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Convection-Induced Compositional Patterning at Grain Boundaries in Irradiated Alloys
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We consider the stability of precipitates formed at grain boundaries (GBs) by radiation-induced
segregation in dilute alloys subjected to irradiation. The effects of grain size and misorientation of
symmetric-tilt GBs are quantified using phase field modeling. A novel regime is identified where, at long
times, GBs are decorated by precipitate patterns that resist coarsening. Maps of the chemical Péclet number
indicate that arrested coarsening takes place when solute advection dominates over thermal diffusion right
up to the precipitate-matrix interface, preventing interfacial local equilibrium and overriding capillary
effects. This contrasts with liquid-solid mixtures where convection always accelerates coarsening.
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Materials systems subjected to external forcing are often
observed to self-organize into patterns [1-4]. Instabilities
arise in these systems that can trigger the formation of
transient structures, which then evolve into metastable or
even stable steady-state patterns. Such patterns have been
reported in solids and alloys subjected to irradiation [5,6]
and to severe plastic deformation [7-9], resulting in micro-
structures with emergent pattern length scales and sym-
metry. Notable examples of defect patterns are void,
bubble, and walls of dislocations, which derive from
anisotropic diffusion of point defects and defect clusters
in irradiated crystals [10,11], and nanoscale compositional
patterns in alloys, which are due to the nonlocal character
of forced chemical mixing during irradiation or plastic
deformation [12]. Convection can also trigger patterning,
but this mechanism is traditionally studied in fluids, where
hydrodynamic instabilities are often present [4]. In par-
ticular, random and turbulent [13—16] or chiral [17] shear
flows in binary fluid mixtures promote domain stretching
and breakup, resulting in arrested coarsening and steady-
state patterning for large enough ratios of chemical con-
vection to chemical diffusion, i.e., at high enough chemical
Péclet number. For a system with uniform convection,
Pe = (vd,qy)/Dp where v is the solute drag velocity, d,q,
the advection distance and Dp the solute diffusion coef-
ficient. In the case of solid particles in a fluid matrix,
however, both experiments [ 18] and theory [19,20] indicate
that convection only accelerates coarsening, even for a high
Pe number. This latter observation can be rationalized by
noting that solid particles in a fluid flow do not stretch or
breakup, while convection promotes solute transport and
particle coagulation. The role of chemical convection on
the coarsening of solid particles in solid matrices has
received much less attention, despite its relevance to
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various materials processes: the transport of ionic species
in battery electrodes and electrolytes during charge and
discharge cycles [21]; the chemical mixing forced by
plastic deformation in crystalline alloys [7,22,23]; the
transport of mass to surfaces in energetic displacement
cascades [24-26]; and the flow of point defects to sinks
under irradiation [4], the subject of this Letter. Using a
simple model for point defect and chemical transport in an
irradiated alloy, along with phase field simulations, we
report on a novel compositional patterning phenomenon at
grain boundaries (GBs) and show that it results from solute
advection to GBs coupled with anisotropic solute diffusion
at GBs. More specifically, we illustrate that arrested
coarsening is a consequence of a high chemical Péclet
number along the GBs, which overrides the effects of
equilibrium capillary forces.

The generic microstructure investigated in this Letter
consists of a flat grain boundary formed by two abutting
grains in a dilute A-B alloy. Irradiation of this alloy
produces isolated point defects homogeneously. These
point defects, vacancies, and interstitials can then recom-
bine or diffuse to the GB, which is treated as a perfect sink
(see Sec. SI in Supplemental Material [27]). Continuous
irradiation therefore establishes persistent point defect
fluxes to the GB. For the alloy considered here, such point
defect migration leads to solute advection to sinks through
flux coupling, [28-30], i.e., point defects bind to solute
atoms and “drag” them to sinks. This mechanism can also
result in solute precipitation [28,31,32], although the
conditions for precipitation, and its extent are difficult to
anticipate a priori. Consider, for instance, the role of the
GB separation distance, or equivalently the grain size, and
that of the GB character. As the grain size increases the
amount of solute available for segregation to the GB
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increases [33] but large grain sizes promote defect recom-
bination far from the GB, thus limiting the actual amount of
solute segregation. Furthermore, precipitation can be
affected by the GB character since misfit dislocations act
as nucleation sites for precipitation and GB structure and
segregation affect solute diffusivity along the GB [34]. The
central question of the present work is to determine the
resulting precipitation microstructure and whether it can
undergo self-organization under appropriate irradiation
conditions. Phase field modeling is used for this purpose,

