to the stress direction. The circles in (f) and (g)
correspond to the partially-filled cavities in (d) and (e), respectively. The green box in
(c) shows examples of fully filled cavities, some after linkage with their neighbours.
The dashed lines in (b) indicate the position of the slices in (f) and (g).
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In Fig. 4.6, an example of the further segmentation of Au-rich and W-
rich precipitates at the enhanced resolution of 30 nm for the sample with the
longest creep time of 223 h. Fig. 4.6(a) to 4.6(c) show a region of interest (ROI)
with a volume of 30x30x40 pum3 from different directions. The red, yellow and
blue volumes represent the cavities, the Au-rich precipitates and the W-rich
precipitates, respectively. It is clear that about half of the cavities are fully filled
by Au-rich precipitates, while the other cavities show very limited degree of
filling. Small W-rich precipitates are frequently found in the partly filled
cavities, showing a limited filling capacity due to its low diffusivity. The green
dashed box in Fig. 4.6(c) shows cavities that are fully filled with Au-rich
precipitates, and even shows a clear linkage of neighbouring cavities. Fig. 4.6(d)
and 6(e) show two cavities partly filled by both Au-rich and W-rich precipitates.
On the left, the precipitates and cavities are shown separately, while on the
right, a larger transparent red contour is presented to indicate the original
cavity with no healing for better visualisation. The contour is generated by
dilating the sum of all the three phases (cavity, Au-rich precipitate and W-rich
precipitate) by two voxels.

These observations are consistent with the previous SEM results at the
fracture surface of creep failed samples of the same Fe-Au-W alloy [20]. Fig.
S4.2(a) (Supplementary Information) shows details of features on a grain
boundary located at the fracture surface after creep. The white precipitates (4
examples are indicated by yellow arrows) are mainly enriched in Au, and the
corresponding cavities are fully filled by these Au-rich precipitates. Meanwhile,
other cavities are still open (4 examples are indicated by red arrows), and only
small precipitates with equivalent diameters of about 100 nm are observed at
the surface of the open cavities. Most of the nano-sized precipitates are found
to be enriched in W, as indicated by blue arrows in Fig. S4.2(c) and S4.2(d).
Examples of cavities that are fully filled by Au-rich precipitates with linkage
between neighbouring cavities as observed in Fig. 6(c) can also be observed in
the SEM image at the fracture surface of the creep failed sample, as indicated
by green boxes in Fig. S4.2(b). The examples shown in Fig. S4.2(b) and S4.2(d)
indicated by the dashed red curves show two cavities partly filled by both Au-
rich (yellow arrows) and W-rich (blue arrows) precipitates similar to the
examples of Fig. 4.6(d) and 4.6(e).
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4.3.4 SHAPE AND LINKAGE OF CAVITIES

In previous studies on the creep damage healing of cavities in the two binary
counter systems [13, 19], the cavities were categorised into either isolated or
linked cavities. The majority of the cavities was found to correspond to isolated
ones. The number density of linked cavities was one order of magnitude lower
than that for the isolated cavities. However, although the linked cavities were
less frequently observed, they contributed more to the volume fraction, as they
were generally much larger in size. In the present work, we use the shape
classification and the linkage criteria introduced in references [13, 19]. Based
on their elongation, flatness and complexity values the cavities are grouped
into: (i) sphere, (ii) equiaxed, (iii) rod, (iv) sheet and (v) complex. The sphere
and equiaxed shaped cavities are expected to be isolated, while the rod, sheet
and complex shaped cavities are further identified as linked if their major axis
exceeds the average inter-cavity spacing.

In Fig. S4.3 the number density and volume fraction for different shapes
and types (isolated or linked) are shown as a function of the creep time. Unlike
the results for the binary Fe-Au and Fe-W systems [13, 19], the linked cavities
in the ternary Fe-Au-W system do not contribute significantly to the number
density and volume fraction. Due to the limited strain in the creep experiments
of the Fe-Au-W system, it is not likely that the isolated cavities link with
multiple neighbours and develop into large-scale cavities. In the ternary
system, the linked cavities are generally only twice as large as the isolated
cavities. The average equivalent cavity diameter after a creep time of 100 h,
150 h and 223 h corresponds to 0.92(1), 1.09(1) and 1.17(1) um for the
isolated cavities and 1.89(7), 1.93(6) and 2.09(6) um for the linked cavities,
respectively. Therefore, unless specified otherwise, in the present study we
treat all the cavities and precipitates together without categorising them in
isolated or linked cavities.

4.3.5 FILLING RATIO

To quantify the creep damage as well as the degree of healing it is crucial to
measure both the (remaining) cavity volume as well as the precipitate volume
formed inside that cavity. For an individual cavity, the ratio between the
precipitate volume formed inside the cavity and the sum of the precipitate
volume and the open volume of the cavity is defined as the filling ratio FR. For
an empty cavity FR = 0 and for a fully filled cavity FR = 1. In Fig. 4.7 the filling
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ratio of each cavity is plotted as a function of its cavity volume (precipitates
and open volume) at different creep times. With increasing creep time the
volume of the unfilled, partly-filled and fully-filled cavities spans over a wider
range of volumes, indicating a continuous cavity growth and a continuous
precipitate healing. The lower limit of the unfilled cavities is determined by the
resolution of the tomography, which indicates that cavity nucleation keeps
taking place during the whole creep process. The upper limit of the unfilled
cavities increases with time, indicating that some of the cavities remain unfilled
through the creep process without any sign of precipitation (within the
resolution limit). The maximum volume of the fully healed cavity also increases
with time, which again indicates that the healing takes place continuously and
that larger cavities can start to become filled after a longer time of existence. In
the binary Fe-W system [13, 19], the maximum volume of the unfilled cavities
is orders of magnitude larger than the fully-filled ones. In the current ternary
Fe-Au-W system, however the maximum volume of the unfilled and fully filled
cavities are comparable for a fixed creep time. This difference may originate
from the limited cavity linkage in the ternary system (as shown in Fig. 4.3 and
described in sections 4.3.3 - 4.3.4).

For a creep time of 10 h, the filling ratio is generally either 0 or 1 (see
Fig. 4.7(a)), since the cavities and precipitates are small and partial filling can
not be detected reliably, and few interactions between them are observed (see
Fig. 4.3(a)). For a creep time of 50 h precipitates are found to nucleate at the
surface of the cavities (see Fig. 4.3(b)), resulting in a filling ratio ranging from
0to 1 (Fig.4.7(b)). For alonger creep time (Fig. 4.7(c) to 4.7(e)), the filling ratio
continues to cover the whole range from 0 to 1. The observed distribution of
filling ratios results from the continuous nucleation and growth of the cavities
and the continuous filling of the open volume by the precipitates. In Fig. 4.7(f),
the average filling ratio <FR> as a function of the average cavity size <> is
presented for the partly-filled cavities. With an increase in creep time, the
average cavity volume increases while the average filling ratio decreases. This
indicates that for longer creep times the cavity filling progressively lags behind
the cavity growth (especially for the large ones).
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Fig.4.7: (a) - (e) Filling ratio FR of individual cavities as a function of the cavity volume
(sum of the open volume and the precipitation volume at the cavity surface) for the Fe-
Au-W alloy after different creep times. (f) Average filling ratio <FR> as a function of the
average cavity volume for the partly filled cavities. The grey shaded area indicates the
resolution limit for the determination of the filling ration FR of the partially filled
cavities.

4.4.. DISCUSSION

4.4.1 TIME EVOLUTION OF THE CAVITIES AND PRECIPITATES

To monitor the time evolution of the cavities and the precipitates during creep,
we have categorised the cavities into three groups: (i) empty, (ii) partially-
filled and (iii) fully-filled. The number density and volume fraction as a function
of creep time are summarised in Fig. 4.8 for these three categories. Several
results can be observed from Fig. 8: (1) For the empty cavities both the number
density and volume fraction show an increase with creep time, confirming a
continuous cavity nucleation (as described in section 4.3.5). (2) For the fully-
filled cavities an obvious increase in both the number density and volume
fraction with creep time is observed during the whole creep process. This is in
line with the results in Fig. 4.7 and proves that the healing of the cavities takes
place continuously. (3) For the partially-filled cavities both the number density
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and the volume fraction initially show an increase before they stabilise at a
roughly constant level after 100 h. A stabilisation of the number of partially
filled creep cavities is expected for a continuous process of concurrent creep
cavity nucleation, cavity growth and cavity filling. When the cavity nucleation
rate, cavity growth rate and the cavity filling rates are more or less stable in
time then the number density of partially filled cavities will also stabilise as
after an initial stage the rate at which new cavities are formed and existing
cavities are fully filled will equalise in a steady-state creep process. It is worth
to note that the number density of the precipitates in the partially-filled
cavities is higher than that of the corresponding cavities. This indicates that
multiple precipitates are formed in a single cavity during the healing process
(on average about 3 to 4 precipitates per cavity). This is in agreement with the
examples shown in Figs. 4.5 and 4.6. (4) The partially-filled cavities and the
precipitates therein both experience an increase in volume fraction, but the
volume fraction of cavities increases faster, resulting in a decrease in the filling
ratio (as illustrated in Fig. 4.7(f)).

(a) Number density

(b) Volume fraction
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Fig. 4.8: Time evolution of (a) the number density and (b) the volume fraction of the
cavities. Three groups of cavities (empty, partially-filled and fully-filled) are
categorised based on their degree of filling. The data for the precipitates in the partially
filled cavities are also presented for comparison.

Fig. 4.9 summarises the distribution in orientation of the cavities and
the precipitates as a function of the angle between the long axis of the
cavity/precipitate and the stress direction. For the shortest creep time (10 h)
the freshly nucleated cavities show no preferred orientation. With an increase
in creep time to 50 h and beyond, most cavities are found to form with an angle
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close to 90, indicating that the creep cavities prefer to nucleate at the grain
boundaries oriented perpendicular to the stress direction (load-bearing grain
boundaries) and that they tend to propagate in the grain boundary surface. The
precipitates also show a preference for a 90° angle for a creep time of 100 h
and beyond. The time lag in the formation of the preferred orientation for the
precipitates (at t = 100 h) after the preferred orientation is observed for the
cavities (at t ® 50 h) provides strong evidence that the creep cavities initiate
the formation of precipitates. Cavity nucleation has already started at the
earliest creep time of 10 h, while the preferred orientation of the cavities only
develops between 10 and 50 h. The precipitates nucleate after the occurrence
of the cavities, and they subsequently grow in accordance with the shape of the
cavities. This behaviour is consistent with the results from the previous study
on the binary Fe-Au system [16].
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Fig. 4.9: Distribution of the angle between the long axis of the cavities ((a) - (e)) /
precipitates ((f) - (j)) and the loading direction for different creep times. An angle of
90° indicates that the corresponding cavity / precipitate is oriented perpendicular to
the load direction.

To compare the cavity and precipitates sizes in the ternary Fe-Au-W
alloy with the two binary Fe-Au and Fe-W counterparts, the number
distribution of the cavities and the precipitates are fitted to a log-normal
distribution:
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where Nj is the number density, d the equivalent diameter, d the mean
equivalent diameter and w the relative width of the distribution. The fitting
parameters for the ternary Fe-Au-W alloy are summarised in Table S4.1. The
previously obtained fitting parameters of the Fe-Au [13] and Fe-W [19] binary
alloys are also shown for comparison. Generally, the size of the cavities and
precipitates in the Fe-Au-W ternary system is comparable with those of the Fe-
Au binary system, but the number density and volume fraction for the two
systems shows obvious differences, which are mainly caused by: (1) the
difference in their experimental conditions (interrupted experiments for Fe-
Au-W versus creep-failed experiments for Fe-Au) and (2) the limited linkage of
the cavities observed for the Fe-Au-W alloy.

4.4.2 NUCLEATION OF CAVITIES AND PRECIPITATES

(a) Number of cavities per grain (b) Number of precipitates per cavity
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Fig. 4.10: (a) Number of cavities per grain as a function of the creep time. The data are
fitted linearly with a straight line through the origin. (b) Number of precipitates per
cavity as a function of time. The black data points are the average number of precipitate
per cavity, while the red data points correspond to the average number of precipitates
in partially-filled cavities. The dashed lines are a guide to the eye.

During creep, the cavities preferentially nucleate at the grain boundaries,
before they are being filled by the precipitates. The nucleation rate of the grain
boundary cavities can be estimated by plotting the number of cavities per grain
as a function of time, as shown in Fig. 4.10(a). Assuming that the volume
illuminated by the synchrotron is made up of repetitive units with the size of
dg (dg4 being the grain size), and that each unit contains one transverse grain
boundary that collects all the cavities and precipitates, then the number of
cavities per grain can be estimated by N, d;’, where Ny is the number density of
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cavities (listed in Table S4.1). In Fig. 4.10(a), it is clear that the number of
cavities per grain generally increases linearly with the creep time, indicating a
continuous nucleation. This is consistent with the findings in [36], where based
on the data from literature, Wu and co-workers summarised that the number
of cavities per unit area in low-alloy steels is proportional with the strain. A
linear fit yields a nucleation rate of 0.40(7) cavities/grain/h for the Fe-Au-W
alloy (at 145 MPa and 550 °C). This value is lower than the result from the Fe-
W alloy, which is 1.35(5) cavities/grain/h (at 140 MPa and 550 °C) [19].
However, given the difference in the grain size for the two systems with d, =
77 um for Fe-Au-W and dy = 127 pm for Fe-W, the nucleation rate per unit
grain-boundary area is comparable for the two alloys. For a grain-boundary
area of 100x100 um? (oriented perpendicular to the stress) the estimated
cavity nucleation rate is 0.67(12) cavity/h for the Fe-Au-W alloy and 0.84(3)
cavity/h for the Fe-W alloy.

The average number of precipitates per cavity is shown in Fig. 4.10(b).
Unlike the number of cavities per grain boundary, which keeps increasing with
the creep time, the number of precipitates stabilises around 100 h to an
average value of 1.5 precipitates per cavity. As this number is 0 for the empty
cavities and 1 for the fully-filled cavities, this means that for the partially-filled
cavities the number of precipitates per cavity needs to be larger than 1. As
shown in Fig. 4.10(b), the number of precipitates per cavity for the partially-
filled cavities is found to increase up to a creep time of 100 h and then stabilises
at 3 to 4 precipitates per cavity, indicating a continuous nucleation of new
precipitates at the cavity surface. This is consistent with the results shown Fig.
4.8(a).

[t is worth to note that the average number of precipitates per cavity in
the ternary Fe-Au-W alloy is approximately 3 times the value observed in the
Fe-W binary alloy at a comparable stress level (145 MPa for Fe-Au-W and
140 MPa for Fe-W). Two reasons may be responsible for this. (1) Due to the
limited diffusivity of W, the formation and growth of healing Laves phase in the
Fe-W system is slower than the Au-rich precipitates in the Fe-Au-W system.
Therefore, more empty cavities exist in the Fe-W system, which results in a
lower average number of precipitates per cavity. (2) Another reason is related
to the limited size of the W-rich precipitates in the ternary system. From the
3D rendering shown in Fig. 4.6, the W-rich precipitates in the ternary alloy have
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a size of about 100 nm, and multiple W-rich precipitates are often found to
contribute to the healing of a single cavity. In the Fe-W system [19], on the
other hand, the W-rich precipitates range up to larger sizes, indicating that
several precipitates can grow into a ‘cluster’ and thereby be analysed as a
single healing precipitate within a cavity.

4.4.3 GROWTH OF CAVITIES AND PRECIPITATES

In previous studies [13, 19], the time evolution of cavity and precipitate was
found to follow a power-law V = kt™, where V is the average volume of the
cavities (or precipitates) and ¢t the creep time. The time exponent is 0.8 for the
precipitates and the isolated cavities, while the linked cavities show a higher
time exponent of 1.3 [13, 19]. In Fig. 4.11(a) and 4.11(b) the average volume of
the cavities and the precipitates in the ternary alloy are plotted as a function of
creep time. For comparison, the time evolution for the volume of the cavities
and precipitates in the binary systems is also presented. The blue and yellow
regions correspond to the fitting results from the Fe-W system and Fe-Au
system, respectively. The green areas represent the overlap of the two binary
systems. The upper and lower limits represent the linked and isolated features,
respectively. The average volume of the cavities in the ternary Fe-Au-W system
lies in between that of the isolated cavities in the two binary systems, which is
consistent with the observation that most cavities in the ternary Fe-Au-W
system are isolated. The average volume for the precipitates in the ternary Fe-
Au-W system show a comparable behaviour as the precipitates in the binary
Fe-Au alloy. The growth of both the cavities and the precipitates follows a
power law V = kt™. For the cavities, the time exponent n is 0.87(7), indicating
a similar growth mechanism as the binary counterparts. The time exponent n
for the precipitates yields 0.4(1) for the average volume of the individual
precipitates. Considering the fact that potentially multiple precipitates are
located in one cavity (as discussed in section 4.4.2), the average value for the
total precipitate volume within one cavity can also be calculated (red data
points in Fig. 4.11(b)), which gives a fitted time exponent n of 0.6(1). These
results indicate that the growth behaviour of the precipitates in the ternary
system is similar to the binary systems when the precipitates within one cavity
are treated as a whole.
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Fig. 4.11: Average volume (V) of (a) the cavities and (b) the precipitates as a function
of time. The lines are fits to (V) = kt™. The blue and yellow shaded areas show the
range of Fe-W and Fe-Au alloys, respectively and the green areas for the overlap. The
upper and lower limits represent the linked and isolated features, respectively. In (b),
the black data points are the average volumes of all the precipitates, while the red ones
show the average value for the summed volume of the precipitates in each cavity. The
fitting parameters are listed in Table S4.2 (supplementary information).

