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GRAPHICAL ABSTRACT
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HIGHLIGHTS
» A model linking binary diffusion with stresses is presented for Fe-Au system.
+ Vacancies have maximum concentration at regions with high tensile pressure.
+ Au gets depleted from less tensile regions towards more tensile ones.
« Interaction of stresses, Va and Au on void growth and self-healing is presented.
ARTICLE INFO ABSTRACT
Keywords: In recent years, a new class of super saturated binary and ternary alloys have demonstrated the ability for
Creep-voids the self-healing of creep-induced voids formed at the grain boundaries. However, a clear understanding of
Self-healing

the parameters affecting the self-healing mechanism is still not yet complete. One of the main challenges is
Crystal plasticity understanding the effect of microstructure and micromechanical stresses on the redistribution of the healing-
Cross diffusion solute and vacancies. To this end, we address this issue using a CALPHAD-informed diffusion model coupled
Vacancies with crystal plasticity. In principle, the approach is general and can be used for any binary Fe-X alloy, but
in this work Fe-Au binary system is used since it experimentally showed the best healing efficiency. First, we
present a multicomponent diffusion model considering cross and stress-driven diffusion. The effect of stress was
also considered on the equilibrium vacancy concentration. To investigate the effect of the micromechanical
stresses, a representative volume element (RVE) was obtained using the phase-field method. The results showed
that the maximum vacancy concentration is at the grain boundaries (GBs) with the highest hydrostatic tensile
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stresses. These were also the regions of the highest Au enrichment. A crucial factor to achieve this is the high
diffusivity of Au compared to the Fe matrix. Increasing the stresses, lead to an increase both in vacancy and
Au concentration. The accompanying increased stress triaxiality is suggested to be the reason for the reduced
self-healing efficiency observed in previous experimental studies.

1. Introduction

Creep is one of the primary damage mechanisms that affect metals
subjected to prolonged loading at high temperatures (T > 0.4T,,;,) [1].
One of the underlying mechanisms of creep-damage is void growth and
coalescing [2,3] at grain boundaries (GBs), especially those perpen-
dicular to the tensile loading direction [4,5], leading to micro-crack
formation and rupture [6]. The most common strategies to enhance
creep resistance include solid solution strengthening [7], precipitation
hardening [8] and microstructure optimization [9,10]. However, these
strategies become ineffective once irreversible void formation takes
place, and thus, consequent growth, coalescence and rupture become
inevitable.

A novel and promising methodology to mitigate this mechanism is
autonomous self-healing in supersaturated alloys [11], i.e. the filling
of crack-initiating sites without an external input. Indeed, self-healing
has been reported for different types of materials including polymers,
metals and ceramics [12-16]. In metallic alloys, the mechanism of
self-healing is mostly based on solid-state diffusion, where the healing
agent (solute atoms) diffuses and preferentially precipitate at open-
volume defects [17]. The creep-damage self-healing has been shown to
work for several model Fe-based binary alloys including Fe-Cu [18],
Fe—Au [18,19], Fe-Mo [20], Fe-W [21] as well as ternary Fe-3Au-
4 W [22,23]. The underlying mechanism is that a super-saturated
solute will preferentially nucleate at open-volume defects like voids
and subsequently fill them by precipitation growth. The filling of the
pores does not only remove the voids and the accompanying stress
concentration, but also reverses the vacancy flux away from to damage
site [24]. Van Dijk and Van der Zwaag [17] summarized the essential
factors for a successful self-healing solute: (i) the solute should be in a
supersaturated state to develop a large driving force for precipitation,
(ii) The precipitation should be preferential at the voids, thus, solute
atomic radius should be larger than the solvent such that nucleation is
suppressed in the matrix and be allowed only in open-volume defects
like voids, (iii) the solute atom should have larger diffusivity than the
self diffusion of the solvent.

Among the aforementioned solutes in Fe based alloys, Au shows the
most effective site-selectivity, and thus, self-healing. This is attributed
to the large atomic radius of Au compared to Fe, which impedes Au
nucleation in Fe defect-free matrix due to large strain—energy. Further-
more, migrating Au atoms will not be trapped by other solute atoms
forming immobile internal precipitates. And finally, the diffusion of Au
is confirmed to be faster than the self diffusion of Fe [25,26].