|

since it can include the main physical processes relevant to
irradiation and evolve systems of sufficient sizes over long
timescales [35]. The state of the system is described by
four phase field variables, Xy, X;, X4, and Xp, representing
the molar fraction of vacancies, interstitials, solvent, and
solute atoms, respectively. The kinetic evolution equations
for these field variables are given by a kinetic phase-
field model that includes radiation effects and flux
coupling [36]:

a‘Xd a/} d
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where a,f = A, B, and d = V, I with sign(V) = —1 and
sign(1) = 1. K, represents the point defect production rate
in displacements per atom (dpa) per second, 7" the tempera-
ture, Ky the mutual recombination rate between vacancies
and interstitials, and K¢ the point defect annihilation rate at
GB sink is defined as K¢ = A(x)[X (x, 1) — X;']/ At with
A(x) taking values of 1 (respectively, 0) inside (respectively,
outside) the sink capture area, X;;! the equilibrium defect
concentration and Af the integration time step. i 1S @
Gaussian random noise function simulating thermal fluc-
tuations to suppress trapping in shallow metastable con-
figurations. (liﬁ) represents the matrix of Onsager transport

coefficients; it is symmetric, positive, and depends on the
alloy temperature and composition. The total free energy of
the system F includes local chemical interactions, and
long-range elastic interactions. The chemical free energy is
written as the sum of the free energy of the homogeneous
alloy, using a regular solid solution model, and a gradient
energy term accounting for heterogeneities in the concen-
tration field of chemical species [36]. The elastic energy
results from the interactions between point defects and
sinks, and is calculated via microelasticity theory [37] by
considering an elastically homogeneous medium. The
strain energy due to the lattice misfit is neglected here
for the sake of simplicity. Note that the second term on the
rhs of the solute evolution equation Eq. (1) reduces to
lZﬂVXd (see details in [27]). This second term in Eq. (1) is
thus a drift, or convective, term that corresponds to an
advection of solute atoms by the permanent fluxes of
defects d. The atomic mixing forced by nuclear collisions
induced by irradiation, i.e., ballistic mixing [38], is delib-
erately left out, so that pattern evolutions detailed below
cannot be associated with such mixing. This is of note since
previous modeling studies have indeed demonstrated that
ballistic mixing can trigger compositional patterning in
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irradiated alloys [39-42]. For computational efficiency, the
phase field equations for only B, V, I in Eq. (1) are solved,
in 2D Cartesian coordinates (xi, x,), using a forward Euler
method with an adaptive time step [36] (see Fig. S1 in
Supplemental Material [27]).

Parameters for the model A-B immiscible alloy system
investigated here mimic a dilute Al-Sb alloy, but mainly
they were selected to promote strong flux coupling (see
Supplemental Material [27], Sec. SI, Table S1, and
Refs. [43-50]). Specifically, the large solute-vacancy bind-
ing energy E gb-V = 0.3 eV [51] results in a strong advection
of the solute to the GB by vacancy fluxes at 300 K. The drag
ratios of Onsager coefficients calculated by the transport
coefficient code KINECLUE [52] are [V,/l}z~1 and
IVp/ 1y ~ 1 (see Fig. S2 [27]). In contrast, interstitials do
not promote Sb segregation since oversized solutes such as
Sb in Al do not form mixed dumbbells; we thus set I5, =
IL = 0in Eq. (1). The vacancy-driven solute-drag flux [the
second term in the double summation in Eq. (1)] is opposed
by a back diffusional flux (the first term in the double
summation) once the solute depletion in the matrix drops
below the equilibrium solubility limit, X' = 1.75 x 10~* at
T = 300 K. Note that the diffusion coefficient controlling
this back flux is enhanced by the point defect supersaturation
created by irradiation, and it is here referred to as DXEP. In
addition to these fluxes, which are primarily perpendicular
to the GB, solute is also mobile in the grain boundary.