Multiple dominating mechanisms have been proposed to describe the
growth of creep cavities, including diffusion, plasticity, grain boundary sliding,
or a combination of them [37]. In a coupled model [38-41], it is suggested that
the creep cavities, being controlled by grain-boundary diffusion, are embedded
in the power-law controlled deforming matrix. Generally, diffusional growth is
dominant for smaller cavities, lower stress levels and lower temperatures,
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—D“‘”’Q'S”")l/3 [42]

while plasticity dominates otherwise. A diffusion length A = ( oTE
has been introduced, where Dy, is the diffusivity of vacancies at the grain
boundary, § the grain boundary thickness, (1 the atomic volume, oo the applied
stress, € the strain rate, kg the Boltzmann constant and T the temperature. The
ratio between the cavity radius a and the diffusion length A can be used to
estimate whether diffusional growth is dominant. As (a/A) increases, the creep
flow becomes more important, and the power-law limit is reached when
(a/A) — oo. In the ternary system, the diffusion length at a stress of 145 MPa
and a temperature of 550 °C corresponds to A * 30 um, which is larger than the
average inter-cavity spacing (ranging from 4 to 7 um for different creep times).
It can therefore be assumed that the cavity growth in the Fe-Au-W ternary

system is controlled by the vacancy diffusion through the grain boundaries,
1 Dgpxy
Q kgT

at the grain boundary and Vu the gradient in chemical potential, which is

with an inward flux of J, = — Vu, where x, is the vacancy concentration

related to the stress gradient. Assuming that the stress distribution around one
cavity does not change over time, the inward vacancy flux is then constant in
time and the cavity volume increases linearly with time. This is consistent with
the fitted time exponent n of 0.87(7) in Fig. 4.11(a).

Once a cavity is formed at the grain boundary, the autonomous healing
starts to take place by depleting the supersaturated solute agents dissolved in
the matrix. The solute in the vicinity of the grain boundary cavities depletes
first, and the depletion zone then expands over time. Depending on (1) the ratio
of the solute diffusivity in the grain boundary and in the bulk, and (2) the ratio
between the inter-cavity spacing and the cavity diameter, the amount of solute
atoms transported to a cavity scales as V « t™, where the time exponent n
ranges from 0.5 to 1 [22]. A time exponent of 0.6, as shown in Fig. 4.11(b),
indicates a cross-over from 2D to 1D diffusion (see the fitting parameters listed
in Table S4.2).

In the Fe-Au-W alloy, the solute diffusivity in the grain boundary is
much higher (about a factor 10¢) than that in the bulk. For a ratio between the
inter-cavity spacing A and the cavity diameter a of A/a < 20, a 1D diffusion
profile is expected to develop over time [22]. In this situation, the total amount
of the solute agents transported to the grain-boundary creep cavities scales

with the 1D matrix diffusion length towards the grain boundary 2,/D,,t, where
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Dn, is the solute diffusivity in the matrix and ¢ the creep time. To monitor the
total amount of solute involved in the cavity filling, we calculated the
equivalent precipitates layer thickness (i.e., the equivalent thickness of the
precipitation layer on the surface if the precipitates are spread out over the
grain boundary, covering it uniformly). The experimentally derived equivalent
precipitates layer thickness for the ternary Fe-Au-W alloy is shown in Fig. 4.12.
The values for the binary Fe-Au and Fe-W alloys are also presented for
comparison. In addition to the experimental data points the predictions for 1D
diffusion of supersaturated Au and W are indicated by solid lines.

The experimental data points for Fe-Au-W alloy clearly demonstrate
the development of the 1D diffusion after a creep time of about 100 h, as the
time evolution of the equivalent layer thickness closely follows the /2 power
law predicted for 1D diffusion (for shorter times a faster growth rate is found).
The experimental equivalent thickness for the ternary alloy is less than the
calculated thickness for Au-rich precipitates. This indicates that the 1D solute
diffusion is constrained by the availability of free cavity surface in partially
filled cavities. The calculated layer thickness can therefore only act as an upper
bound. The solute diffusion in the binary Fe-Au and Fe-W alloys, however,
seems to be enhanced to a certain extent. In Fe-Au system [16] a higher
effective diffusivity (two orders magnitude higher than the bulk diffusivity)
was observed, resulting from an enhanced sub-grain formation during creep.
For the Fe-W system, the enhancement in solute diffusivity may have resulted
from the relatively large creep strain and the higher strain rate, compared to
the Au-containing alloys. A higher creep rate is accompanied with the
generation of excess vacancies [43, 44], which accelerate the diffusivity of both
the solute and the host atoms. Militzer and coworkers [43] have proposed that
during high-temperature deformation, the excess vacancy concentration first
increases with time, then it drops and approaches the steady-state value due
to the vacancy annihilation at grain boundaries and dislocations. The strain
rate in the Fe-W alloy (about 104 h-t at 550 °C) yields an excess vacancy
concentration that is about 30 times higher than the thermal equilibrium value,
which can result in an enhanced diffusivity.
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Fig. 4.12: Equivalent thickness I of the precipitation layer if all the precipitates were
spread over the surface uniformly. The solid lines are calculated assuming 1D diffusion
by I(t) = (4-/\/5) (Ax/xp)\/D_Xt, where Ax is the supersaturated solute fraction, x,, the
solute fraction in the precipitate and Dy the solute (volume) diffusivity of element X.
The experimental data are calculated by f,d,, where f, and d, are the volume fraction
of the precipitates and the grain size, respectively.

It is interesting to note that W-rich precipitates seem to have a very
limited contribution in the cavity healing in the Fe-Au-W alloy. In fact, in the
ROI as shown in Fig. 4.6, W-rich precipitates have taken only about 5% of the
total volume of all the precipitates. While in Fig. 4.12, it is indicated that at the
same creep time, the W-rich precipitation is expected to be at a level of 20%
compared to the Au-rich precipitation. It is, however, not yet determined that
tungsten diffusion is constrained in the Fe-Au-W alloy. In a previous study on
free surface precipitation for the Fe-Au-W, Fe-Au and Fe-W alloys [45], the
nucleation of W-rich precipitates in the Fe-Au-W ternary alloy also showed
some delay. At a temperature of 700 °C a large amount of W-rich precipitates
was formed at the outer free surface of the Fe-Au-W alloy sample. The overall
surface precipitation kinetics at the outer sample surface of the Fe-Au-W alloy
was not significantly suppressed compared to that of the Fe-W alloy. Since the
creep experiments in the present study were performed at a lower
temperature, longer creep times may be necessary for a more complete
investigation on the effectiveness of the W-rich precipitation kinetics to
achieve self healing of creep damage.
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4.4.4 HEALING MECHANISM

In previous synchrotron X-ray tomography studies [13, 19], it was found that
the isolated and linked cavities show a different healing behaviour. The
isolated cavities can be healed continuously until a fully filling is achieved,
while a linkage of the cavities can cause a sharp drop in filling ratio. In the
present work, linkage of the cavities is rare due to the limited creep strain, as
discussed in section 4.3.4. Nevertheless, as shown in Fig. 4.7, the average filling
ratio of the partly filled cavities decreases with time, and the majority of the
data points shifts towards the right bottom, indicating an increasing cavity
volume and a decreasing average filling ratio. As shown in Fig. 4.12, the solute
diffusion generally follows a 1D character after a creep time of 100 h, which
results in a decreasing solute flux towards the grain boundary. This indicates
that if a cavity is formed at a later creep stage, when the solute flux from the
matrix to the creep cavity is reduced by the development of the 1D diffusion
profile, more time will be needed to fully fill the cavity. Another reason for the
decreasing filling ratio is the continuous nucleation of cavities, and therefore
the decrease in the average inter-cavity spacing. In the work by Versteylen and
co-workers [22], it is demonstrated that within the 1D diffusion regime, the
time to full filling scales with (1/d4,,)* where A is the inter-cavity spacing and
deav is the diameter of the cavity. For a grain boundary with a constant
nucleation rate per unit of surface area N, the inter-cavity spacing corresponds

- N—1/2
tod= (Nt) / , where t is the creep time. The time evolution of the cavity

diameter scales as d o V1/3 « t%3, where cavity volume scales as V « t%87, a

S
discussed in section 4.4.3. The ratio between the inter-cavity spacing and the
cavity diameter then scales as (1/d.4,) o t~%8, which agrees well with the
experimental observation of (1/d g,) o t~%¢) in Fig. S4.4 (Supplementary
Information). Therefore, the time required to fully fill a cavity of a fixed size
increases significantly for longer nucleation times. Assuming a cavity nucleated
at the grain boundary, and it starts to be healed at t = ty (to is after the

nucleation time). The cavity volume yields
Veav = Vo + k(t — )™ (4.2)

where k and n are fitting parameters for cavity growth, and Vy the
volume of the cavity when its healing starts.
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The precipitates form due to solute atoms diffusing towards the cavity
surface from both sides of the grain boundary, and this process can be
simplified to a 1D diffusion problem. The solute atoms first diffuse towards the
nearest grain boundaries from both sides, and then migrate through the grain
boundary (acting as a fast diffusion path), before being transferred to the cavity
surface. From ¢ to ¢, the sum volume of the healing agent (and therefore the

precipitate volume) corresponds to
,Ax 1
Vopt = 22 x—\/—_(z,/DX — 2,/Dxto) (4.3)
p VT

where Ax = x,, — x, is the supersaturation of the solute, x, the
concentration of the solute element in the precipitate phase, Dx the diffusivity
of solute X, A the inter-cavity spacing. 2\/D_Xt and 2,/Dyt, correspond to the
solute diffusion length at t and ¢y, respectively. A schematic representation is
given in Fig. S4.5(a) (supplementary information). When healing starts at time
to, the inter-cavity spacing is

g (4.4)
/Ng to

where d; is the grain size, Ng the nucleation rate (per grain per unit of

1=

time). Therefore, Eq.(4.3) can be written as

_dZ Ax Dy
Vope = 4@;7(\5 —/to) (4.5)

The filling ratio of the cavity can then be calculated by Vypt/Veav. Taking
Ng = 0.4/grain/h (as discussed in section 4.4.2), Da, = 7.4x10-19 ms-2 at 550 °C
[23] (since Au is the dominating healing agent), x, = 0.6, Ax = 0.01 and
dgy =77 um, For cavities with different starting volumes and different start-
healing times, the filling ratios versus cavity volume are shown in Fig. 4.13. It
is clear that for a cavity that nucleated later (and therefore its healing also
starts later), more time is required to achieve a fully filling. For the cavities
nucleated at late stage of creep, their filling ratios eventually show an upper
limit, after which the filling ratio decreases with time. This behaviour
qualitatively agrees with the time evolution of the filling ratios presented in
Fig. 4.7. For each Vy, a critical time can be derived, and if a cavity starts to be
filled after this time, it is less likely to be fully filled. It is worth to note that a
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higher cavity nucleation rate (which can be resulted from a higher stress level)
leads to a faster decrease in the inter-cavity spacing, and therefore a lower
overall filling ratio, as shown in Fig. S4.5(b) (Supplementary information).
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Fig. 4.13: Prediction of the filling ratio of the cavities with a different time to (indicated
by different colours) and a different volume Vo (indicated by different line types),
where Vo is the volume of the cavity when its healing starts, and to the time when
healing starts. The nucleation rate of the cavities is fixed at 0.4/grain/h.

4.5. CONCLUSIONS

Creep experiments with a constant applied stress of 145 MPa at a temperature
of 550 °C were performed on a high-purity ternary Fe-Au-W alloy with 1 at.%
supersaturation for both Au and W at the creep temperature to study the
autonomous healing of grain-boundary cavities by Au-rich and W-rich
precipitates. The development of the creep cavities and the healing precipitates
at different creep stages was investigated by synchrotron X-ray nano-
tomography. The main conclusions are:

(1) During creep, the grain-boundary cavities are continuously formed and
subsequently healed by precipitation on the cavity surface. The sequential
order is proven by: (a) the similarity in morphology of cavities and precipitates,
(b) the development of the angle between the long-axis and the load direction
for cavities and precipitates and (c) the time evolution of the distribution of the
empty, partially-filled and fully-filled cavities.
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(2) Compared to the binary Fe-Au and Fe-W counterparts, the linkage of the
cavities in the ternary Fe-Au-W system is rare, due to the limited creep strain
and the low strain rate. The cavities in the ternary system show similar
nucleation and growth behaviour as the cavities in the Fe-W alloy. In the Fe-
Au-W alloy the solute diffusion is not significantly enhanced by a relatively high
sub-grain formation (Fe-Au alloy) or a relatively high strain rate (Fe-W alloy).

(3) Cavities nucleated at an early creep stage can be fully healed, while due to
a decrease in the diffusional solute flux and the inter-cavity spacing over time,
a longer time is required to fully fill the late formed cavities. This results in an
overall decrease in filling ratio of the partially filled but still growing cavities
with time.

(4) High-resolution tomography with a resolution of 30 nm allows for a 3D
segmentation of the Au-rich and the relatively small W-rich precipitates (about
100 nm in size). The results is in accordance with the 2D observation from SEM
and TEM images. However, for the situation where Au-rich and W-rich
precipitates form in contact to each other, an even higher resolution is
sometimes required for proper segmentation due to the small size of W-rich
precipitates and the limited contrast between both precipitates.

(5) The supersaturated Au solute diffuses significantly faster than the
supersaturated W. This results in a fast filling of creep cavities by Au-rich
precipitates and a relatively slow filling by W-rich precipitates. This difference
in healing kinetics indicates that supersaturated Au and W provide two healing
agents that operate on different time scales. Combining both can significantly
extend the time scale over which self healing of creep damage can potentially
be achieved.
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4.6 SUPPLEMENTARY MATERIAL

Fig. S4.1: 3D volume rendering for a same region of interest with a voxel size of (a) 100
nm and (b) 30 nm. The red and green refer to cavities and precipitates, respectively.

Fig. S4.2: SEM results for a creep-failed sample of the same Fe-Au-W alloy [20].
Fracture surface for a sample exposed to 200 MPa at 550 °C with a lifetime of 97 h. The
red, yellow and blue arrows indicate the cavities, Au-rich and W-rich precipitates,
respectively. The green boxes in (b) shows examples of fully filled cavities, which
resembles the situation in Fig. 4.6(c). The irregular red dashed circles in (b) and (d)
show two examples where both Au-rich and W-rich precipitates are contributing in
filling one cavity, which highly resembles the situation in Fig. 4.6(d) and 6(e).
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Fig. S4.3: Number density and volume fraction of the cavities as a function of time. In
(a) and (b) the cavities are categorised based on shape, while in (c) and (d) the cavities
are categorised based on whether they are linked.
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Fig. S4.4: Ratio between the inter-cavity spacing A and equivalent diameter dcav of
cavity as a function of time. An exponential fit A/dcav oc t " from 50 - 223 h yields an
exponent n =-0.6(1). The line connecting 10 and 50 h is a guide to the eye.
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Fig. $4.5: Schematic picture of the cavity filling mechanism showing (a) the depletion
of solute with time and (b) the concentration profile of the solute for different times.
By the time healing starts at time to the cavity has an equivalent diameter of dcav. The
dashed area in (b) indicates the amount of healing solute transported to the cavity from
time ¢o to time t. (c) Prediction of the filling ratio for cavities with a different healing-
start time to (indicated by colours) and nucleation rate N g (indicated by dashed and

solid lines). The volume of the cavity Vo at time tois fixed at 0.5 pm3,
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Table S4.1: Fitted parameters No, d and w for a log-normal size distribution of cavities
(cav) and precipitates (prec). The number density Ny and volume fraction f; are from
the 3D tomographic data. The data of Fe-W [19] and Fe-Au [13] systems are presented
for comparison.

Phase Experiment Fitting results Experiment result
conditions
o  Time No d ® Np f
MPa h x10-5pum-3 um - x10-5pum-3 %

FeAuW Cav 145 10 8(2) 11(5) 1.0(3) 192  0.00025
50  1.1(2) 0.82(9) 0.47(9) 097  0.00043

100  14(1)  1.16(6) 0.50(4) 10.13  0.00751

150  13(1)  1.60(7) 0.45(4) 944  0.01204

223 18(2)  148(9) 0.68(5) 13.04 0.02504

Prec 145 10  0.3(1)  0.44(9) 0.7(1) 027  0.00002
50  7.8(6) 0.52(1) 0.41(2) 568  0.00078

100 50(2)  0.68(1) 0.55(1) 33.90 0.00721

150  69(3)  0.66(1) 0.52(2) 4751 0.00971

223 66(2) 0.683(9) 0.55(1) 4472 0.01331

FeW Cav 140 59  25(1) 032(1) 077(2) 190  0.0122
118 39(1) 051(1) 0.64(1) 341  0.0235

177  14(1)  055(1) 0.74(2) 1410  0.0322

236 19(1)  0.62(1) 0.61(1) 1830  0.1623

160 52  62(3) 066(2) 069(3) 6.04  0.0063
104  83(1)  048(1) 0.65(1) 815 0.019

Prec 140 59  0.84(3) 0.44(1) 056(3) 081  0.0002
118 062(2) 045(2) 070(1) 048  0.0005

177  17(1)  043(1) 057(1) 1720  0.0228

236 9.9(1) 052(1) 059(1) 9.62  0.0082

160 52 3.6(2) 0.62(2) 055(2) 3.82  0.0009
104  62(1) 045(1) 0.66(1) 6.00  0.0017

FeAu Cav 117 57  9.2(5)  0.85(4) 0.62(4) 0.11
100 210 19.4(6) 0.86(2) 0.57(2) 0.24

80 376  7.6(3) 1.50(6) 0.80(3) 0.76

60 642  7.0(5)  15(1) 0.92(8) 0.64

Prec 117 57  111(7) 0.63(3) 0.50(4) 0.14

100 210  93(6)  0.67(3) 0.55(4) 0.35

80 376 130(10) 0.63(4) 0.54(6) 0.24

60 642  17(1)  0.76(4) 0.60(5) 0.098
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Table S4.2: Fit parameters of the average volume V as a function of creep time ¢ to a
power law dependence V = kt. The data of Fe-W [19] and Fe-Au [13] systems are
presented for comparison.