Several efforts have been made to elucidate the factors affecting the
self-healing efficiency. This included microstructure, competition be-
tween void growth and healing, effect of external loading and void and
precipitate morphology [18,19,27-29]. In order to provide a theoretical
framework for the competition of void growth and self-healing, several
studies based on Fickian diffusion [24,30,31] in a simplified model of a
bicrystal with a void located at the center of the grain boundary were
presented. Despite the useful information provided by these models,
they were based on a single component diffusion and did not provide
the effect of cross diffusion between the solute and the solvent [32].
Furthermore, the effect of stresses [33-35] was not considered, and
thus, the subsequent effect of complex microstructures and the resulting
micromechanical heterogeneities [36] on stress-driven diffusion.

In this work, we investigate the effect of stresses and cross diffusion
in Fe-Au system, since it has shown the most efficient self-healing
ability as it best meets the physical criteria for self-healing. First, we

summarize the multicomponent diffusion system of equations, while
accounting for the effect of stresses. This allows for investigating the
effect of diffusivity of Au on the cross diffusion, i.e. how Au flux is
affected by Fe concentration gradient and vice versa. The diffusion
coefficients were calculated using CALPHAD based thermodynamic
database, paving the way for investigating technologically relevant
binary and multicomponent alloys. To investigate the role of microme-
chanical stresses, we used a representative volume element (RVE)
generated by the phase-field method. This also allowed for evaluating
the effect of stresses on equilibrium thermal vacancy concentration.
It should be pointed here that we only considered one-way coupling
of stress and diffusion, i.e. how stress affects the diffusion flux. The
two-way coupling will be investigated in future studies. Addition-
ally, damage, i.e. void nucleation and growth, as well as healing,
i.e. precipitation of Au in open volume voids is not evaluated in this
work. Therefore, we only investigate the conditions prior to potential
formation of damage and subsequent healing.

In Section 2, we present a derivation of the multicomponent diffu-
sion equations, the effect of stresses-driven diffusion and the evaluation
of the CALPHAD-informed diffusion coefficients. In Section 3, the
phase-field based RVE is discussed, the crystal plasticity model is briefly
presented as well as the diffusion model parameters. We used two RVEs
in this study, a simple honeycomb RVE to investigate the role of relative
diffusivity of Au and Fe on the cross diffusion in Section 4.1. Then we
use a more realistic RVE to evaluate the effect of far-field stress on the
accumulation of Au, and thus, its potential for self-healing.

2. Computational methodology
2.1. Binary diffusion model

We start from the generalized flux J; in a multi-component system
with number of components N [34]

N
Ji==Y LV, M
j=1

where L;; is the phenomenological mobility coefficients and @; is the
diffusion potential. In this work N = 3 (Fe, Au and Va). The effect of
mechanical stresses on the diffusion of component i is represented by

the hydrostatic stress P = %‘” in the diffusion potential as

@, = y; + AV, P )

where y; is the chemical potential of component i and A4V, is the
dilation due to the diffusion of component i. Substituting Eq. (2) in
Eq. (1) and making use of L;=0 for i # j [37]

Ji=—-L,V [i i+ 4V, P| 3)
=1

For simplicity AV, = V,, and the molar volume is the same for
all components. When the diffusion occurs by the vacancy exchange
mechanism, and the vacancies (Va) are chosen as the independent
component, then

N-1
Ji= _Liiv[z (”i - ”Va) +AVmP]
5 .
0”1 6”\/21
- —L”[ (vaf = VxVa) + vap]
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. . R M;x;
where x; is the mole fraction of component i. Using L;; = V+X’ where M,
m

is the mobility of component i, the multicomponent diffusion equation
is finally

M;x; N
-
m

1

z ( o; Oy,
—Lvx; -

4 ox; Xva

Vi) + Vo VP ®)
Jj=1

Therefore, the diffusion coefficients are

ou;
D = M,-x,-a—x; (6)
The non-equilibrium vacancy flux can then be calculated from
N-1
Jya == Z Ji &)

And finally from the mass conservation with GBs as infinite Va sources/
sinks [38]

6x ; ab

IR A ®
Following [39], the strength of the source/sink term f\g/: is a func-

tion of the local hydrostatic stress and position as will be described

next.