Two different models for the GB were investigated.
The first model corresponds to symmetric tilt grain boun-
daries (STGBs), modeled as an array of equally spaced
edge dislocations. The misorientation # of an STGB is
related to the spacing between dislocation cores, #h,
as h=b/2sin(0/2), b being the magnitude of the
Burgers vector. Misorientations from 2.4° (h = 24b) to
14.3° (h = 4b) were studied. Point defect concentrations
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TABLE 1.  GB precipitate structures reached after an irradiation
dose of 10 dpa, as a function of the grain size and the GB
structure.

Misorientation angle 8 = b/h

d (nm) 2.38° 4.77° 9.55° 14.32° Continuous sink
13.44 nm * ® L L O
26.88 nm ¢ ([ ([ J o ¢
40.32 nm ® { [ ] (] [
53.76 nm [ ] [ ] o * |
80.64 nm ® [ [ [ | [
94.08 nm (] (] [ | | |
107.52 nm ® [ | [ | [ | [ |

m solid flim; * single precipitate; ®, O 2 precipitates; ¢ 3
precipitates; 4 4 precipitates.

within the GB capture region were held equal to bulk
equilibrium values, X} = 1.5 x 10~ and X;* ~ 0, respec-
tively. The capture zone was set to 4b, corresponding to the
dislocation core width [53]. The values of X3! and X} are
modified by the elastic strain field around the dislocation
cores, see Fig. S3 [27], but this effect is relatively small.
The solute diffusion coefficient along the GB, D§EB, is

therefore approximately equal to D%, the equilibrium
bulk solute diffusion coefficient. The second type of GB
used in the simulations mimics large angle GBs and relies
on a continuum description, where the sink absorption
region is a straight stripe of width 2b.

Table I summarizes the microstructures reached at long
times, here corresponding to an irradiation damage of
10 dpa, for various grain sizes. For the STGBs, solute
concentration builds up around each dislocation core,
leading eventually to solute-rich precipitates decorating
each core. Two “trivial” structures can thus be expected at
long times by comparing the precipitate diameter, d,, to h:
Whend, < h,e.g.,d =13.44 nmand 6 = 2.38%in Table I,
the precipitates do not overlap, resulting in a structure,
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FIG. 1.
(d) 10 dpa, and the corresponding profiles along the GB.

hereafter referred to as type 1, where each dislocation core
is decorated by one solute-rich precipitate; in contrast,
when d, > h, individual GB precipitates overlap and
merge, eventually forming a continuous wetting precipitate
layer along the GB, labeled as structure of type 2,
e.g., d > 80.64 nm and 6 = 14.32° in Table I (see also
Fig. S4 [27]).

More interesting structures are observed for intermediate
grain sizes and misorientations. These structures are com-
posed of a finite number of precipitates, larger than 1 but
smaller than the number of dislocation cores; see, for
instance, d < 80.64 nm for @ = 9.55° in Table I. These GB
structures, referred to as type 3 structures, developed
differently for small and large misorientations. For small
misorientations, type 3 structures began as type 1 structures
that underwent partial coarsening with time, see Fig. 1, but
coarsening became arrested at longer times. For larger
misorientations, the type 3 structures were first continuous
GB solute-rich films at low doses (<0.1 dpa), but precip-
itates subsequently formed by decomposition along the
GB. The size of these precipitates, however, stabilized at
long times, see Figs. 2 and 3. For continuous sinks, see last
column in Table I, type 3 structures are again observed,
following a mechanism very similar to that observed for
large tilt boundary misorientations, i.e, spinodal-like
decomposition along the GB and arrested coarsening.
Decomposition occurs at larger doses (>1 dpa) for these
boundaries, in comparison to STGBs, since it is not assisted
by dislocation cores, see Fig. S5 [27]. Finite size effects and
periodic boundary conditions were found to affect the exact
linear density of precipitates found in type 3 structures, as
expected (see Fig. S6) but not their main features nor their
unexpected resistance to coarsening. We identify type 3
structures as GB compositional patterns since these struc-
tures are highly stable and the separation distance between
precipitates presents an emergent length scale, distinct from
the microscopic scales b and &, and the macroscopic scales
set by the system sizes along x; and x,.