Sample Particle type Cavities Precipitates
k n k n
(um3h-n) (um3h-)

FeAuW All 0.0154(1) 0.87(7) 0.028(4) 0.4(1)
Sum volume in a cavity 0.0224(4) 0.6(1)

FeW Isolated 0.0061(2) 0.8 0.0017(1) 0.8

Linked 0.019(2) 1.3 0.012(2) 0.8

FeAu Isolated 0.033(6) 0.8 0.0036(5) 0.8

Linked 0.05(1) 1.3 0.04(1) 0.8

Movie

Movie S4.1: 3D visualization with a voxel size of 100 nm indicating the segmentation
and spatial distribution of cavities and precipitates in the Fe-Au-W sample after creep
at 550 °C and 145 MPa for 150 h.

Filename: MovieS1_FeAuW_550C_145MPa_150h_100nm.mpg

File description:

This movie shows the correspondence between the original 3D volume image
(grey value) and segmented 3D volume image (colour) by clipping slices from
the loading direction (vertical). In the grey valued 3D volume image the bright
and dark features are cavities and precipitates, respectively (see main text of
the manuscript for details). After segmentation the cavities and precipitates
are denoted in red and green colours, respectively.
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{84 = (dan bo yun): enjoy collecting clouds

Based on a Chinese idiom # = . H (bo yun jian ri): to dispel the coulds
and see the sun.

It describes the situation where one has finally conquered all the
obstacles and reached the destination. In the first beginning of a PhD, one
may expect a process of ‘dispelling the clouds and seeing the sun’, but it is
more likely that for many people, there is no ‘sun’ after years of dispelling
clouds. Maybe they should learn to enjoy clouds collecting and roll the
boulder as Sisyphus did. Control the controllable and let time do the rest.

112



MODELLING THE GROWTH AND FILLING OF
CREEP-INDUCED GRAIN-BOUNDARY CAVITIES
IN SELF-HEALING ALLOYS

‘I know a lot of people from the northeast. They are so attached to their homeland
that they hate to leave it. That’s why, girl from the northeast, you impress me.’

A taxi driver in Beijing

A set of numerical and analytical models is presented to predict the growth and
contraction of grain-boundary creep cavities in binary self-healing alloys. In such
alloys the healing is realised by preferential precipitation of supersaturated solutes
at the free surface of the cavity. The cavity grows due to the diffusional flux of
vacancies towards the cavity, which is driven by the stress gradient along the grain
boundary. Upon deposition of healing solute atoms on the cavity wall, effectively
vacancies are removed from the cavity due to the inverse Kirkendall effect. The
competition between the inward and outward vacancy fluxes results in the growth
or shrinkage of the open volume of the creep cavity. The model also shows the
conditions in which the solute transport is to be regarded as a 1D, 2D or a 3D case.
1t is found that for low stress levels the filling ratio of the creep cavity (i.e. the
precipitate volume divided by the sum of that volume and the remaining unfilled
cavity volume) can proceed to unity, i.e. to complete filling and annihilation of the
pore. For high applied stresses complete filling is not achieved and the open volume
of the creep cavity will continue to grow once a maximum filling ratio is reached.
The critical stress leading to complete filling of the creep cavity by solute
precipitation can be calculated for different values of the model parameters such
as relative diffusion rates, the degree of supersaturation and the inter-cavity
spacing.

This chapter is based on J. Mater. Sci. 57 (2022) 12034-12054.



5. MODELLING THE GROWTH AND FILLING OF CREEP-INDUCED GRAIN-BOUNDARY CAVITIES IN SELF-HEALING ALLOYS

5.1 INTRODUCTION

Creep takes place when metals are exposed to a combination of a constant
mechanical stress below the yield stress and a relatively high temperature
(higher than 0.4 T, where Tp, is the melting temperature). During creep loading
of polycrystalline metals, quasi-spherical micron-sized cavities form
preferentially at those grain boundaries oriented perpendicular to the load
direction. Upon prolonged loading such pores grow and coalesce into micro
and subsequent macro cracks, which leads to complete fracture of the sample
or even the installation [1]. Traditionally, the strategy to improve the creep
resistance and the high-temperature properties, has been to create a
microstructure which retards the cavity formation and minimises the growth
as long as possible [2-5], but irrespective of the metallurgical strategy used,
cavities once formed will continue to grow, coalesce and the largest ones will
finally induce catastrophic failure. Some years ago the concept of self healing
has been proposed as an alternative strategy [6-8] In this approach the
occurrence of creep cavities triggers dedicated solute atoms (so called self-
healing solutes) to move towards these cavities, to fill them and make them
harmless before they grow to catastrophic dimensions. Provided that the
diffusivity of the selected solute atoms is faster than the diffusivity of the host
atoms, then due to the Kirkendall effect, the diffusion of the healing agent
towards the cavity surface results in a net diffusion of vacancies in the opposite
direction, i.e. the vacancies are removed from the creep-induced cavity [9] and
the empty volume of the cavity becomes smaller. Furthermore, once the cavity
is completely filled the driving force for directed vacancy flux is removed and
the damage can be considered to have been healed. As a result, the coalescence
of neighbouring creep cavities is prevented. In case the growth of the cavities
is faster than the rate of filling then only partial cavity filling will take place and
cavities will continue to grow but at a lower rate than in non-self-healing
system. This is expected to have a much smaller effect on the desired life time
extension.

The self-healing concept based on selective precipitation has been
tested and verified for multiple binary and more complex metallic systems.
Laha and co-workers [10-13] reported the unexpected experimental finding
that the addition of boron and nitrogen is effective in suppressing the cavity
growth rate of austenitic stainless steels (with an fcc lattice structure) leading
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to an increased creep rupture strength. In order to demonstrate intentional
filling of creep damage by tailored precipitation on the cavity wall, Van Dijk and
Van der Zwaag initiated a number of creep damage studies using selected
binary Fe-X and ternary Fe-X-Y alloys, including Fe-Cu [14-16], Fe-Au [17-21],
Fe-Mo [22], Fe-W [23] and Fe-Au-W [24]. These systems were selected on the
basis of the following considerations: i) they can be brought into a
supersaturated state (typically 1 at.%) at a creep relevant temperature at
which the alloy is in a ferritic state (here 550 °C) by prior homogenisation and
rapid quenching, ii) the energy barrier for precipitation on a free surface is
considerably lower than that in the grain interior, iii) the diffusion coefficient
of the solute is higher than that of the iron atoms and finally iv) the solute
atoms are not consumed in other reactions while migrating to the cavity [8, 20].
These alloys serve as model alloys for future self-healing multicomponent
ferritic creep steels as they have the advantage that no other metallurgical
reactions than the intended healing reaction can take place.

In order to predict the pore filling behaviour of the creep cavities in
such binary alloys, a semi-quantitative model has been proposed by Versteylen
and co-workers [9]. In this model, the vacancy flux towards the cavity is
controlled by the stress-induced gradient in the chemical potential on the grain
boundary surrounding the creep cavity, while the opposite vacancy flux (i.e,
the Kirkendall flux) results from the transport of the supersaturated solute.
The competition between the two vacancy fluxes leads to a desirable reduced
strain rate. Their model also delivers a critical stress below which complete
pore filling is possible. However, in the model by Versteylen and co-workers
the normal stress at the grain boundary was not calculated explicitly and the
solute diffusion was simplified as a stationary time-independent flux. In reality,
however, with the evolution of the solute diffusion profile in the matrix, the
solute flux decreases with time [20].

In the present work, a model is proposed to predict the evolution of the
open volume of a grain-boundary cavity as a function of time. The inward
vacancy flux is driven by the stress distribution along the grain boundary, while
the time-dependent outward vacancy flux results from the solute segregation
on the cavity surface. Both the stress distribution and the solute flux are
calculated with a multi-physics finite element package (COMSOL® [25]). The
time evolution of the filling ratio, and the resulting critical stress, are calculated
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based on the accumulated inward and outward vacancy fluxes. The influences
of the grain-boundary to bulk diffusivity ratio, the level of solute
supersaturation, and the spacing between neighbouring cavities on the healing
efficiency are addressed explicitly and solutions are proposed as a function of
the imposed stress. The model does not address the initial nucleation of the
precipitate on the cavity wall nor does it take into account the kinetics of the
internal atomic transport within the precipitate formed. The paper ends with
a simple analytical model for the pore filling process taking the results from the
numerical model to justify the assumptions made in the analytical model.

5.2 MODEL DESCRIPTION

5.2.1 MODEL GEOMETRY

As shown in Fig. 5.1(a), the rotationally symmetric simulation box is a cylinder
with radius A and height H. The radius A reflects half the distance between the
centres of neighbouring creep cavities on the same creep affected grain
boundary and the height H reflects half of the grain size. The vertical axis (z)
and the radial axis (r) are indicated by the red dashed- lines. It is assumed that
a pre-existing cavity is located at the centre. According to Raj and Ashby [26],
creep cavities are lens-shaped with a cavity radius a, an equilibrium opening
angle of Y = 75° and a cavity height h that scales with the cavity radius as
h/a = (1 —cos(y))/sin(yp) = 0.77 [27]. In the present model, the cavity is
assumed to have an ellipsoidal shape to simplify the calculation of the stress
distribution (see 5.2.2 for details). The cavity radius is taken as a = 0.5 um, with
a corresponding cavity height of h = 0.77a and an ellipsoidal cavity volume of

V= gﬂha2 = (g) Gnag') ~ 0.77 (gna3). Note that for a lens-shaped cavity
the cavity volume is slightly smaller: V = [1 — gcos(lp) + %cos3(1[))] (g na3) ~

0.62 (g na3). In all simulations the grain-boundary width is assumed to be ¢ =

2 nm and the height of the simulation box is fixed at H = 10 um. The radius of
the simulation box A varies from 2.5 to 25 um. This combination of pore and
matrix dimensions ensures that the reservoir of solute atoms (i.e. the number
of supersaturated solute atoms in the total matrix volume considered) is not
depleted during the healing process.
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Fig. 5.1: (a) and (b): Dimensions of the cylindrical model. The creep cavities have a
fixed radius of a = 0.5 um with an inter-cavity spacing of A. Constant stress oo is applied
to the upper edge of the cell. The elliptical cavity has a height given by the ratio h/a =
(1-cos(y))/sin(y), where 3 = 75°. The half width of the grain boundary is §/2 = 1 nm.
(c) and (d): Mesh for the model (for the case with A =5 um). 4 layers of boundary mesh
are applied to the grain boundary.

5.2.2 CAVITY GROWTH BY STRESS-DRIVEN VACANCY DIFFUSION

Multiple theoretical models have been proposed to describe the growth of
creep cavities. Depending on the applied stress, temperature, and the creep
stage, the dominant cavity growth mechanism can be diffusion, plasticity,
grain-boundary sliding, or a combination thereof [28]. A coupled model was
proposed [29-32], which proposed that the creep cavities, their growth being
controlled by grain-boundary diffusion of vacancies, are embedded in a matrix
controlled by power-law deformation. Generally, diffusive growth dominates
cavity behaviour in case of a small cavity, a low stress level 6o and a low
temperature T, while plasticity effects dominate otherwise. A diffusion length

A _ (ngﬂ600
kTé&

diffusive growth dominates, where ¢ is the strain rate, k is Boltzmann's

1/
) [33] has been introduced to estimate the conditions in which

constant, Dg, the grain-boundary diffusivity and Q) the atom volume. As (a/A)
increases, the creep flow becomes more important, and the power-law limit is
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reached when (a/A) — oo.In the present study the dimension of the model box
was taken to be comparable or larger than the diffusions lengths calculated for
the tested model alloys [17, 20, 23, 24], to make sure that the growth of the
cavity is controlled by the vacancy diffusion through the grain boundary.

In the model it is assumed that the cavity growth at elevated
temperatures results from vacancy diffusion and that the vacancy diffusion is
driven by the stress gradient. The vacancy flux through the grain boundary in
contact with the cavity can be written as [34-36]

1 Dgpxy
S Q kT

in which D;;b is the vacancy diffusivity at the grain boundary, x, is the vacancy

Jo = (.1

concentration, and p is the chemical potential. Assuming that the vacancy
concentration is at equilibrium, the stress dependent contribution to the
chemical potential is Au(o,,) = —0,, in which o, is the local normal stress on
the grain boundary [36]. The stress distribution along the grain boundary with
an ellipsoidal creep cavity is calculated by the finite element method using
COMSOL® [25]. The Linear Elastic Material module with nodal serendipity
(quadratic) elements is used, in which a constant stress oy is applied uniformly
to the top edge of the simulation volume (Fig. 5.1(a)). At a temperature of T =
550 °C (823 K) the Young’s modulus FE is taken to be 165 GPa [37] and the
Poisson’s ratio v is set to 0.33 [37].

Fig. 5.2 shows the normal stress o, (normalised by the applied stress

o) distribution for different (A/a) ratios, in which r is the distance from the
centre of the (empty) cavity with radius a. A stress concentration occurs at the
edge of the cavity (a/r) - 1 while o, approaches the applied stress oy at the far
end of the grain boundary with (a/r) = (a/A). The stress distribution shows
similar profiles along the grain boundary for the cases where (A/a) = 5. The
stress distribution can be fitted with a simple phenomenological expression:

On a

=144 lexp (B ;) —1] (5.2)
where A = 1.65(2) x 103 and B = 6.82(3) are dimensionless constants. The
inward vacancy flux in equation (1) can now be estimated using equation (2),
and is proportional to the applied stress oy.
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Fig. 5.2: (a): Distribution of the normal stress on (normalised by the applied stress oo).
(b): The circled region in (a). (c): Distribution of the normal stress on along the grain
boundary for various A/a ratios. coand a correspond to the applied stress and the void
radius, respectively. Note that the scale is different in (a) and (b).

The equilibrium vacancy concentration at the grain boundary
corresponds to [38]:

X, = x,1 = exp< (5.3)

Q(1 + as?)
 kgT >

where Q is the vacancy formation energy at the grain boundary, a is a
dimensionless proportionality constant, and s is the relative magnetic order
parameter in the ferromagnetic state (scaled to its vale at T = 0 K). The vacancy
formation energy at the grain boundary Q = Qg * Qm/2 is taken as half of that
in the bulk with @, = 0.58 eV [39]. The vacancy diffusivity at the grain boundary
is taken as the Fe grain boundary diffusivity of the Fe host atoms [39], i.e,,

Yy =Djy = Dif =1.74x 1072 m?s™! at a temperature of 550 °C. The
equilibrium vacancy concentration at the grain boundary of bcc Fe then
corresponds to x.? ~ 7.4 X 10~* at 550 °C.
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5.2.3 SOLUTE DIFFUSION AND CAVITY CLOSING

When a grain-boundary cavity, and hence an open volume, is present then
healing solute atoms start to diffuse towards the cavity in order to precipitate
at the cavity surface leading to a reduction in the level of supersaturation. The
diffusion of solute atoms is driven by the solute concentration gradient, which
can be described by

DX g L ux (5.4)
Q kT Q- sV%s

where D, and x; are the diffusivity and the concentration of the solute,

Js =

respectively.

In a binary alloy system containing also vacancies the mass balance
gives X; + X + X, = 1, where x; is the concentration of host atoms. Assuming that
the vacancy concentration is low everywhere in the system and at equilibrium,

the flux of the host atoms can be written as J, = —%Dthh = %DthS. The

difference in diffusivity between the host and the solute atoms results in a net
vacancy flux, i.e., the Kirkendall flux:

1
]5 =—(s+Jp) = E(Ds — Dp)Vx (5.5)

The vacancy flux is oriented opposite to the direction of the fastest
diffusing component. In a self-healing system, the solute atoms need to show a
higher diffusivity than the host atoms in order to generate a vacancy flux
oriented outwards of the cavity. ‘Vacancies” making up the open volume of the
pre-existing cavity can be removed from the cavity when the Kirkendall
vacancy flux |JX| (oriented outwards) is higher than the stress-driven vacancy
flux |Jg| (oriented inwards).

The Transport of Diluted Species module with linear Lagrange elements
in COMSOL® [25] is used to simulate the solute transport to the cavity. The
solute concentration at the cavity edge is maintained at 1 mol/m3 (0.07 at.%),
while the initial solute concentration in the bulk and the grain boundary is set
at 350, 700, 1400, 2800, 4200, and 5600 mol/m3, corresponding to a
supersaturation of 0.25, 0.5, 1, 2, 3, and 4 at.%, respectively. The Au diffusivity
in bee Fe at 550 °C (7.39 x 10-19 m2/s) [40] is used as the solute diffusivity in
the bulk, while the self-diffusivity for bcc Fe at 550 °C (1.50 x 10-21 m2/s) [40]
is set as the host diffusivity in the bulk. In order to estimate the effect of (1) the
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grain boundary diffusivity and (2) the interspacing between two neighbouring
cavities on the solute transport efficiency, the grain boundary diffusivity is set
to be 10" times the diffusivity in the bulk, in which n = 1 - 9, while the length of
the simulation box is set to 2.5, 5, 10, and 25 pm, corresponding to the relative
inter-cavity spacing (A/a) of 5,10, 20 and 50. The simulation time is 1000 hours
for all cases. In total 8319, 14527, 21601 and 26113 elements with 7395,
13456, 20398 and 24800 vertices are used for the simulation box with the
length of 2.5, 5, 10, and 25 pm, respectively.