2.2. CALPHAD-informed diffusion parameters

The terms dy;/0x; = in Eq. (5) are the thermodynamic factors
Q= 0>G/ox,0x ; and could be calculated once an expression of the
Gibbs free energy G is available, which is of the form [40]

G = z xioGi + Gidcal + Gexcess 9)
i

where °G; is the Gibbs free energy of pure component i, G'% is the
entropy of mixing for ideal solution and G**°*** is the excess term.
Such information can be readily obtained from CALPHAD databases.
However, such databases seldom contain information on thermal va-
cancies, which is crucial for evaluating the contribution of vacancies
and non-equilibrium vacancy flux in Egs. (5) and (7) respectively. The
treatment of thermal vacancies in the compound energy formalism has
been discussed in [41,42]; however, this will require the development
of new databases. For a single sublattice and by assuming that vacancies
interact ideally with all components, existing databases can be used by
adding the vacancy contribution to the RHS of Eq. (9) as

G =) x°G; + G + G 4 x,° Gy, + RTxy, In(xy,) (10)
i#Va

where °G{/a is the free energy vacancy formation, R is the universal gas

constant and T is the temperature. It should be noted that Eq. (10) is

applied only when xy, < 1. The term duy,/dxy, can be calculated as

Ouva _ 0*°G _ RT

= — 11
axVa ax%/a Xva an

Furthermore, the pressure dependence on the equilibrium vacancy
concentration xig is [34]

°GY + VP
eq _ Va m
Xva = exp <—T> (12)

The mobility of the element M;, neglecting the ferromagnetic effect,
could be expressed as [37]

—Q: + RT In(M?
:LCXP<M> as)

i

RT

where Q; is an activation enthalpy and M; is a frequency factor.
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3. Model setup
3.1. RVE generation

To understand the effect of microstructure and micromechanical
stresses on the multicomponent diffusion model presented in the pre-
vious section, a RVE is used. We used the multiphase-field method of
Steinbach et al. [43,44] with using only interface energy in the free
energy functional to represent grain growth as

F= / f™dQ 14
Q
where f"f is the interface free energy density, which is given by
N
- 40, 2
fmtt = Z b <_”_2V¢n'v¢/i+¢n¢ﬂ> (15)
n k2
a.f.a#p

where ¢ is the phase-field order parameter representing a grain, o,
is the interface energy between phases a and f and 7 is the interface
width. The evolution of ¢, i.e. microstructure, is given by

i M(ﬁF _£>
o, Oy

8n = N

where p,; is the interface mobility between phases a and f. We
developed two RVEs, one is a honeycomb structure (100 x 100 grid
points) to simplify the understanding of the model behavior and the
second one is a more complex polycrystalline RVE (200 x 200 grid
points) to represent a real single phase microstructure as discussed in
Sections 4.1 and 4.2 respectively. In all the phase-field grain growth
RVESs, an isotropic interface energy of 0.5 J m™2, interface mobility of
1x107'% m? J=! 57! and grid spacing Ax of 1 pm. We used the software
OpenPhase [45] for solving Eq. (16).

(16)

3.2. Crystal plasticity model

For the micromechanics, we used the phenomenological crystal
plasticity model, which is solved using the spectral solver implemented
in OpenPhase [46]. We briefly summarize the main equations of the
crystal plasticity model as follows. The total deformation gradient F is
decomposed into elastic F* and plastic FP parts as

F=F".FP a7)

The 12 slip systems {110}(111) are the active slip systems in BCC iron,

which in the deformed configuration are given by
s =F* . ¢*
m* =m® . F*—l (18)

where the slip system a is defined by its slip direction s* and normal to
the slip plane m” in the initial configuration. The evolution of the slip
rate y is modeled using the viscoplastic formulation

P
! _a"<g_“> ad

where af is the reference strain on slip system «, z* is the resolved
shear stress and g* is the function describing its current strength. z¢ is
expressed as

n—1
p

19

% = %(s*a Qm* +m* " ®s*Y) : 7 (20)

where 7 is the Kirchhoff stress. The evolution of the current strengths
g is given by

8= D i’ (21)
B

where h,; is the matrix of the hardening moduli. The crystal plasticity
parameters are shown in Table 1.
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Table 1
Crystal plasticity parameters.