5.3. RESULTS AND DISCUSSION

5.3.1 SOLUTE TRANSFER PROFILE

Fig. 5.3(a) to (c) show the solute concentration profile for different Dg,/Dm
ratios after 1000 hours, for a condition where the supersaturation is 1 at.% and
the relative inter-cavity spacing is A/a = 20. The white arrows indicate the
transport direction of the solute. In Fig. 5.3(a) it can be seen that for a relatively
low grain-boundary diffusivity (Dg,/Dm = 10) the solute transport has a 3D
nature: the solute concentration contour reflects the geometry of the cavity,
indicating a more or less uniform solute transport in both the matrix and in the
grain boundary. As shown in Fig 3(c), for a relatively high value for the grain
boundary diffusivity (Dg,/Dm = 108) the concentration profile reflects primarily
the grain-boundary geometry (instead of the cavity geometry), indicating the
1D nature of the solute transport towards the grain boundary. In this case the
grain boundary provides a fast diffusion path. As a result the solute in the
matrix tends to diffuse vertically towards the grain boundary with a vertical
diffusion length L, = 2\/DTmt (Dy, is the solute diffusivity in the matrix). The
1D nature of the diffusion pattern can also be induced from the direction of the
diffusion indicated by the white arrows: in Fig. 5.3(c), the solute diffusion is
approximately perpendicular to the grain boundary, while in (a), the diffusion
direction is perpendicular to the cavity edge. As shown in Fig. 5.3(b), an
intermediate value for the relative grain boundary diffusivity (Dg,/Dm = 10%)
provides a diffusion pattern that reflects a crossover between 1D and 3D solute
diffusion. The present findings are in line with previous results by Versteylen
and co-workers [27].
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Fig. 5.3: (a) - (c): Solute concentration pattern after 1000 h. The supersaturation is set
to Ax = 1at.%, and the relative inter-cavity spacing is A/a = 20. The grain-
boundary/matrix diffusivity ratios are 10, 10% and 108, respectively. The white arrows
indicate the local direction of the solute flux. (d): Fraction of Iy in liota, where Itotar is
the total surface integrated vacancy flux removed from the cavity and Iy the is vacancy
flux removed through the grain-boundary/cavity interface.

5.3.2 VACANCY FLUXES

As aresult of the Kirkendall effect the solute diffusion generates a vacancy flux
in the opposite direction. Thereby the vacancies present in the cavity can be
removed through either the cavity/matrix interface, or the cavity/grain
boundary interface. Fig. 5.3(d) shows the percentage of the vacancy flux
through the cavity/grain boundary interface. It is clear that the higher the
grain-boundary diffusivity, the larger fraction of vacancies that is removed via
the grain boundary. In previous work [20], the ratio for Au diffusivity in the
grain boundary (D;g‘) and in the bcc Fe matrix (DA*) was estimated to be

Dy /Dit = 10° — 10°, meaning that the grain boundary carries

approximately 99% of the transport capacity for (A/a) = 20 (Fig. 5.3(d)), 91%
for (A/a) =5, and 97% for (A/a) = 10.
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Fig. 5.4 shows the evolution of the inward stress-driven vacancy flux
(dashed lines) and the outward Kirkendall vacancy flux (solid lines) as a
function of time. The inward vacancy flux is constant in time and proportional
to the applied stress, while the outward Kirkendall flux decreases with time
and is affected by the grain-boundary diffusivity Dg, the supersaturation Ax
and the half inter-cavity spacing A. The Kirkendall flux, which is proportional
to the solute flux transported to the cavity, shows a power-law relationship
with time /X o« t™, with an time exponent n ranging from n = -1/2 to n = 0,
depending on (Dg,/Dw) and (A/a). From the value of the time exponent n, one
can estimate whether the solute-driven vacancy diffusion has a 1D, 2D or 3D
character [27]. For instance, in Fig. 5.4(a), for a low diffusivity ratio value
(Dgb/Dm = 10), the comparable diffusivity in the bulk and in the grain boundary
leads to a solute diffusion field that is almost uniform in the bulk and in the
grain boundary (as shown in Fig. 5.3(a)), indicating the 3D character of the
diffusion. This is consistent with the time exponent n, which shows an increase
from an initial value of about -1/2 and approaches 0 for longer times. It is
worth to note that for an ideal 3D diffusion, the solute flux is constant for longer
time scales, but even for a low diffusivity ratio, the 3D diffusion character will
eventually breakdown once the depletion zone reaches the edge of the
simulation box. After that, the depletion of the solute is no longer uniform
throughout the matrix and the grain boundary, and the solute flux (as well as
the Kirkendall vacancy flux) can no longer remain constant. For a high grain-
boundary diffusivity (Dg»/Dm = 106 — 109), the solute in the grain boundary
depletes first, and during the this stage, the outward vacancy flux is determined
by the grain boundary diffusivity Dg, and the width of the grain boundary 6.
This process can be simplified as a 2D diffusion, where the solute atoms are
mainly transported from the grain boundary (instead of the matrix) to the
cavity surface and the time exponent for JX corresponds to n = 0. After that, the
grain boundary acts as a fast diffusion path, through which the solute in the
bulk can be transported towards the cavity, and the diffusion pattern
experiences a transition from 2D to 1D. Once the 1D diffusion pattern is
developed, the bulk solute diffusivity becomes the limiting parameter for the
solute transport, while the grain boundary diffusivity no longer limits the
diffusion. Therefore, for high Dg,/Dn ratios (at fixed values of A/a and
supersaturation Ax) on longer time scales the flux into the cavity approaches
to the same level and the time exponent stabilises atn =-1/2.
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Fig. 5.4: (a) - (c): Stress-driven vacancy flux |J¢| (inward vacancy flux) and Kirkendall
vacancy flux |J¥| (outward vacancy flux) through the cavity surface. The effect of (a)
the ratio of a variable grain-boundary diffusivity Dg» with respect to the matrix
diffusivity Dm, (b) relative inter-cavity spacing A/a, and (c) supersaturation Ax on the
Kirkendall flux. The open volume of the cavity shrinks if the Kirkendall vacancy flux
[J¥] is larger than the stress-driven vacancy flux |J¢| and grows otherwise. The cross-
over of the inward and outward fluxes corresponds to the critical time, at which the
possible maximum filling is achieved and the open volume of the cavity starts to grow
if not fully healed. The integrated area between the two fluxes corresponds to the net
amount of vacancies removed by the Kirkendall flux at the corresponding time (in mol
unit). An example is shown in (d).

The 2D to 1D transition can be seen clearly in Fig. 5.4(b): for a relatively
large value of A/a (see e.g. A/a = 50), the time exponent n decreases gradually
from 0 to -1/2. For a fixed grain-boundary diffusivity Dy, the transition time
for the crossover from 2D to 1D behaviour is determined by the time required
for the depletion of the solute in the grain boundary. This cross-over time from
2D to 1D behaviour tzp.1p can be estimated by comparing the diffusion length

2,/Dgpt with the distance between the cavity and the edge of the simulation

box A - g, resulting in t,p1p = 4(2 — a)?/Dy), =~ 42%/Dgyy,. For relatively small
values of A/a (see A/a = 5 and 10), the 1D diffusion pattern is developed within
relatively short time scales, so that the time exponent starts from -1/2 in our
simulations. During the 2D diffusion stage, the outward vacancy flux, which is
limited by the grain-boundary diffusivity Dy, is the same for different A/a
ratios as the diffusion profile has not reached the edge of the diffusion box.
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While during the 1D diffusion stage, where the matrix diffusivity D, is the
limiting parameter, the outward vacancy flux is proportional to the (A/a)2 Itis
observed from Fig. 5.4(c) that the supersaturation Ax does not change the
nature of the diffusion, but a higher supersaturation leads to a higher
concentration gradient, and therefore a larger solute flux into the cavity.

As explained in section 5.2, the open volume of the cavity shrinks when
the Kirkendall vacancy flux is larger than the stress-driven vacancy flux and
grows otherwise. The time integrated difference between the two vacancy
fluxes equals to the amount of vacancies removed from the pre-existed cavity
at the corresponding time (in mol). Since the stress-driven vacancy flux is
assumed to be constant, while the outward vacancy flux decreases with time, a
cross-over takes place at a certain time t., at which the possible maximum
filling is achieved and the cavity, if not fully healed, starts to grow although
solutes remain to be transported to the cavity, as illustrated in Fig. 5.4(d).

5.3.3 FILLING RATIO

Starting from a pre-existing cavity with an initial volume V,, hypothetical
‘vacancies’ making up the cavity are being removed by the Kirkendall flux
(JX¥ > 0) and real vacancies coming from the solid matrix are added by the
stress-driven vacancy flux (J¢ > 0). In the current model we do not actually
calculate the displacement of the original pore-matrix boundary, but keep it
constant and only calculate the total volume of solute atoms entering the cavity
and forming the precipitate. We make no assumptions on the shape of the
precipitate, nor do we describe the precipitate/remaining empty pore
interface. In this sense the model is a degenerate moving boundary or Stephan
problem [41].

The filling ratio is can now simply be defined as the ratio between the
net amount of the removed vacancies and the amount vacancies in the original
cavity (V/Q):

FR = (;) fo t [£ UK + ]3)dS] dt’ (5.6)

where S is the cavity surface and t the time (note that the positive direction for
the flux through the closed surface S is pointing outwards). It is assumed that
the stress-driven vacancy flux only enters the cavity through the grain
boundary/cavity interface, while the Kirkendall flux can enter the cavity from
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both the grain boundary and from the matrix. The filling ratio thus defined
effectively equals the filling ratio as defined in experimental high-resolution
tomographic studies on creep damage healing (the volume of the precipitate
divided by the sum of that volume and the remaining empty cavity) [17, 23].
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Fig. 5.5: Time evolution of the filling ratio as a function of applied stress oo for different
values of the supersaturation Ax, the grain-boundary diffusivity to matrix diffusivity
ratio Dgb/Dm and the relative inert-cavity spacing A/a. A cavity with a filling ratio equal
to or higher than 1 (highlighted green) is regarded as fully-filled. The transport of the

vacancies and solute stops after the cavity is fully filled. The data in (a) for 200 MPa is
below the lower limit.

Fig. 5.5 compares the time evolution of the filling ratio for different
values of the supersaturation Ax, the grain boundary/matrix diffusivity ratio
Dgb/Dn, the relative inter-cavity spacing A/a and the applied stress go. We can
clearly distinguish two sorts of overall behaviour: for the first one, the cavity
can become fully filled (i.e. proceeds to a FR of 1.0) at the healing time ¢, and
the reaction stops.. For the second type, the filling ratio initially increases and
then peaks at a critical time t. at a level below FR = 1, which corresponds to
the maximum filling ratio that can be achieved. For t > t.: the filling ratio again
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decreases, indicating that the open volume of the cavity starts to grow faster
than can be made up by the solute transport.. When the filling ratio eventually
reaches a negative value (FR < 0), the open volume of the partially filled cavity
is larger than its original size. For the sake of completeness the dashed line
segments in the figures 5 for conditions at which the condition FR =1 is reached
show the hypothetical behaviour assuming that achieving the completely filled
state does not lead to a change in transport rate. The filling ratio demonstrates
the competition between the outward Kirkendall vacancy flux and the inward
stress-driven vacancy flux. Generally, at a given time, a higher filling ratio can
be achieved with a higher supersaturation, a higher grain-boundary diffusivity
and a larger relative inter-cavity spacing, while a higher stress level results in
a lower filling ratio.
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Fig. 5.6: Maximum filling ratio as a function of applied stress oo for different values of
the supersaturation Ax, the grain-boundary diffusivity to matrix diffusivity ratio
Dgb/Dm and the relative inert-cavity spacing A/a. For a maximum filling ratio equal to
or higher than 1, the cavity can be fully filled under the corresponding combination of
parameters. Note that the curves overlap for Dg»/Dm > 1060,

Fig. 5.6 shows the maximum filling ratio for various combinations of

parameters. In Fig. 5.7, the time of healing ¢, (solid line, for the case where the
cavity can be fully filled) and the critical time ¢, (dotted line, for the case where
the cavity cannot be fully filled) are presented. Since the stress-driven inward
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vacancy flux eventually will exceed the outward Kirkendall vacancy flux, for
proper healing it is crucial that the cavity becomes free of any remaining
‘empty’ volume before ¢t is reached.
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Fig. 5.7: Time of healing tn at which the cavity is fully filled (solid lines, for the
situations where the cavity can be fully filled) and critical time t. at which the
maximum filling is achieved (dotted lines, for the situations where fully filling cannot
be achieved) as a function of applied stress oo for different values of the
supersaturation Ax, the grain-boundary diffusivity to matrix diffusivity ratio Dgb/Dm
and the relative inert-cavity spacing A/a. For t < to, the net vacancy flux is oriented
away from the cavity and therefore the cavity is shrinking as the vacancies are removed
from the open volume of the cavity by the Kirkendall flux. For t > t, the net vacancy
flux is oriented towards the cavity, leading to a growth of the open volume of the cavity.
Note that the curves overlap for Dgy/Dm > 106,

5.3.4 CRITICAL STRESS

From Figs. 6 and 7 it is clear that there is an upper threshold for the applied
stress, above which the cavity cannot be fully filled. In Fig. 5.8 the calculated
critical stress as a function of the grain-boundary/bulk diffusivity ratio Dgy/Dm
is shown for different values of the relative inter-cavity spacing A/a and the
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supersaturation Ax. It can be seen that both the grain boundary diffusivity and
the inter-cavity spacing play a significant role in the critical stress. The critical
stress increases with the grain boundary diffusivity Dy, until it reaches a level
where a quasi 1D diffusion pattern exists and the bulk diffusivity becomes the
limiting diffusion rate. When Dgy, is high enough so that D, becomes the limiting
diffusion rate, a larger inter-cavity spacing A results in a higher critical stress,
since the solute atoms are collected and transported towards the cavity over a
larger grain-boundary surface area m(A% - a2).

With a small relative inter-cavity spacing (e.g. A/a = 5), the critical
stress level is expected to be low even if the grain boundary diffusivity is
sufficiently high. This is the situation for the late creep stages : more cavities
are located at the grain boundary, resulting in a decrease in the cavity
interspacing. This further leads to a fast growth of the open volume of the
cavity and the subsequent coalesce of neighbouring cavities, which causes the
catastrophic failure of the material. In the initial creep stage, where the grain
boundary cavities have a small size and the inter-cavity interspacing is large,
the cavities can still be filled relatively easy. In the fully-filled cavities the open
volume disappears and the open volume will need to nucleate somewhere else
at the grain boundary, in which case the vacancy and solute diffusion start over
again.

From Fig. 5.8 it can be deduced that the critical stress can be raised by
increasing (a) the supersaturation level, and (b) the diffusivity difference
between the healing solute and the host. In practice, the intended
supersaturation level should not be higher than a certain limit dictated by the
criteria that the healing atoms are fully soluble in the matrix at the
homogenising temperature, and that the strain penalty between the matrix and
the precipitate is large enough to suppress solute consuming precipitation in
the bulk. Furthermore, the diffusivity for the solute should always be higher
than the diffusivity of the host, while a higher solute ratio is beneficial.

For the situation of 3D diffusion the grain boundary diffusivity and the
bulk diffusivity should be comparable, the solute atoms can be transported to
the cavity if their distance to the cavity surface is less than the diffusion length
L= 2\/D_St (Ds being the diffusivity of the solute atoms), resulting in a
depletion zone of the healing atoms resembling the shape of the cavity, and the
critical stress is independent of the interspacing distance A. For the situation of
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1D diffusion, as explained in sections 5.3.1 and 5.3.2, all the solute atoms within
avolume (12 — a?)L, onboth sides of the grain boundary can be transported
to the cavity (where L isthe vertical diffusion length determined by the solute
diffusivity in the bulk D), and therefore a large A significantly increase the
healing capacity. In practice, a quasi-1D diffusion pattern is observed [20] since
the grain boundary diffusivity is usually orders of magnitude higher than the
bulk diffusivity.
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Fig 5.8: Critical stress as a function of the grain-boundary/bulk diffusivity ratio Dgb/Dm for
different values of the relative inter-cavity spacing A/a (colours) and the
supersaturation Ax (markers and line types). Full filling can only be achieved when the
applied stress is below the critical value.

The effect of the supersaturation on the critical stress is shown in Fig.
5.9. A scaling relationocyiticar < (Ax)™ applies, with m = 1 for a lower Dgy/Dm
ratio (indicating a 3D diffusion), and m = 2 for a higher Dg, /D ratio (indicating
a 1D diffusion), respectively. The 3D to 1D transition is especially obvious with
a lower interspacing/pore radius ratio A/a = 10, since less time is required to
develop the 1D diffusion pattern for a lower interspacing-radius ratio. In fact,
when A/a = 10, the bulk diffusivity becomes the limiting parameter when
Dgb/Dm = 106, while for a higher interspacing-radius ratio A/a = 50, the grain
boundary diffusivity Dg still plays a role on the critical stress when Dgy/Dm =
108.
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Fig. 5.9: Critical stress as a function of supersaturation Ax. Different colours
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cavity spacing A/a ratio is equal to 10, 20 and 50, respectively.
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Fig. 5.10: Critical stress oc as a function of the relative inter-cavity spacing A/a for
different levels of supersaturation Ax and different values of the grain boundary/bulk
diffusivity ratio Dgb/Dm. From (a) to (d), supersaturation Ax is equal to 1, 2, 3, and 4
at.%, respectively.

The interspacing-radius ratio A/a has a crucial influence on the critical
stress, as demonstrated in Fig. 5.10. A scaling relationship o¢yiricar * (/@) is
obtained with k = 0 - 4. For a lower Dg,/Dm ratio, which corresponds to a 3D
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diffusion regime, the critical stress is almost independent of A/a. In this
situation, the healing atoms are transported through the bulk, and whether a
solute atom can be transported towards the cavity is determined by its
distance to the cavity surface. Therefore, the interspacing distance A does not
significantly affect the healing kinetics. However, a higher Dg,/Dn, ratio results
in a 1D diffusion, where a solute atom can be transported towards the cavity
through the grain boundary (instead of through the bulk) as long as its vertical

distance to the grain boundary is within the diffusion length L, = 2,/D}*t. As
aresult, alarger A means that more solute atoms can be used to heal the cavity,
leading to a higher critical stress.

5.3.5 ANALYTICAL MODEL

From the finite element model simulations we can identify the dominant
mechanism for the self healing of creep cavities by supersaturated solute
corresponds to 1D matrix diffusion of the solute towards the grain boundary
and subsequently transport of this solute though the grain boundary towards
the free cavity surface connected to the grain boundary. This 1D solute
diffusion is observed for the following conditions: (1) Dgp > Dy, > D,’}l and
(2) ZW >» (A — a). The first condition indicates the grain boundary acts as
a much faster transport route for solute than the matrix. In order to reverse the
vacancy flux by the Kirkendall effect, the diffusivity of the solute atoms needs
to be higher than that of the host atoms in the matrix. The second condition
requires that the grain boundary is largely depleted from supersaturated
solutes as the diffusion length exceeds the distance between the creep cavity
surface and the edge of the simulation box (half of the inter-cavity spacing).
This condition can only be met for a finite inter-cavity spacing, which is
generally the case for practical situations. The second condition can also be
translated in a time requirement: t > t,p_1p ~ 4(A — a)® / Dgp. For A =20 pm
and Dgp = 2.4x10-1* m2s-1 (at 550 °C) [20] this characteristic time for the onset
of 1D diffusion amounts to tp-ip =~ 400 s. Under these conditions an
approximate analytical model will be constructed, for which the results can
than subsequently be compared to those of the full finite element model.

The time evolution of the cavity depends on the competition between
the stress-driven vacancy flux and the Kirkendall vacancy flux. Combining Eqgs.
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(1) and (2) the stress-driven vacancy flux at the interface between the cavity
surface and the grain boundary (r = a) can be written as:

J3(@ = (Di’;x ”)Vau:a - —(%)AB ew®) () 6D

where A and B are the fitting parameters for the stress distribution along the
grain boundary.

This inward stress-driven vacancy flux is constant in time given a stable
stress distribution. The integrated stress-driven flux provides the time
evolution of the open volume of the cavity:

V() =V(0) +V,(t) =Vy — 2rad)]J(a)t =V, + aoyt (5.8)

3. T . ngxv .
where V, « a° is the initial cavity volume and a = (T) (2m6)QAB exp(B) is
a temperature dependent constant.

For 1D solute diffusion in the matrix towards the grain boundary the
difference in diffusivity between the solute and the host atoms results in a 1D
Kirkendall vacancy flux at the interface between the matrix and the grain
boundary. When the solute transport is much faster in the grain-boundary than
in the matrix the solute concentration in the grain boundary is nearly constant
and close to its equilibrium value. In that case the 1D Kirkendall vacancy flux
at the interface between the matrix and the grain boundary can be estimated
by [27]:

o (D3, — D) Ax 1

T

where D3, and D}, are the matrix diffusivities for the solute and the host atoms,

(5.9)

respectively. This Kirkendall vacancy flux is time dependent and for D3, > D}
oriented from the grain boundary towards the matrix. The integrated vacancy
flux provides the time evolution of the open volume of the cavity:

t

I (Izl = é,t’) dt' = —pt1/? (5.10)

VAP () ~ 2[m(A2 — a?)]Q f -
0

133



5. MODELLING THE GROWTH AND FILLING OF CREEP-INDUCED GRAIN-BOUNDARY CAVITIES IN SELF-HEALING ALLOYS

where the factor arises from the vacancy transport at the top and bottom

interfaces of the grain boundary and g = 4(4%? — a?)Ax /n(D,Sn —DL)is a

temperature dependent constant.

Combining all contributions to the time evolution of the open volume
of the cavity gives:

V(t) = V(0) + V,(t) + VEP(t) = Vo + agyt — ft—1/2 (5.11)

Healing of a creep cavity is achieved when the open volume of the cavity
vanishes as a result of the solute transport at V= 0. The lowest time solution is

given by t1/2 = [,8 —/B? - 4a00V]/2a00. The critical maximum stress for
which a solution can be obtained is:

2 2 _ _2\%2/ns _ nh 4 s
) B (B o

= x
4aV, a? Dgy Dy,

The corresponding critical time is related to the critical stress by
at. 0. = Vy. As shown in Fig. 5.11, the value of at..0. / V; is approximately
constant for a low inter-spacing ratio A/a. For an inter-spacing ratio A/a = 5
and a diffusivity ratio Dg,/Dm higher than 105, a value of at..0../Vy = 2.3 is
found, which indicates that the simplified analytical model is a reasonable
approximation. Assuming that the region where the processes are dominated
by 1D diffusion is marked by a value of at..o.-/V, < 10, then it can be seen
that for diffusivity ratio Dgp/Dm higher than 107, the 1D diffusion behaviour is
found for A/a < 30. For lower values of the diffusivity ratio (Dg,/Dm < 107) the
critical A/a value for 1D diffusion behaviour continuously decreases and
reaches a value of A/a = 10 for Dg,/Dm = 104 This behaviour is qualitatively in
line with the 1D diffusion results in the absence of stress [27]. The critical time
is the maximum time for which a solution can be obtained and this scales as:

4V, (2% —a?\’ - A
o= g (Tm) Gh-o) 0= (5) o 61y

For a stress below the critical stress (gy < g,,) the time to complete
filling t;, can be expressed in terms of the critical time t., and the critical stress
Ocp !
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2

o _ (&)2 ll _ 1% (5.14)

tCT

The healing time grows continuously to t, = t.. for g, = o,,. These
results of the simplified analytical model for the case of 1D solute diffusion are
qualitatively in line with the results of the finite element model calculations. It
is worth to recall that these time scales need to be large compared to the
characteristic time scale t,p,_1p ~ 12 / (4ng), which is required to deplete

the solute in the grain boundary and establish the 1D diffusion pattern.

t

Cr/ VO, Ax=4at%

aacl,
O

(Va)

Fig. 5.11:. The value of at..a,,/V, for as a function of the relative inter-cavity spacing
A/a and the grain boundary/bulk diffusivity ratio Dgh/Dm for a supersaturation Ax of
4 at.% . A value close to 1 represents a 1D diffusion pattern. The contour where
atq-0./Vy = 10 is plotted to indicate the boundary for the 1D diffusion regime.

5.4.. CONCLUSIONS

We have developed a set of models which predicts the growth and filling of
grain boundary creep cavities in self-healing binary alloys as a function of time,
stress, level of supersaturation and inter-cavity spacing and diffusion ratio’s.
The competition between the inward and outward vacancy fluxes results in the
growth or shrinkage of the open volume of the creep cavity. It is found that the
filling ratio shows a maximum value at a critical time ¢, which corresponds to
the time when the inward vacancy flux exceeds the outward vacancy flux
(integrated over the surface area). Two conditions can be distinguished: one
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where the cavity becomes fully filled before this critical time is reached (and
the process stops) and one where the only partial filling will take place and the
growth of the cavity will continue, For each combination of parameters, the
critical applied stress o.-is calculated, below which the cavity can be fully filled.

The analytical model, fed by insights from the numerical model, shows that for
conditions leading to quasi 1D solute transport, the critical stress
approximately scales as g, o (A/a)*(D5,/Dy,)(Ax)*, where A/a is the
relative inter-cavity spacing, Dy,/Dg), the ratio of the solute diffusivity in the

matrix and the vacancy diffusion in the grain boundary and Ax is the
supersaturation of the solute. The critical healing time obtained at the critical
stress scales as t.,. « 1 / 0., while for lower stresses the pore filling time t,
can be expressed in terms of t.,- and o,
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% A+ X ¥ (sul yue, wén ming): civilisation, age.

Based on ‘% % F LB, T 72 % ¥ LL# A (give civilisation to ages, not |\ %
let civilisation age)’.

From The Dark Forest, the second book in the Three-body trilogy by Cixin Liu
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EXPERIMENTAL STUDY OF CREEP-RESISTANT
PROPERTIES AND SELF-HEALING POTENTIAL
IN COMPUTATIONALLY DESIGNED

12CR STEELS

‘Mediocre researchers are ususally excellent cooks.”’

Hao Yu

A series of creep experiments at high temperature (550 °C) with different applied
stresses have been performed on two matching experimental self-healing creep-
resistant 12Cr alloys. The alloys are computationally designed to have an optimal
combination of a decent creep resistance and a good self-healing potential. These
alloys serve as the first step from the binary Fe-X and ternary Fe-X-Y self-healing
model alloys towards multi-component industrial steels. Compared to the present
commercial creep-resistant steels, the designed steels show a good creep resistance
and lifetime. The validity of the self-healing behaviour in these steels is evaluated
based on the observed damage and Laves phase precipitation of the creep-failed
samples in both stress-affected and stress-free regions. Based on the findings
suggestions for follow-up experiments and the design of the next generation of self-
healing creep-resistant steels are given.



6. EXPERIMENTAL STUDY OF CREEP-RESISTANT PROPERTIES AND SELF-HEALING POTENTIAL IN COMPUTATIONALLY DESIGNED
12CR STEELS

6.1 INTRODUCTION

CO; emission reduction has become increasingly important to protect the
global environment. In response to the restrictions on emission, the power
industry is driven to maximise the thermal efficiency by increasing the steam
parameters, i.e. the materials need to withstand high temperature and high
pressure, where their lifetimes can be strongly restricted by the occurrence of
fatigue and creep damage [1, 2]. 9 - 12% Cr ferrite/ martensite steels have
been developed to meet the demand, due to their high resistance to
temperature and oxidation, and lower thermal expansion compared to
austenite steels [2-5]. The outstanding creep resistance is associated with the
microstructure of the high Cr steels: they generally consist of a ferrite matrix
strengthened by finely distributed precipitates, a high density of dislocations
and a strong solid-solutioning.

Traditionally, extensive efforts have been made to stabilise the
microstructures such that the occurrence of creep-induced damage and
microstructure degradation are delayed as much as possible. However, since
the initiation of damage (e.g. in the form of grain-boundary cavities) is
inevitable, the concept of self healing [6-8] has been proposed as an alternative
strategy. In self-healing creep-resistant alloys, the creep-induced grain-
boundary cavities can autonomously be filled by the precipitation of
supersaturated solute atoms that were pre-dissolved in the matrix. Therefore,
the growth and coalesce of creep cavities, which are considered as a main cause
for creep failure, can be postponed. Self healing has been verified as being
effective in prolonging the creep lifetime in multiple metallic systems,
including austenitic stainless steels [9, 10], Al alloys [11, 12] and ferritic alloys
[13-23]. As described in the previous chapters, the healing mechanism and its
criteria have been studied in detail based on a series of studies on binary and
ternary Fe-based model alloys. Recently, Yu and co-workers [24] have applied
the mechanism of self healing to design a series of ferritic high-Cr creep-
resistant steels with multiple components. In these steels, the element W is
added to provide not only the solid solutioning effect, but also as the healing
agent to form Fe,W Laves phase precipitates at the creep damage sites. Other
alloying elements, such as C, Cr, Ni are present to achieve decent high-
temperature mechanical properties by providing precipitate and solid-
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solution strengthening effects. The designed steels serve as the first step from
the self-healing model alloys towards multi-component industrial steels.

In this work, the previously presented design of the 12Cr self-healing
creep-resistant steels is summarised in section 6.2. Following that, the creep
behaviour of the two novel experimental alloys with compositions based on the
designrules is investigated by performing a series of creep experiments at high
temperature (550 °C) with different applied stresses. By carefully examining
the microstructures of the creep-failed samples in both the creep-deformed
regions and the stress-free regions in the samples, we evaluate the validity of
the self-healing concept in the steels. The creep lifetimes of the designed steels
are compared with the existing commercial steels under similar creep
conditions. Based on the observations and discussion, suggestions for the
design of the next generation of self-healing creep-resistant steels are given.

6.2 DESIGN DESCRIPTION

The design aims to find a set of alloys with decent mechanical properties in
combination with self-healing capacity. The design philosophy and resulting
design rules already presented in more detail in previous publications [25-27],
follows a goal-means strategy [28]: the required properties are firstly
translated into microstructure, and based on metallurgical models, the desired
microstructure can further be linked to a combination of elementary
composition and heat-treatment parameters. In the present work, the design
process can generally be summarised as follows: firstly, alloy candidates (in
the form of combinations of elementary composition and heat-treatment
temperatures) are generated based on a genetic algorithm (GA). Secondly, the
aforementioned parameters of the generated alloy candidates are used as
input for the thermodynamic calculations, which are performed with the
commercial software Thermo-Calc. The thermodynamic calculations yield the
equilibrium phase composition for each alloy candidate, which can then be
linked to the corresponding microstructures. Finally, the alloying candidates
are screened based on certain criteria, and for the candidates fulfilling all the
screening criteria (so-called ‘go/no go’ criteria), their mechanical properties
and self-healing potential are quantitatively evaluated based on metallurgical
models. In general, the candidates with better properties have a higher
opportunity to pass their genes in the next iteration in the GA.
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The composition and homogenisation temperature of each alloy
candidate generated by the GA are selected within a range, as shown in Table
6.1. For both the mechanical properties and the self-healing property, a certain
amount of ‘go/no go’ criteria need to be fulfilled and certain parameters are
formulated to predict the performance of the alloy. The mechanical properties
are evaluated by the precipitation hardening factor (PH factor) and the solid-
solution strengthening factor (SSS factor), which describe the precipitation-
hardening effect and the solid-solution effect of the alloy candidate (after a
certain exposure time at the set service temperature), respectively. The self-
healing potential is evaluated by the healing reservoir, and the balance
between the creep damage rate and the healing rate. In the present study, the
alloying elements in the ferritic matrix contribute to the solid-solution
strengthening effect (see section 6.2.1), while the M23Cs phase serves as the
precipitation hardening phase (see section 6.2.1) and the Laves phase as the
self-healing agent (see section 6.2.2).

Table 6.1: Search range for the concentration (in wt.%) of each alloying element and
the homogenisation temperature (in °C).

C Cr Mn Si w Fe Thomo
Minimum 0 12 0 0 0 Balance 800
Maximum 0.1 20 5 5 3 1200

A relative recent addition to the design strategy was the inclusion of a
kinetic criterion which aimed to tailor the kinetics of the healing reaction (i.e.
the formation of Laves phase precipitates in the grain boundary cavities) to the
intended life time [24].

6.2.1 DESIGN FOR MECHANICAL PROPERTIES AFTER LONG-TIME CREEP

The steels are designed to show a fully ferritic matrix strengthened by both
precipitation and solid solution. The design process follows a two-step
equilibrium calculation, which resembles a typical heat treatment for the
production of ferritic steels. The first heat treatment (corresponding to the first
equilibrium calculation) is performed at the homogenisation temperature and
aims for a homogenised solid-solution ferritic structure with limited primary
carbide, while the second heat treatment (corresponding to the second
equilibrium calculation) is performed at the service temperature (550 °C in the
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present study), where the equilibrium phase composition should be in line
with the desired creep-resistant microstructure, i.e. a ferritic matrix with
decent precipitation strengthening and solid-solution strengthening effects.

The go/no go criteria for creep-resistant properties include:

(1) At the homogenising temperature, the volume fraction of the ferrite matrix
should be higher than 99%.

(2) At the homogenising temperature, the volume fraction of the primary
carbide should be lower than 0.5%.

(3) At the service temperature, the sum volume fraction of the ferrite matrix,
precipitation strengthening phase (M23Cs) and healing phase (Laves phase)
should be higher than 99%.

(4) At the service temperature, the Cr concentration in the ferritic matrix
should be higher than 12 wt.% for corrosion and oxidation resistance.

If all the go/no go criteria are fulfilled, the PH factor and SSS factor are
calculated for each alloy candidate and stored in a database for further use.
Taking the coarsening of precipitates into consideration, the contribution of
the precipitation hardening effect to the yield strength can be described by
0, = aGb/L, where « is a proportionality factor, G the shear modulus, b the
Burgers vector, and L the average inter-particle spacing. The PH factor, taken
as the reciprocal of the average spacing, is written as [25, 26]:

PH factor = 1/ = \/E/r - \/E/ I3 + Kt (6.1)

where
2y
To = G_V (6.2)
and
P n 9(x —x"

where f, is the volume fraction of the precipitates, r the radius of the
precipitate after a duration ¢, ry the critical radius of the precipitate, K the
coarsening rate of the precipitate, G, the thermodynamic driving force for
precipitation (per unit of volume), y the interfacial energy between the matrix
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and the precipitate, VP the molar volume of the precipitate, x{"* and xlp the
fractions of the precipitate forming elements on both the matrix (m) side and
the precipitate (p) side, respectively. D; is the diffusion coefficient of element i,
R the gas constant and T the service temperature (in K). In the current study,
the time is set to 105 hours.

The solid-solution strengthening effect is estimated by the weighted
sum of atomic concentration of solutes in the matrix. The SSS factor is
expressed as [27]

SSS factor = z kix; (6.4)
i

where k; is the strengthening coefficient for each 1 at.% of alloying element i
and x; the atomic percent of alloying element i in the solid solution. The values
of k; for various elements are listed in Table 6.2.

Table 6.2: Solid-solution strengthening coefficient [27].
Element C Cr Mn Si W
k 1103.5 2.6 16.9 25.8 31.8

6.2.2 DESIGN FOR SELF HEALING

Healing of the grain-boundary cavities is achieved by the formation of the
Laves phase at the cavity surface. Two considerations are taken into account
regarding to the self-healing capacity: (i) the matrix should provide a sufficient
healing reservoir and (i7) the healing kinetics should be tailored to the intended
lifetime of the installation. Implicitly, the kinetics of the healing reaction is
tailored to the kinetics of pore formation.

For (i), a go/no go criterion is set as:

(5) At the service temperature, the volume fraction of the Laves phase should
be higher than 1%.

The volume fraction is chosen based on the tomography results in [16].
It is demonstrated that the volume fraction of the creep cavities in a creep-
failed sample is below 0.76%.