Cubic elasticity constants

C, 2369 GPa
C, 140.6 GPa

Flow and hardening parameters

Reference strain rate d, 0.003 s7!
Rate sensitivity exponent n 10

C, 116 GPa Initial critical resolved shear stress 7, 80 MPa
Initial hardening modulus 4, 170 MPa
Saturation stress 7 90 MPa
Ratio of latent to self hardening ¢ 1.1
AU-FE
1200
1150 4
1100 4
oy
X
~— 10501
[
—
2 10004 BN BCC_A2
®© FCC_A1
o = LIQUID
Q. 950
5
= 900+
850
800

095 096 097 098 099  1.00
X(FE)

Fig. 1. Phase-diagram of Fe-Au system in the Fe-rich region.

3.3. Diffusion parameters

In this work, we use pycalphad [47] to read the Gibbs free en-
ergy and the mobility databases required in Eq. (5), and parse them
as SymPy [48] symbolic expressions. This makes it straight forward
to calculate the chemical potentials as y; = dG/dx;, and thus, the
thermodynamic factors dy;/dx; in Eq. (5). We used the search engine
Thermodynamic DataBase DataBase [49] to look up the literature for Fe—
Au databases that are freely available. The CALPHAD database [50]
was used. The phase-diagram in the Fe-rich region is shown in Fig. 1.

The mobility database for Au in BCC Fe was obtained from [51]. For
Fe, the temperature dependence of the self-diffusivity D* was obtained
from [52], which could be related to the mobility using M = ,l:_; [40].
The concentration dependence for My, and Dy, is not considered in
this study for simplicity. We used a composition of 2% mole fraction of
Au at temperature 773 K in BCC iron, i.e. super saturation according to
Fig. 1. This was the initial concentration, and was considered uniform
along all RVEs. The elemental diffusion coefficients (D;;), both main
(i = j) and cross-diffusion (i # j) terms for this composition range
and temperature are shown in Fig. 2 according to the aforementioned
databases and Eq. (6).

Eq. (5) is solved using the finite-difference method with a 13-point
stencil and forward Euler time integration with a time step increment
At according to the stability criterion DAt/Ax? < 1/4. All diffusion sim-
ulations were subjected to periodic boundary conditions (see Table 2).

The source/sink term in Eq. (8) were applied to the GB regions that
could be identified from the double-well potential of the phase-field
based RVE as ¥, ¥ 5., #,¢; using Eq. (12), which included the effect
of local hydrostatic stress dependency.

4. Results and discussion
4.1. Honeycomb RVE

The morphology of the honeycomb RVE is shown in Fig. 3. In all
the simulations, the mechanical loading was first applied monotonically
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Fig. 2. The main and cross-diffusion coefficients at 773 K.
Table 2
Parameters used in the simulation.
Parameter Value
V,, (m®/mol) 7.09 x 107°
T (K) 773
R (J/molK) 8.31
°GY, (kJ/mol) 77.17

y
X

0 1 2 3
Order parameters

Fig. 3. The order parameters representing the honeycomb RVE.

up to a designated stress, then the diffusion calculation was performed
according to Eq. (5). A 100 MPa load was applied in the x—direction of
Fig. 3, perpendicular to the GB in the middle of the RVE, with periodic
boundary conditions. The hydrostatic stress distribution and the corre-
sponding equilibrium vacancy concentration is shown in Fig. 4. It can
be seen that the maximum tensile hydrostatic stresses are at the GBs
perpendicular to the loading direction. Consequently, the equilibrium
vacancy concentration, following Eq. (12), will have its maximum at
the regions with maximum tensile hydrostatic stress.