For (ii), it is crucial to estimate the formation time for both the cavities
and healing precipitates. The formation time of cavities is related to the stress
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level, while the nucleation time of Laves phase is estimated by its chemical
driving force (which is relatively easy to calculate with Thermo-Calc), based on
a linear relationship between the driving force and the logarithm of the
incubation time summarised from reported data. The relationship between the
calculate thermodynamic driving force and the experimentally observed
incubation time for Laves phase in commercial ferritic creep steels, extracted
by Yu and co-workers [24] from reported literature [29-32], is shown in Fig.
6.1.
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Fig. 6.1: Experimentally observed incubation times for Laves phase precipitation at
different creep temperatures. The data are from [29-32] and were collected by [24].
The driving force and the incubation time for the Laves phase in the two example alloys
selected for the experiments in the current study are indicated by the yellow dash lines.

6.2.3 SELECTED ALLOYS

Eventually, two alloys were selected as the first batch of self-healing steels to
examine the feasibility of the design model. The composition, homogenisation
temperature, the PH factor, the SSS factor, the chemical driving force and the
corresponding incubation time for Laves phase precipitation are summarised
in Table 6.3. The two steels meet the following requirements: (i) they fulfil all
the go/no go criteria; (ii) they have comparable PH and SSS factors, i.e. they are
expected to show similar mechanical properties at a temperature of 550 °C;
and (iii) the chemical driving forces of Laves phase in the two steels widely
differ, so that the formation times of the healing agent are also expected to be
different (approximately 300 h and 30000 h, respectively). To simplify, we
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name the steels as fast self-healing (F-SH) steel and slow self-healing (S-
SH)steel. Generally, the S-SH is expected to heal the damage that occurs on a
time scale of about 1000 days, while in the F-SH, the healing can take place after
10 days of service. It is straightforward that the S-SH is more suitable for low-
stress conditions, where damage is likely to accumulate after long service times.
For a higher stress level, where creep damage is expected to occur earlier, on
the contrary, the F-SH is expected to show a better healing potential. Given the
large differences in predicted onset times for the healing reaction, the F-SH
alloy is expected to show a healing reaction during some of the creep
experiments with a maximum testing time of 2500 hours, while the S-SH
system should not show such a healing reaction in the same time period.

Table 6.3: Designed composition, homogenising temperature of the two selected
alloys, and their corresponding PH factor, SSS factor, driving force DF and estimated
healing time ¢init at 550 °C.
C Cr Mn Si W  Thome PH SSS DF tinit
wt% wt% wt% wt% wt% °C x10® - J/mol h
S-SH 0.026 12 081 032 145 1200 8.65 69 2964 30000
F-SH 0.023 13.03 0.01 097 3.00 1200 8.71 80 4849 300

6.3 EXPERIMENTAL

6.3.1 SAMPLE PREPARATION

The samples were produced by Benxi Steel Group, China. The compositions of
the alloys slightly deviate from the designed values, as shown in Table 6.4. The
phase components of the two alloys as a function of temperature are calculated
with Thermo-Calc and the result is shown in Fig. 6.2. It is clear that both the F-
SH and S-SH have two bcc temperature regions, which are listed in Table 6.4.

The sample ingots were homogenised at 1200 °C for 5 h, and
subsequently, their thickness was reduced from 15 mm to 5 mm by a two-path
hot rolling with a final temperature of 850 °C, before they were quenched in
water. The oxidation layer was removed by acid pickling with a 10%
hydrochloric acid solution. After that, the samples were cold-rolled to 1.5 mm-
thick sheets. The thickness of the sheets were further reduced to 0.5 mm by
milling, from which dog-bone shaped creep samples with a gauge length of 12.5
mm and a cross-section of 3 mm2 (thickness of 0.5 mm and width of 6 mm)
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were machined by spark erosion, with the gauge length along the rolling
direction.

Table 6.4: Composition (in wt.%) and temperature ranges (in °C) to achieve a bcc
matrix for the S-SH and the F-SH alloys.
C Cr Mn Si w Al Fe bccregion1 bccregion 2
S-SH 0.023 12 081 020 11 0.05 Bal 650 -820 Above 1180
F-SH 0.022 12.6 0.023 081 2.2 0.02 770-920  Above 1030
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Fig. 6.2: Equilibrium phase components of the S-SH and F-SH alloys as a function of
temperature.

6.3.2 RECRYSTALLISATION HEAT TREATMENT

During the cold-rolling pre-treatment, a large amount of deformed grains and
dislocations are generated which control the resulting grain size upon the
recrystallisation treatment. A set of recrystallisation heat treatment
experiments were performed with various combinations of temperature and
time. Several considerations were taken into account when choosing the
recrystallisation heat treatment parameters: (i) the alloys should show a
homogenised bcc single phase with equiaxed grains after the treatment; (ii) the
grain sizes in the S-SH and the F-SH should be comparable so that the effect of
grain sizes on the creep behaviour can be neglected; and (iii) the grain size of
the alloys should preferably be small (< 1/10 of the sample thickness, i.e. < 50
um) to avoid the situation where only a few grains exist in the cross section of
the sample, in which case the creep behaviour is highly dependent on the local
microstructure. Furthermore, the final grain size should be comparable to that
of commercial ferritic creep steels to allow comparison of the properties of the
experimental alloys with those of commercial 12 Cr steels. Eventually, the S-SH
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and the F-SH samples were recrystallised for 4 hours at 750 °C and 810 °C,
respectively. The grain size after annealing corresponds to 20(2) and 22(5) um
for the S-SH and the F-SH samples, respectively. The processing parameters for
the other heat treatment experiments are listed in Table 6.5. Prior to annealing,
the samples were sealed in quartz tubes filled with 200 mbar ultra-high purity
argon to prevent oxidation. The samples were quenched in water after
annealing. The as-quenched samples were examined with scanning electron
microscopy to assure a uniform homogenised matrix. A limited amount of
M_3C¢ particles were detected in the grain interior of the as-received samples.
These particles are expected to remain stable during creep.

Table 6.5: Parameters and result of recrystallisation heat treatment experiments on
S-SH and F-SH. The numbers in bracket correspond to standard deviation. The
eventually chosen parameters are highlighted bold.

Parameter Result
Temperature (°C)  Time (min)  Single phase (Y/N)  Grain size (um)
780 10 N
780 30 Y 22(6)
780 60 Y 27(5)
790 15 Y 9(1)
790 60 Y 23(9)
S-SH 790 240 Y 20(2)
790 960 Y 32(6)
1100 1 N 15(3)
1150 1 N 29(6)
1200 1 N 243(80)
780 10 Y 15(4)
780 30 Y 17(4)
780 60 Y 20(4)
810 15 Y 20(4)
810 60 Y 24(7)
F-SH 810 240 Y 22(5)
810 960 Y 21(4)
1100 1 N 36(9)
1150 1 Y 187(38)
1200 1 Y 255(66)

6.3.3 CREEP EXPERIMENT AND CHARACTERISATION

Creep experiments until rupture were performed under vacuum at a constant
temperature of 550 °C and with constant stress levels ranging from 100 to 260
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MPa. The experimental details of the test facility can be found in [21] and in
Chapters 2 and 4. The microstructures in the uniform deformation region
(stress-affected region) and the stress-free region were characterised via
scanning electron microscopy (SEM) using a JEOL JSM 6500F instrument
equipped with energy-disperse X-ray spectroscopy (EDS). To reveal the
precipitate crystal structure and composition, transmission electron
microscopy (TEM) measurements were performed using a FEI Cs-corrected
cubed Titan instrument. Elemental analysis was done with the Thermo Fisher
Scientific super-X detector in the ChemiSTEM™ configuration. Lattice images
were collected on a Gatan camera. Annular Dark Field (ADF) images and
energy-disperse X-ray spectroscopy (EDX) spectra for elemental mapping
were collected in Scanning Transmission Electron Microscopy (STEM) mode.

6.4 RESULTS

6.4.1 MICROSTRUCTURE AFTER RECRYSTALLISATION

" (a) S-SH, cq;d—rolled IRD 1 (b) S-SH, recrystallised {c) FSH recrystallised 7

Fig. 6.3: SEM images for (a) S-SH, after cold rolling; (b) and (c) S-SH and F-SH, after
recrystallisation for 4 h at 790 °C and 810 °C, respectively. The white particles in (c)
are indissoluble M23Cs precipitates. The rolling direction (RD) is indicated by the arrow
in (a).

As introduced in section 6.3.2, lower recrystallisation temperatures (810 °C
and 790 °C for the F-SH and the S-SH, respectively, instead of the designed
1200 °C) were used for the two alloys. As shown in Fig. 6.3, after annealing for
4 h, the elongated grains from cold rolling in both the F-SH and the S-SH have
recrystallised into equiaxed grains with comparable grain sizes (22(5) and
20(2) pm for F-SH and S-SH, respectively). However, a limited amount
indissoluble particles are observed in both the two alloys, as indicated in Fig.
6.3(c). These particles have a size of approximately 1 pm, and their sizes do not
show an obvious change for annealing times up to 16 h at 790 or 810 °C. With
EDS, the particles are found to be enriched in Cr, while TEM examination on
creep-failed samples confirmed that the particles show a M33Cs structure with
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a composition of 11C55Cr4W (in at.%). It is worth to mention that the particles
can be dissolved after 1 min annealing at 1200 °C. However, lower
recrystallisation temperatures of 790 and 810 °C were selected to control the
grain growth.

6.4.2 CREEP RESULTS

The creep results for the F-SH and the S-SH alloys with different constant
stresses at a fixed temperature of 550 °C are presented in Figs. 6.4 and 6.5,
respectively. The final strain of both the F-SH and S-SH alloys are generally
higher than 50%, indicating a ductile nature. For the F-SH alloy, as shown in
Fig. 6.4(b), the strain rate shows a continuous increase when the applied stress
levels are relatively high (> 180 MPa), while for lower stress levels (< 180 MPa),
a more obvious steady-state creep takes place, where the strain rate remains
relatively constant. For the lowest stress level (130 MPa), the strain rate shows
a decrease before the tertiary creep takes place after strain exceeds 40%. For
the S-SH alloy, as shown in Fig. 6.5(b), the initial primary creep is followed by
a steady-state creep and tertiary creep. The steady-state strain rate fulfils the
Sherby-Dorn equation [33] & = Ad™o™exp (—Q/RT), where A is a structure-
dependent constant, d the grain size, m the grain size exponent, o the applied
stress, n the stress exponent, Q the activation energy, R the gas constant and T
the temperature (in K). In Figs. 6.4(c), 6.5(c), 6.4(d) and 6.5(d), the minimum
strain rate and the creep lifetime as a function of the applied stress are
presented, respectively. The corresponding stress exponent for the strain rate
n yields 7.8(6) and 9.4(6) for the F-SH and the S-SH alloys, respectively. The
stress exponent derived from the lifetime corresponds to 10.2(5) and 9.3(6)
for the F-SH and the S-SH alloys, respectively. The high values for the stress
exponents indicate substantial dislocation climb.
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Fig. 6.4: Creep results for the F-SH alloy with different constant loads at a fixed
temperature of 550 °C. (a) Creep curves; (b) derived strain rate versus strain; (c)
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temperature of 550 °C. (a) Creep curves; (b) derived strain rate versus strain; (c)
derived steady-state strain rate and (d) creep lifetime as a function of applied stress.
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6.4.3 MICROSTRUCTURE AFTER CREEP

A representative fracture surface of the creep-failed F-SH sample having been
exposed to an applied stress of 130 MPa at 550 °C for 2487 h is shown in Fig.
6.6(a). Consistent with the results from the creep curves, the fracture surface
demonstrates typical ductile characteristics with a significant reduction in
thickness and obvious dimples. The selected square in Fig. 6.6(a) is shown in
(b) with a higher magnification. The white spots scattered on the fracture
surface corresponds to W-rich precipitates. An overview of the microstructure
in both the stress-affected uniform deformation area and the stress-free area
is presented in Fig. 6.6(c) and Fig. 6.6(d), respectively. The grains in the stress-
affected region are substantially elongated along the loading direction after
creep, with an average aspect ratio of 2.4(2). The grains in the stress-free
region, on the contrary, do not show an obvious change before and after creep.
Assuming that the grains before creep are cubic with the volume of d3, while
the elongated grains after creep have the dimensions of a?c, with c/a the
aspect ratio. Assuming that the volume of the grain does not change during
creep, a final strain of 0.7 (i.e. ¢/d = 1.7 and a/d = (1.7)1/2 = 0.77) yields an
aspect ratio of ¢/a = 2.2. This indicates a uniform flow in the stress-affected
region, which can resulted from both dislocation creep and diffusion creep [34].

Fig. 6.6: Microstructure of the creep-failed F-SH sample after 2487 h with a constant
stress of 130 MPa at 550 °C. SEM images of (a) and (b) fracture surface, (c) stress-
affected uniform deformation region (loading direction indicated by the arrow) and (d)
stress-free region.
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The detailed microstructure of the creep-failed F-SH sample with a
lifetime of 2487 h is presented in Fig. 6.7. SEM images of the uniform
deformation region and the stress-free region are compared in (a) and (b),
respectively. It is clear that the grain boundaries are decorated by precipitates,
while in grain interior, nano-sized precipitates (white spots) and pores (black
spots, indicated by red arrows) are observed. The precipitates in the stress-
affected region (Fig. 6.7(a)) are generally aligned along the loading direction,
while the ones in the stress-free region (Fig. 6.7(b)) are randomly distributed,
showing no obvious pattern. The pores are generally round-shaped and are
found in the grain interior, instead of showing a preference to the grain
boundary. Since the pores can be observed in both the stress-affected and
stress-free regions, it is logical to assume that at least some of the pores already
exist in the as-quenched samples and are not formed during creep. Features at
subgrain boundaries can also be observed in the uniform deformation region.
The formation of subgrains, frequently observed in both metals [35] and
ceramics [36] during creep with a stress exponent close to 5, takes place
through the climb of dislocations during plastic deformation, and the size of the
subgrains is usually found to be inversely proportional to the applied stress.
Some large M3Ce particles (approximately 1 pm in size) are observed in Fig
6.7(a), as indicated by blue arrows. These particles are present in the matrix
and do not show an obvious change in size or morphology during creep.

The scanning TEM image with the EDX maps reveals the morphology
and the composition of precipitates in the uniform deformation region, both at
the grain boundary and in the matrix, as demonstrated in Fig. 6.7(c). The
average composition of the grain boundary and grain interior precipitates
corresponds to 18W20Cr7Si (in at.%), which is richer in Si compared to the
equilibrium composition calculated by Thermo-Calc (which gives
33W17Cr0.5Si). The composition of the precipitates is generally in line with
that of the Laves phase. It is worth to note that a nano-sized M33C¢ particle is
also detected with TEM, as shown in Fig. 6.7(d). Unlike the unwanted large
M323Cs particles with the size of about 1 um formed before creep, the nano-sized
M;3C¢ was designed to be present and to serve as the precipitation hardening
phase during long time creep.
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Fig. 6.7: SEM and TEM data for the F-SH sample after 2487 h creep with a constant
stress of 130 MPa at 550 °C. (a) SEM image of the uniform deformation region. The
black spots correspond to the pores, as indicated by the red arrows. The blue arrows
indicate insoluble M23C¢ inclusions. (b) SEM image of the stress-free region. The red
arrows indicate the pores. (c) Scanning mode (STEM) image and EDX composition for
both grain boundary (GB) and grain-interior precipitates. (d) HREM of a nano-sized
M23Ce precipitate in the matrix and the associated Fourier transform (FFT).
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Fig. 6.8: SEM data for the stress-affected region in a creep-failed S-SH sample after
1434 h creep with a constant stress of 100 MPa at 550 °C. (b) and (c) correspond to
higher magnifications. The white dashed circle in (a) indicates the existence of
subgrains. The red arrows and red circles in (b) and (c) indicate grain-boundary
cavities and grain-interior pores, respectively. The insoluble M23Ce¢ inclusions are
indicated by blue arrows.

The microstructure of the uniform deformation region for the creep-
failed S-SH sample with a constant load of 100 MPa at 550 °C (resulting in a
lifetime of 1434 h) is shown in Fig. 6.8. Similar to the results for the F-SH alloy,
elongated grains are also observed in the S-SH sample, with an aspect ratio of
2.5(1). The precipitates show an obvious preference for grain boundaries,
while no grain interior precipitates are observed in this sample. Compared to
the F-SH counterpart, more grain interior pores can be observed in the S-SH
sample, as indicated by the red circles in Fig. 6.8(b). As indicated by red arrows,
grain-boundary cavities are also frequently observed in addition to the grain
interior pores, and some of the cavities show an elongated shape (instead of
the round-shaped grain-interior pores in both the F-SH and S-SH alloys),
indicating a growth behaviour during creep. An example of an elongated grain
boundary cavity is given in Fig. 6.8(c). Round pores are also observed in the
stress-free regions (not shown here), but they do not indicate a preference to
the grain boundaries, and show no tendency of deformation. The fine
structures in the white dashed circle in Fig. 6.8(a) may indicate the existence
of subgrains, although the subgrains are not decorated by the precipitates, as
the ones in the F-SH sample. Insoluble M,3Cs particles are also observed in the
S-SH sample, as indicated by blue arrows in Fig. 6.7 (b).
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Table 6.6: Equivalent diameter (d), number density n, and area fraction f, of the
precipitates (Prec) and pores (Pore) in both the stress-affected and stress-free regions
in the F-SH and S-SH alloys. The equilibrium phase fraction of the Laves phase fvs
is also given. The numbers in brackets correspond to the error. The dash (-) indicates

that no precipitation is observed.

Sample ?ﬁ;; Llf((aﬁl)me Phase Region Eli)l urrlrf'z ];/(f)‘

Prec o-affected 0.080(1) 2.500 1.529

130 2487 o-free 0.074(3) 0912 0.460

Pore o-affected 0.056(1) 0.121 0.034

F-SH o-free 0.054(1) 0.142 0.036

(Fog"™ = 1.70 %) boe  O-affected 0.049(5) 0334 0068
150 465 o-free j

Pore o-affected 0.056(2) 0.112 0.033

o-free 0.073(2) 0.121 0.059

Prec o-affected 0.111(2) 0.215 0.259

100 1434 o-free 0.134(4) 0.158 0.282

Pore o-affected 0.086(1) 0.299 0.209

S-SH o-free 0.068(1) 0.140 0.054

(Feg"* = 0.59%) pro.  Oaffected 0.101(2) 0188 0175
120 308 o-free )

Pore o-affected 0.078(2) 0.105 0.060

o-free 0.062(2) 0.093 0.034

The equivalent diameter, number density and area fraction of the
precipitates (excluding the large M23C¢ inclusions) and pores (including the
grain boundary cavities and grain interior pores) in both the stress-affected (o-
affected) and stress-free (o-free) regions in the F-SH and S-SH alloys are
compared in Table 6.6. Several observations can be made from the table: (1)
the number density of precipitates in the stress-affected region is significantly
higher than that in the stress-free region, indicating an enhancement of
precipitation nucleation by the deformation. However, the deformation does
not show an obvious effect on the growth of precipitates. (2) The precipitates
need time to nucleate and grow to a detectable size. In the stress-free regions,
no precipitates are detected in the samples with relatively short creep times
(approximately 500 h for the F-SH alloy and 300 h for the S-SH alloy,
respectively). (3) For the F-SH alloy, the size and number density of the pores
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do not show an obvious difference for the stress-affected and stress-free
regions, indicating that most of the pores are imperfections already present in
the as-quenched sample, instead of generated during creep. In fact, the number
densities of the pores after different creep times (in both the stress-affected
and stress-free regions) are comparable, which indicates that most of the pores
already existed before creep and did not show an obvious change with time.
However, for the S-SH alloy, the number density of the pores in the stress-
affected region exceeds that in the stress-free region, indicating the nucleation
of new cavities during creep.

6.5 DISCUSSION

6.5.1 CREEP PROPERTIES

The alloys are designed to show decent creep properties combined with a self-
healing potential, where the creep resistance is provided by (1) the
precipitation strengthening effect from the M»3Cs precipitates that form during
creep and (2) the solid-solution strengthening effect of the dissolved elements
in the matrix. In Fig. 6.9, the lifetimes of the F-SH and S-SH alloys with different
constant loads at a temperature of 550 °C are compared with those of a
collection of commercial 9 - 12Cr creep steels alloys. The grain size of the
commercial alloys generally lies between 6.0 and 9.0, corresponding to a grain
size range of 53.4 - 13.3 um, which is comparable to the grain sizes of the F-SH
and S-SH alloys in the present study. The dashed lines correspond to the
conditions where self healing is not expected to happen (t < tini, Where tini is
the incubation time for the Laves phase as shown in Table 6.3), while the solid
lines correspond to the conditions where self healing is expected according to
the design (t > tinic). For the F-SH alloy, the dashed line and the solid line are
generated by piecewise fitting the experimental data with a relatively short
lifetime (tr < 100 h) and long lifetime (tr > 100 h), respectively. It can be seen
that the lifetimes of the F-SH and S-SH alloys are generally in the same regime
as the commercial alloys with no Nb or V, i.e. the commercial steels that are not
strengthened by MX precipitates. Compared to the S-SH alloy, the F-SH alloy
shows a better creep-resistance potential, and promising lifetimes can be
expected in the low stress (and therefore the long lifetime) regime. In fact, at
the designed time for precipitate nucleation, a transition of the stress exponent
can be observed, indicating a better creep resistance for long-time creep. While
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this transition is in line with the concept behind the design, more extensive
testing would be required to get statistical confirmation of this slope change.

As introduced in section 6.2, the two alloys were designed to have
comparable mechanical properties and a similar creep resistance by
controlling their precipitation hardening factor (PH factor) and solid-solution
strengthening factor (SSS factor). In practice, apart from the precipitation
hardening and solid-solution hardening, due to the substantial deformation
and the existence of sub-microstructures, both the F-SH and S-SH alloys are
also strengthened by dislocations and subgrains. The creep experiments
clearly demonstrate that the F-SH alloy shows longer lifetimes and a higher
resistance for nucleation and growth of cavities, and therefore shows better
overall creep resistant potential. One obvious reason is the precipitation
strengthening effect provided by the nano-sized Laves phase precipitates in
the matrix of the F-SH alloy after long-time creep (approximately when ¢t > tinit).
After 2487 hours of creep, Laves precipitates with an equivalent diameter of
80 nm and a number density of 2.5 um-2 are formed more or less uniformly in
the uniform deformation region of the F-SH alloy, yielding an average inter-
particle spacing of approximately 600 nm. This is consistent with a typical
Laves particle spacing in high-Cr alloys [37], and can provide approximately 70
MPa Orowan stress. According to the design, the nucleation of the Laves
precipitates in the matrix is expected after approximately 300 h. This
calculated time is comparable with the experimental results in Table 6.6: the
bulk precipitates were observed after approximately 500 h of creep. In the S-
SH alloy, however, the Laves phase precipitates are expected to form in the
matrix only after approximately 30000 h of creep. Therefore, the Laves
precipitates are mainly observed at the grain boundaries, and as a result, the
matrix is not strengthened by the Laves phase particles. It is worth to note that
the Laves phase is designed for the self-healing property, while M23Cs
precipitates are expected to serve as the precipitation hardening phase.
However, nano-sized M23C¢ precipitates were only sparsely detected with TEM,
instead of uniformly distributed. One possible reason for the absence of M23C¢
nano-particles is the existence of the large insoluble M3Cs inclusions, which
may have immobilised C and therefore no Mz3Cs can be formed during creep.
The M23C¢ inclusions are not uniformly distributed, but they generally show an
area fraction of 0.03 - 0.1%, which corresponds to 0.03 - 0.1 at.% of C given
the carbon concentration in M»3Cs inclusion (11 at.% as discussed in section

160



6.5 DISCUSSION

6.4.1). The total carbon concentration in the F-SH and S-SH alloys is
approximately 0.10 at.%, and therefore it is possible that the samples are
depleted in C, in which case the nucleation of nano-sized M23Ce precipitates is
strongly supressed during creep.

400 T r T T T

©  12Cr-2W-0.4Mo-1Cu-Nb-V
4] ¢ 9Cr-0.5Mo-1.8W-V-Nb (P92)
©  9Cr-1Mo-V-Nb (T91)
©  1Cr-1Mo-0.25V
< 1Cr-0.5Mo
v 2.25Cr-1Mo
9Cr-1Mo
12Cr
¢ F-SH
¢ S-SH

100 100 100 10°  10*  10°  10°

Lifetime (h)

Fig. 6.9: Lifetimes of the F-SH and S-SH alloys with different constant loads at a
temperature of 550 °C compared to a collection of commercial alloys. The data for
commercial alloys are from [38-45]. The dashed lines and solid lines correspond to the
situations where t < tinit and ¢ > tinit, respectively.

The solid-solution strengthening effect for the two alloys during creep
is difficult to quantify. The two alloys are designed to have similar SSS factors,
however, the SSS factors are calculated based on the solid strengthening
elements in the matrix at equilibrium. During creep, however, the samples start
with an as-quenched state, and therefore all the alloying elements dissolved in
the matrix during recrystallisation serve as solid-solutioning elements before
the equilibrium is reached. For the F-SH alloy, the area fraction of Laves phase
in the deformed region approaches to the equilibrium level after 2487 h of
creep at 550 oC, while for the S-SH alloy, the area fraction of Laves phase in the
stress-affected region is still much lower than equilibrium phase fraction after
1434 h of creep at 550 °C.

6.5.2 SELF-HEALING POTENTIAL

The self healing of creep-induced cavities is designed to take place by selective
precipitation of the Fe;W Laves phase at the free surface of the cavities. In the
present study, Laves phase precipitates have been observed in both the F-SH
and S-SH creep-failed samples. However, the nucleation sites of the
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precipitates (or self-healing selectivity) differ from the designed ones. One
reason is the absence of grain-boundary cavities, which may result from a
different creep mechanism compared to the binary and ternary model alloys.
In the model alloys [16, 19, 21-23], most of the cavities were found to nucleate
at the grain boundaries, especially the grain boundaries oriented
perpendicular to the load direction. These cavities provide preferred
nucleation sites for the healing precipitates. In the present study on the F-SH
and S-SH alloys, the high stress exponents indicates that the deformation is
controlled by dislocation climbing, instead of vacancy diffusion. As a result,
almost no cavities are observed at the grain boundaries, except for a few cases
in the S-SH alloy after 1434 h of creep. As a result, the interaction between the
cavities and precipitates is also limited.

Another reason for the weak site selectivity for the Laves phase
precipitation is that the limited strain energy failed to restrain the nucleation
of precipitates in the matrix. In the F-SH alloy, a large amount of precipitates
were formed in the stress-affected region after approximately 500 h creep,
both at the grain boundaries and the grain interior. The grain-interior
precipitation shows clear patterns aligned along the loading direction,
indicating that the sub-microstructures formed during creep, such as
subgrains and dislocations, provide preferred nucleation sites for precipitation.
In the stress-free regions, the precipitates takes longer time to nucleate, and
were observed more or less uniformly distributed after 2487 h. The existence
of precipitates in the stress-free region indicates that the chemical driving
force for the Laves phase is too high, so that the strain energy is not enough to
prevent nucleation in the bulk. In the S-SH alloy, which has a lower chemical
driving force, the precipitates are generally located at the grain boundaries,
while nucleation in the grain interior is suppressed by the strain energy as
intended in the design model.

The strain energy resulting from the mismatch between the
precipitation and the matrix can be described as [46]

2
vy EpEm

AG. =
Gs 3[2(1 = 2v,)Em + (1 + vp)E, |

(6.5)

where E, and E;, are the Young's moduli of the precipitation and the matrix,

vp and v, the Poisson’s ratios of the precipitation and matrix, &y = v, /vy, — 1
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the volume misfit between the precipitation and the matrix. v, and v, are the
molar volumes of the precipitation and matrix phase, respectively. Taking E,,
= 205 GPa, v, = 0.29 [47], E, = 337 GPa, v, = 0.29 [48], the molar strain
energies for the formation of the Laves phase in the bcc matrix under
equilibrium conditions at 550 °C correspond to 2461 ]J/mol and 2690 J/mol for
the S-SH and F-SH alloys, respectively. The molar volumes of the precipitation
and matrix phases are calculated by Thermo-Calc. With the compositions listed
in Table 6.4. The chemical driving forces of the S-SH and F-SH alloys slightly
deviate from the designed values in Table 6.3, yielding 2208 J/mol and 4362
]J/mol, respectively. It is clear that the chemical driving force for nucleation of
the Laves phase in the F-SH alloy is much higher than the corresponding strain
energy. Therefore, a large amount of precipitates was observed even in the
stress-free region.

6.5.3 SUGGESTIONS FOR THE DESIGN OF THE NEXT GENERATION OF SELF-HEALING
CREEP-RESISTANT ALLOYS

The present study is based on the computational design of the first generation
of multi-component creep-resistant steels that include self-healing capacities.
From the creep results and the corresponding microstructure of the creep-
failed samples, several comments and suggestions can be summarised that can
be used as input for the design of a next generation of self-healing creep-
resistant alloys.

(1) In the design, the nucleation kinetics of the healing Laves phase is
innovatively linked to its chemical driving force. As discussed in section 6.5.2,
the chemical driving force of Laves phase in the F-SH alloy is 4362 ] /mol, which
corresponds to an experimental nucleation time of approximately 900 h. This
time is consistent with the time when the Laves phase was observed in the
stress-free region at 550 °C (approximately 500 h). For the S-SH alloy, the
relatively low chemical driving force indicates a very long nucleation time of
30000 h, and such time is not reached in the present study. However, in the S-
SH alloy with the longest creep time (approximately 1500 h), no bulk
precipitation was observed in the stress-free region. The empirical
relationship between the chemical driving force and the bulk nucleation time
therefore provides a reasonable estimate for the nucleation kinetics. The
selectivity of the healing precipitation, however, is not fulfilled by the current
design. In order to assure that the healing takes place exclusively at the creep
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cavity sites, an extra criteria needs to be added, i.e. the strain energy resulting
from the misfit between the precipitation and the matrix should exceed the
corresponding chemical driving force. Otherwise the healing phase may
nucleate in the bulk and be depleted before the damage healing is needed, as is
the situation for the F-SH alloy. Given the fact that the grain boundaries of both
the F-SH and S-SH alloys are decorated by Laves precipitation, it may also be
worth to consider the addition of alloying elements that can suspend the
nucleation of the Laves phase at grain boundaries.

(2) Formation of grain-boundary cavities is crucial for selective self
healing to take place. Therefore, the design suits better for the situation where
the creep is controlled by vacancy diffusion, rather than dislocation climb. The
initial design is indeed aimed for lower stress levels and longer time scales
(where diffusion creep is likely to take place). However, in order to finish the
experiments within a shorter and more practical time scale, a combination of a
higher creep temperature and lower stress levels, where the creep is likely to
be controlled by diffusion, is more suitable to verify the effectiveness of the
design.

(3) As discussed in section 6.5.1, the M23Ce precipitates did not nucleate
as nano-sized strengthening precipitates as designed, but were already present
in the form of micro-sized inclusions even before creep experiments. This can
be modified by optimising the casting, homogenisation, hot rolling and
recrystallisation parameters, such that a fine grain size and a homogenised
matrix with no M23C¢ inclusions are both fulfilled. As described in section 6.3,
the casted sample ingots were first hot-rolled to a thickness of 5 mm with a
finishing temperature of approximately 850 °C before they were quenched in
water. From the homogenisation temperature of 1200 °C to the finishing
temperature (which is difficult to control in practice), some M3Cs particles
may have formed (see Fig. 6.1 for the temperature range of M;3C¢) and
remained thereafter. The designed recrystallisation temperature, 1200 °C is
able to re-dissolve the Mj3C¢ particles. However, different recrystallisation
temperatures were chosen to restrain the grain growth. A possible solution
could be multiple paths of cold rolling with a recrystallisation at 1200 °C in
between. The high temperature recrystallisation aims to homogenise the
microstructure and dissolve the M»3Cs (and Laves phase) into the matrix, while
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the grain size can be controlled by the high dislocation density generated
during multiple paths of cold rolling.

6.6 CONCLUSIONS

In this work, a series of creep experiments with different applied stresses but
at a fixed high temperature (550 °C) are described and analysed for two
custom-designed self-healing creep-resistant 12Cr alloys. The alloys, which
were computationally designed to combine a decent creep resistance with self-
healing potential but for different intended lifetimes, serve as the first step
from the self-healing binary and ternary model alloys towards multi-
component industrial steels. Compared to the present commercial creep-
resistant steels, the newly designed steels, especially the F-SH alloy (i.e. the one
designed with a fast self-healing kinetics starting after only 300 hours) shows
a good creep resistance and lifetimes comparable to those of existing creep
steels, due to a combination of precipitation strengthening, solid-solution
strengthening and subgrain strengthening effects. Regarding the self healing
aspect, the F-SH steel shows an increase in lifetime beyond the onset time for
Laves phase (i.e. the healing agent) precipitation. The S-SH steel, designed not
to show any self-healing reaction unless exposed to creep conditions for 30000
hours, indeed shows no self-healing behaviour during the maximal testing time
in this research (1500 hours). Based on all observations we conclude that the
cavity formation is not properly quantified by the design rules due to the
absence of kinetic information on grain-boundary cavities formed during creep,
which would result from a dislocation climb dominated creep mechanism. For
future alloy design calculations, the formation time of the healing phase in the
bulk can be estimated following the same principle in the current design,
i.e.based on the chemical driving force of this phase. In order to achieve site
selective self healing, the balance between the chemical driving force and the
strain energy between the precipitate and the matrix should be taken into
consideration. This will require setting a new value for the critical energy for
Laves phase formation.
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SUMMARY

When high-temperature steels are loaded under under industrially relevant
conditions not only creep (i.e. a time dependent strain increase even under
nominally constantloading conditions) occurs, but also local damage is formed.
At relatively short exposure times quasi-spherical micron-sized cavities form
preferentially at the grain boundaries oriented perpendicular to the principal
loading direction. These cavities subsequently grow and coalesce into micro
and macro cracks, which ultimately lead to failure of the structure. The concept
of self healing, in which such damage is healed in-situ and under the applied
loading conditions rather than is being prevented by a special microstructure,
provides a new principle to extend the creep lifetime. Well-selected
supersaturated solute atoms can selectively segregate at the free internal
surface of the grain boundary cavities and fill them, thereby preventing the
coalescence of cavities. This reduction in coalescence rate leads to an extended
lifetime. The potential of the concept has been demonstrated in previous
studies for binary Fe-based model alloys in which only one healing reaction can
take place. The current work aims to take the validation one step further and
to demonstrate it for a Fe-3Au-4W (in weight percent) model system in which
two healing reactions can take place simultaneously, but without any intention
to achieve decent mechanical properties. This work also aims to apply the self-
healing concept for two multi-component steels designed to have both decent
mechanical properties and to demonstrate self-healing behaviour when
exposed to the right conditions.

In Chapter 1, the routes towards self healing in metals exposed to high
temperatures and suffering from creep damage is explained and the specific
goals for the work as described in this thesis are presented.