The corresponding concentration fields of Fe and Au are shown
in Fig. 5. It can be seen that the redistribution of Au follows the
same pattern as the hydrostatic stress in Fig. 4(a) where the regions
of higher tensile hydrostatic stresses, i.e. the regions that are likely
to nucleate voids, have higher Au concentrations compared to the less
tensile/compressive ones. This is due to the hydrostatic stress gradient
driving force in Eq. (5) which enriches the regions of higher tensile
hydrostatic stress and depletes those with a lower tensile hydrostatic
stress.

On the other side, the redistribution of Fe shows the opposite
pattern to that of Au, i.e. the more tensile regions have less Fe that the
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(a)
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-
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T
-59.6 -25.2 9. 43.6
Pressure MPa
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.
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y
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Fig. 4. (a) The hydrostatic stress distribution resulting from a far-field 100 MPa in the
horizontal direction and (b) corresponding equilibrium vacancy concentration.

N =

Z

1.9208 1.9741 20273 2.0806 97.9150  97.9682  98.0215  98.0747
Au mole% Fe mole%
2.04
98.01
2.03 4
98.00
}; 202 §
S 5011 S 97999
=i S
3 200 o 97981
7 L
< 97.97 4
1.99 4
97.96
1.98 4
0 25 50 75 100 0 25 50 75 100
Grid point Grid point

Fig. 5. The stress-driven redistribution of Au and Fe. The dashed lines are the locations
of line profiles.

less tensile ones. This is despite that Fe is also subjected to the same
hydrostatic stress gradient driving force as Au. This is due to the cross
diffusion terms in Eq. (5) where the flux of Fe is not only affected by the
concentration gradient of Fe, but also due the concentration gradient of
Au. Therefore, the enrichment of Au in the high tensile regions develops
a driving force that drives Fe towards the less tensile ones.

However, Au should be subjected to the same cross diffusion from
Fe. The decisive factor that determines which element will diffuse to-
wards the highly tensile regions is its relative diffusivity. Since D, 4, >
Dp,p. as in Fig. 2, Au is faster and diffuses towards the tensile regions,
developing Fe flux in the opposite direction. To test this hypothesis, we
run a simulation with artificially increasing D, r, tenfold, resulting in
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Fig. 6. The stress-driven redistribution of Au and Fe when Dy, is artificially increased
by a factor of 10. The dashed lines are the locations of line profiles.
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Fig. 7. The stress-driven redistribution of Au and Fe when D, ,, is artificially increased
by a factor of 10. The dashed lines are the locations of line profiles.

Dpope > Dpuay- Indeed, as shown in Fig. 6, we can see in this hypo-
thetical case that the behavior is reversed where Fe diffuses towards
the highly tensile regions, while Au diffuses towards the less tensile
ones. Additionally, we also increase D, 4, tenfold compared to Fig. 2.
It could be seen in Fig. 7 that this resulted in a further enrichment,
although only slightly, of Au in the higher tensile regions and more
depletion in the lower tensile/compressive regions compared to Fig. 5.

Since the highly tensile regions are mainly near GBs, they act as
vacancy sources. According to the classical nucleation theory of Raj and
Ashby [53,54], a high concentration of vacancies will condense into
a nano void, which is assisted by the presence of secondary particles
and interfaces [55], i.e. heterogeneous nucleation. These voids will only
grow in the tensile regions. This is essentially similar to stress voiding
in metallic interconnects [56]. Because of stress-driven diffusion, Au
will accumulate in these tensile regions, further increasing the local
supersaturation. As discussed earlier, an essential condition is D 4,4, >
Dg,or.. The open volume of voids will then allow Au to nucleate
and precipitate, preventing the voids from further growing, and thus,

healing them.
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Fig. 8. 2D Polycrystalline RVE (a) phase-field order parameters ¢, representing the
morphology of the grains and (b) orientation map.
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€n % Eeqp 70

Fig. 9. The averaged stress—strain curves showing the three selected stress points for
performing diffusion simulations for the polycrystalline RVE.

4.2. 2D polycrystalline RVE

In this section, we investigate the effect of stress on the redistribu-
tion of Au and Fe in a more complex polycrystalline RVE. The RVE is
shown in Fig. 8(a) and the corresponding orientation map in Fig. 8(b).
The RVE is subjected to a monotonically increasing tensile stress in the
x—direction of Fig. 8. The stress-strain curve is shown in Fig. 9. We
selected three points at 80, 100 and 120 MPa to investigate the effect
of increasing stress on Au diffusion and vacancy concentration.

The distribution of hydrostatic stress as a result of the far-field
stress is shown in the first row of Fig. 10. It could be seen that
the regions with the highest hydrostatic stress are mostly at the GBs
and/or triple junctions that are perpendicular to or slightly misaligned
with the loading direction. As expected, increasing the far-field stress,
the maximum stress levels in the highly stressed regions. The stress

Materials Chemistry and Physics 315 (2024) 128878

triaxiality, calculated as —P/o,,;, is shown in the second row. The
regions with high triaxiality, in general, have high tensile hydrostatic
stress. The equilibrium vacancy concentration is shown in the third row
of Fig. 10. Again, according to Eq. (12), the highly tensile regions have
the highest vacancy concentration, and thus are potential sites for void
nucleation and growth.

The distribution of Au and Fe is shown in Figs. 11 and 12 re-
spectively. As described before, Au diffuses towards the highly tensile
regions due to the stress driving force. The high diffusivity of Au
allows it to diffuse faster than Fe towards these regions and build up,
developing flux of Fe towards the less tensile regions. Increasing the
far-field stress increases the enrichment of Au in the tensile regions as
well as the depletion from the less tensile ones.

As discussed in the previous section, the high tensile stresses de-
velop at GBs mainly perpendicular to the loading direction. The in-
creased vacancy concentration in these regions means a higher ten-
dency for void growth. Indeed, it was shown that increasing the stress
increases the fraction of voids [18]. Fig. 11 also shows increased
local Au concentration at the most highly loaded grain boundaries.
From this, one might expect an increase in self-healing behavior with
increasing externally applied stress. However, it has been reported that
stresses above a certain level lead to a reduction in the number of
completely or partially filled voids, i.e. a reduced healing efficiency,
decrease [18].

This behavior might be attributed to the competition between the
kinetics of void growth and Au precipitation. It was shown that in-
creased stress triaxiality leads to void growth and coalescence [56,57].
Indeed, Fig. 10 shows increased stress triaxiality with increasing the
stress. This will result in additional driving force to void growth in
addition to the increased vacancy concentration, while the increased
Au transport is not sufficient enough to heal the growing voids. This
motivates the need for a complete theoretical analysis of the kinetics
of void formation and precipitation of the Au solute atoms therein.
However, this is beyond the scope of the current work, which focused
on the pre-conditioning of the material before the occurrence of both
processes.

5. Conclusions

In this work, we investigated the role of cross-diffusion and stress-
driven diffusion on the Fe-Au system in order to provide more un-
derstanding of the prior conditions of the creep-void growth and self-
healing observed in this class of alloys. The diffusion coefficients were
obtained using CALPHAD databases. RVE and crystal plasticity model
were used to evaluate the role of microstructure heterogeneities. The
following conclusions can be made:

+ High tensile hydrostatic stresses develop mainly at GBs and triple
junctions perpendicular to loading direction. Equilibrium vacancy
concentration are also maximum at these regions. Therefore,
these are expected to be the void nucleation and growth as
observed experimentally.

Fe and Au have stress driving force to diffuse towards these
highly tensile regions from the less tensile ones. However, cross
diffusion plays a crucial role in determining which of Fe or Au
will enrich the highly tensile regions. The essential condition for
this is the relative diffusivity. Since D,,4, > Dp,.r, Will enrich
the highly tensile regions, increasing the potential of precipitation
and self-healing.

Increasing the far-field stress, increases the tensile hydrostatic
stress at the GB regions as well as both Vacancy and Au enrich-
ment. However, this also leads to increased stress triaxiality. This
is expected to increase void growth rate, and thus, decrease the
self-healing efficiency.
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concentration in the third row.
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