In Chapter 2, autonomous healing of creep-induced grain boundary
cavities by Au-rich and W-rich precipitates is studied in a Fe-3Au-4W (wt.%)
alloy at a fixed temperature of 823 K (550 °C) with different applied stresses.
The ternary alloy, with two supersaturated healing solutes, serves as a model
system to study the interplay between two separate healing agents. The creep
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properties are evaluated and compared with those of the previously studied
Fe-Au and Fe-W binary systems. The microstructures of the creep-failed
samples are studied by electron microscopy to investigate the cavity filling
behaviour and the mass transfer of supersaturated solute to the defect sites.
Compared to the Fe-Au and Fe-W alloys, the new Fe-Au-W alloy has the lowest
steady strain rate and the longest lifetime. The site-selective filling of the creep-
induced cavities is attributed to two different categories of precipitates:
micron-sized Au-rich precipitates and nano-sized W-rich precipitates. The
Au-rich precipitates are found to be capable to fully fill, i.e. heal the cavities,
while the W-rich precipitates only lead to a limited degree of pore filling, i.e.
healing. The two types of precipitates show an apparent reluctance of
coexistence when the lifetime is shorter than 100 h.

In Chapter 3, the precipitation of supersaturated solutes at free
external sample surfaces in ternary Fe-3Au-4W and binary Fe-3Au and Fe-4W
alloys (composition in weight percentage) for different ageing times is
investigated at a temperature of 700 °C. The time evolution of the surface
precipitation is compared among the three alloys to investigate the interplay
between the Au and W solutes in the ternary system. The kinetics of the
precipitation on the external free surface for the ternary Fe-Au-W alloy is
compared to the previously studied precipitation on the internal surfaces of
the grain-boundary cavities during creep loading of the same alloy. The Au-rich
grain-interior surface precipitates show a similar size and kinetics in the Fe-
Au-W and Fe-Au alloys, while the W-rich grain-interior surface precipitates
show a smaller size and a higher number density in the Fe-Au-W alloy
compared to the Fe-W alloy. While the stress-free precipitation kinetics on the
free surface indicated an overall slower diffusivity than during precipitation
on internal surfaces during creep conditions, the surface precipitation
experiments can qualitatively predict the healing of the creep-induced grain
boundary cavities in terms of the interplay between multiple solutes in the
matrix, precipitate nucleation rates and the precipitate size distributions.

In Chapter 4, constant stress creep experiments at 550 °C are
described and analysed for a high-purity Fe-3Au-4W (wt.%) ternary alloy with
about 1 at.% supersaturation for Au and W at the loading temperature in order
to study self healing of grain-boundary cavities by both Au-rich and W-rich
precipitates. Using synchrotron X-ray nano-tomography, the development of
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the creep cavities and the healing precipitates at different stages of creep is
visualised using two spatial resolutions (30 and 100 nm voxel size). The
healing kinetics is found to strongly depend on the nucleation time of the
cavities. Cavities nucleated at an early stage of creep could be fully healed,
while the healing of the late-nucleated cavities is much slower due to a
decrease in the diffusional flux of the healing supersaturated solutes over time,
as aresult of (i) a decrease inter-cavity spacing caused by cavity nucleation and
(ii) a gradual depletion of the supersaturated solutes near the grain boundaries.
The interaction between the competing healing mechanisms for creep cavities
by Au-rich and W-rich precipitates is discussed. It is found that Au-rich
precipitates are formed much faster than the W-rich precipitates, and thereby
effectively provide creep damage healing on different time scales.

In Chapter 5, a set of numerical and analytical models is presented to
predict the growth and filling of grain boundary creep cavities in self-healing
binary alloys as a function of time, stress, level of supersaturation and inter-
cavity spacing and diffusion ratio’s. The cavity grows due to the diffusional flux
of vacancies towards the cavity, which is driven by the stress gradient along
the grain boundary. Upon deposition of healing solute atoms on the cavity wall,
effectively vacancies are removed from the cavity due to the inverse Kirkendall
effect. The competition between the inward and outward vacancy fluxes
results in the growth or shrinkage of the open volume of the creep cavity. It is
found that the filling ratio shows a maximum value at a critical time t., which
corresponds to the time when the inward vacancy flux exceeds the outward
vacancy flux (integrated over the surface area). Two conditions can be
distinguished: one where the cavity becomes fully filled before this critical time
is reached (and the process stops) and one where the only partial filling will
take place and the growth of the cavity will continue. For each combination of
parameters, the critical applied stress o, below which the cavity can be fully
filled, is calculated. The analytical model shows that for conditions leading to
quasi 1D solute transport, the critical stress approximately scales as o, x
(A/a)“(Dfn/ng)(Ax)z, where 1/a is the relative inter-cavity spacing, Dy, /Dgp
the ratio of the solute diffusivity in the matrix and the vacancy diffusion in the
grain boundary and Ax the supersaturation of the solute.

In Chapter 6, a series of creep experiments with different applied
stresses but at a fixed high temperature (550 °C) are described and analysed
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for two custom-designed self-healing creep-resistant 12Cr alloys. The alloys,
which were computationally designed to combine a decent creep resistance
with self-healing potential but for different intended lifetimes, serve as the first
step from the self-healing binary and ternary model alloys towards multi-
component industrial steels. Compared to the present commercial creep-
resistant steels, the newly designed steels, especially the F-SH alloy (i.e. the one
designed with a fast self-healing kinetics starting after only 300 hours) shows
a good creep resistance and lifetimes comparable to those of existing creep
steels, due to a combination of precipitation strengthening, solid-solution
strengthening and subgrain strengthening effects. Regarding the self healing
aspect, the F-SH steel shows an increase in lifetime beyond the onset time for
Laves phase (i.e. the healing agent) precipitation. The S-SH steel, designed not
to show any self-healing reaction unless exposed to creep conditions for 30000
hours, indeed shows no self-healing behaviour during the maximal testing time
in this research (1500 hours). Based on all observations we conclude that the
cavity formation is not properly quantified by the design rules due to the
absence of kinetic information on grain-boundary cavities formed during creep,
which would result from a dislocation climb dominated creep mechanism. For
future alloy design calculations, the formation time of the healing phase in the
bulk can be estimated following the same principle in the current design, i.e.
based on the chemical driving force of this phase. In order to achieve site
selective self healing, the balance between the chemical driving force and the
strain energy between the precipitate and the matrix should be taken into
consideration. This will require setting a new value for the critical energy for
Laves phase formation on free internal surfaces.
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Wanneer hoge-temperatuur stalen mechanisch belast worden onder
industrieel relevante condities dan treedt niet alleen kruip (een tijd
afhankelijke toename in de lengteverandering die zelfs optreedt bij een
constante aangelegde belasting) op, maar wordt er ook lokale schade gevormd.
Bij relatief korte meettijden worden er micrometer grote holtes gevormd die
zich bij voorkeur bevinden op de korrelgrenzen die loodrecht georiénteerd zijn
ten opzichte van de voornaamste spanningsrichting. Deze holtes gaan
vervolgens groeien en samensmelten tot micro- en macro-scheuren, die
uiteindelijk toe leidt dat de structuur het begeeft. Het concept van zelf-
herstellen, waarin deze schade in-situ wordt hersteld onder de
belastingscondities, in plaats van het voorkomen van schade middels een
speciale microstructuur, geeft een nieuwe methode om de levensduur tijdens
kruip te verlengen. Goed geselecteerde atomen die in oplossing zijn kunnen
selectief uitscheiden op de vrije interne oppervlakken van de holtes die zich op
de korrelgrenzen bevinden, deze holtes vullen en daarmee het samensmelten
van holtes voorkomen. De afname in het tempo waarin de holtes samensmelten
leidt tot een velenging van de levensduur. De potentie van dit concept is
aangetoond in voorgaande studies voor binaire op Fe gebaseerde
modellegeringen, waarin slecht één herstel reactie plaats kan vinden. Het
huidige onderzoek heeft als doel om het demonstreren van de methode één
stap verder te brengen door de effectiviteit aan te tonen voor een ternaire Fe-
3Au-4W (in gewichtsprocent) modelsysteem, waarin twee herstel-reacties
tegelijkertijd plaats kunnen vinden maar zonder de intentie om voor
toepassingen bruikbare mechanische eigenschappen te bereiken. Dit
onderzoek is er ook op gericht om het concept van zelf-herstellen toe te passen
in twee multi-component stalen die beiden ontworpen zijn om voor
toepassingen redelijke mechanische eigenschappen te geven en om
tegelijkertijd zelf-herstellend gedrag te vertonen wanneer ze aan geschikte
condities worden blootgesteld.
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In Hoofdstuk 1, de routes naar zelf-herstellend gedrag in metalen die
blootgesteld zijn aan hoge temperatuur en lijden aan kruipschade zijn
toegelicht en de specifieke doelen voor het onderzoek dat beschreven is in dit
proefschrift zijn gepresenteerd.

In Hoofdstuk 2, het autonome herstel van kruipholtes op
korrelgrenzen door Au-rijke en W-rijke precipitaten is onderzocht in een Fe-
3Au-4W (gewicht %) legering op een temperatuur 823 K (550 °C) en bij
verschillende aan gelegde spanningen. De ternaire legering, met twee
herstellende opgeloste elementen in oververzadiging, dient als model systeem
om de wisselwerking tussen twee verschillende herstellende middelen te
onderzoeken. De kruipeigenschappen zijn geévalueerd en vergeleken met die
van de eerder onderzochte binaire Fe-Au en Fe-W systemen. De
microstructuren van de door kruip gebroken samples zijn bestudeerd met
elektronenmicroscopie om het vulgedrag van de kruipholtes en het
massatransport van de oververzadigde oplossing naar de schadelocaties te
onderzoeken. In vergelijking met de Fe-Au en Fe-W legeringen, de nieuwe Fe-
Au-W legering vertoont het laagste tempo van lengteverandering en de langste
levensduur. De ruimtelijke voorkeur voor precipitatie ter plaatse van de kruip-
geinduceerde holtes is toegeschreven aan twee verschillende soorten
precipitaten: microscopische Au-rijke precipitaten en nanoschaal W-rijke
precipitaten. Het is gevonden dat de Au-rijke precipitaten in staat zijn de holtes
volledig te vullen, en daarmee de kruipholtes te herstellen, terwijl de W-rijke
precipitaten slechts tot een geringe mate van vulling (herstel) van de
kruipholtes leidt. De twee soorten precipitaten lijken elkaar te vermijden
wanneer de levensduur korter dan 100 h is.

In Hoofdstuk 3, is de precipitatie van oververzadigde oploste
elementen aan vrije externe oppervlakken onderzocht in ternaire Fe-3Au-4W
en binaire Fe-3Au and Fe-4W legeringen (samenstelling in gewicht procent)
voor verschillinde tijden op een temperatuur van 700 °C. De tijdevolutie van
de oppervlakteprecipitatie van de drie legeringen is met elkaar vergeleken om
de wisselwerking tussen het opgeloste Au en W in het ternaire systeem te
onderzoeken. De kinetiek van de precipitatie op het externe oppervlak voor de
ternaire Fe-Au-W legering is vergeleken met de eerder onderzochte
precipitatie op de interne oppervlakken van de kruipholtes aan de
korrelgrenzen gedurende kruip in dezelfde legering.
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De Au-rijke oppervlakte-precipitaten in het midden van de korrels vertonen
een vergelijkbare afmeting en kinetiek in de Fe-Au-W en Fe-Au legeringen,
terwijl de W-rijke oppervlakte-precipitaten in het midden van de korrel een
kleinere afmeting en een hogere deeltjesdichtheid voor de Fe-Au-W legering
vertonen dan voor de Fe-W legering. De spanningsvrije precipitatie-kinetiek
aan het oppervlak vertoont een langzamere diffusie dan gedurende
precipitatie aan interne oppervlakken tijdens kruip-condities. De
experimenten naar oppervlakte-precipitatie kunnen een Kkwalitatieve
voorspelling geven van het herstel van de kruip-geinduceerde holtes aan de
korrelgrenzen in termen van de wisselwerking tussen de verschillende
oplossingselementen in de matrix, de precipitatie-kiemsnelheid en de grootte-
distributie van de precipitaten.

In Hoofdstuk 4, worden kruip experiment beschreven die bij constante
spanning en een temperatuur van 550 °C zijn uitgevoerd en geanalyseerd voor
een ternaire Fe-3Au-4W (gewicht %) met hoge zuiverheid met ongeveer 1
atoom % oververzadiging voor Au en W bij de temperatuur waarbij de
spanning is aangelegd om het zelf-herstellend gedrag van kruipholtes aan
korrelgrenzen door Au-rijke en W-rijke precipitaten te bestuderen. Door
gebruik te maken van synchrotron RoOntgen nano-tomografie, is de
ontwikkeling van de kruipholtes en de herstellende precipitaten
gevisualiseerd bij verschillende kruipstadia met behulp van twee resoluties
(met een voxel grootte van 30 en 100 nm). De herstel-kinetiek bleek sterk af te
hangen van de tijd waarop de holtes gekiemd waren. Holtes die waren gekiemd
in een vroeg stadium van de kruip konden volledig worden hersteld, terwijl het
herstel van de laat-gekiemde holtes aanzienlijk langzamer is door een afname
van de diffusieflux van de herstellende oververzadigde oplossingselementen in
de tijd, als een gevolg van (i) een afname van de afstand tussen de holtes door
het kiemen van nieuwe holtes en (ii) een geleidelijke afname van de
oververzadiging van de oplossingselementen in de buurt van de korrelgrenzen.
De interactie tussen de concurrerende herstel-mechanismen voor kruipholtes
door Au-rijke en W-rijke precipitaten is bediscussieerd. Er is gevonden dat de
Au-rijke precipitaten veel sneller worden gevormd dan de W-rijke precipitaten,
waardoor beiden effectief een herstel van de kruipschade bewerkstelligen op
verschillende tijdschalen.
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In Hoofdstuk 5, een set van numerieke en analytische modellen is
gepresenteerd om de groei en het vullen van kruipholtes op korrelgrenzen in
zelf-herstellende binaire legeringen te voorspellen als functie van tijd,
spanning, de mate van oververzadiging, de afstand tussen naburige holtes en
de verhouding tussen de diffusie-constanten. De holte groeit vanwege de
diffusieflux van vacatures gericht naar de kruipholte, welke wordt gedreven
door de gradiént in de spanning langs de korrelgrens. Bij het afzetten van
herstellende atomen van de oplossingselementen op de wand van de
kruipholte worden effectief vacatures verwijderd uit de holte als gevolg van
het inverse Kirkendall effect. De competitie tussen de naar binnen gerichte en
de naar buiten gerichte vacature-fluxen resulteert in een groei of krimp van het
open volume van de kruipholte. Er is gevonden dat de vulfractie een maximale
waarde vertoont voor een kritische tijd t., welke correspondeert met de tijd
waarop de naar binnen gerichte vacature-flux de naar buiten gerichte
vacature-flux overstijgt (geintegreerd over het oppervlak). Er kunnen twee
gevallen worden onderscheiden: één waarin de holte volledig wordt gevuld
voordat de kritische tijd wordt bereikt (en het vulproces stopt) en één waarin
alleen de holte slechts gedeeltelijk kan worden gevuld en de groei van de holte
uiteindelijk weer toeneemt. Voor elke combinatie van parameters is de
Kkritische aangelegde spanning o, waar beneden de holte volledig kan worden
gevuld, berekend. Het analytische model toont aan dat voor de situatie waarin
een quasi 1D transport van oplossingselementen plaats vindt de kritische
spanning ongeveer schaalt als o, « (A/a)“(D,Sn/ng)(Ax)2 waarin A/a de
ratio is van de afstand tussen de holtes en de afmeting van de holte, Dy, /Dy, is
de ratio van de diffusieconstante van het oplossingselement in de matrix en de
diffusieconstante van de vacatures in de Kkorrelgrenzen en Ax de
oververzadiging van het oplossingselement.

In Hoofdstuk 6, een reeks Kkruipexperimenten met verschillende
spanningen maar bij een vaste hoge tempratuur (550 °C) zijn beschreven en
geanalyseerd voor twee speciaal ontworpen zelf-herstellende 12Cr
kruipstalen. De legeringen, welke waren ontworpen om een redelijke
resistentie tegen Kruip te combineren met een zelf-herstellende potentie
dienen als een eerste stap van de zelf-herstellende binaire en ternaire
modellegeringen naar multi-component industriéle staalsoorten. Vergeleken
met de huidige commerciéle kruip-stalen de nieuw ontworpen stalen, in
bijzonder de F-SH legering (degene die ontworpen is met een snelle zelf-
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herstellende kinetiek die start na slechts 300 uur), vertonen een goede kruip-
resistentie en een levensduur die vergelijkbaar is met bestaande kruipstalen
door een combinatie van versteviging door precpitaten, door oplossings-
elementen en door sub-korrels. Met betrekking tot de zelf-herstellende
aspecten, de F-SH staal vertoont een toename in levensduur na de starttijd voor
de precipitatie van de Laves fase (het herstel-middel). De S-SH legering, welke
was ontworpen om geen zelf-herstellende reactie te vertonen tenzij
blootgesteld aan kruip-condities voor tenminste 30000 uur, vertoont
inderdaad geen zelf-herstellend gedrag gedurende de maximale testtijd van dit
onderzoek (1500 uur). Gebaseerd op alle observaties concluderen we dat de
vorming van holtes niet nauwkeurig gekwantificeerd is in de ontwerpregels
door het ontbreken van kinetische informatie over holtes die vormen
gedurende kruip op korrelgrenzen, welke zouden leiden tot een dislocation
climb gedomineerd kruip-mechanisme. Voor toekomstige berekeningen voor
het ontwerpen van legeringen de karakteristieke tijd voor het vormen van de
herstel-fase in de matrix kan worden afgeschat middels dezelfde principes van
het huidige ontwerp, dus gebaseerd op de chemische drijvende kracht van deze
fase. Om zelf-herstellend gedrag te plaatse van de kruipschade te
bewerkstelligen moet de balans tussen de chemische drijvende kracht en de
vervormingsenergie tussen het precipitaat en de matrix in beschouwing
worden genomen. Dit vereist het opstellen van een nieuwe waarde voor de
kritische energie voor de formatie van de Laves fase op vrije interne
oppervlakken.
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