The stability of selected type 3 structures was confirmed
by increasing the irradiation dose to 30 dpa. For a structure
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Evolution of the Sb atomic fraction map for 8 = 2.38° and d = 53.76 nm for (a) 0.003 dpa, (b) 0.04 dpa, (c) 0.11 dpa,
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FIG. 2. Evolution of the Sb atomic fraction map for & = 9.55° and d = 13.44 nm for (a) 8 x 107 dpa, (b) 0.05 dpa, (c) 0.78 dpa,
(d) 10 dpa, and (e) the corresponding profiles along the GB. Dislocation cores are represented by inverted “T” symbols.

with two precipitates for € = 9.55° and d = 13.4 nm, the
total solute content in each precipitate remains largely
constant up to 20 dpa, see Fig. S7. Some very slow
coarsening may occur beyond that dose, although much
longer simulations would be required to confirm it. The
stability of the type 3 structures was further examined by
switching off irradiation at some finite dose and sub-
sequently annealing these structures using Eq. (1), but
without sinks. In a first annealing scheme, vacancy con-
centrations were allowed to relax, resulting in nearly
isotropic solute diffusion. In the second scheme, vacancy
concentrations were kept fixed, thus retaining the aniso-
tropic diffusion present during irradiation. For both
annealing schemes, coarsening was soon observed; see
examples for discrete and continuous GBs in Table S2 [27],
as well as Fig. 4 in Appendix A. The characteristic times for
coarsening, with respect to the slow evolution of the irra-
diated system up to 30 dpa, were accelerated in scheme 1
annealing by factors ~ 1300 and ~3000, for the above two
GBs, respectively. These acceleration factors remain large,
~200 and =150, even with scheme 2 annealing. It is thus
concluded that diffusion anisotropy influences the stability
of type 3 structures, but it is not the dominant factor
inhibiting coarsening. More important, as we now discuss,
is the convective flux arising from strong coupling between
solutes and vacancies.

To understand these various results, we begin by con-
sidering the standard description of solid particle coarsen-
ing in the presence of convection [19,20]. Coarsening
depends on the chemical Péclet number, but during
irradiation Pe is neither uniform in space nor independent
of time since solute segregation affects vacancy fluxes and
vacancy concentrations, thus affecting both convection and
diffusion. At early times, however, an analytical expres-
sion for a system-averaged Péclet number was derived,
(Pe), ~ (XpKod?)/ (Pl zXIT), where ¢ is the thermody-
namic factor of the alloy, see Supplemental Material [27],
Sec. SIHIA and Refs. [54-56]. Parametric phase field
simulations confirm the scaling of (Pe), with (Kyd?),
see Figs. S10 and S11, thus rationalizing the large effect
that the grain size d has on stabilizing type 2 structures.

Once solute redistribution takes place, the phase field
simulation results are used to map out the relative strength
of solute convection over solute diffusion using a
local chemical Péclet number defined as Pe(x,t) =
IV(6F/6Xy)|/IV(6F/5Xg)|, see Sec. SIILB [27]. Far from
the GB, Pe ~ 1, as solute advection by radiation-induced
segregation (RIS) is balanced by back thermal diffusion.
Close to the precipitate-matrix interfaces, diffusion domi-
nates over convection, resulting in Pe < 1, as expected [20]
(see an illustrative example Fig. S8). In type 3 structures,
however, Pe reaches large values between precipitates near
dislocation cores, see Fig. 3(b), as these sinks draw large
advection currents, while D$B is small, recall, D8 ~ D%
Moreover, maps of solute concentrations, e.g., Figs. 3(a)
and 3(c), reveal two remarkable features along the GB:
(i) The solute concentration far exceeds the bulk solubility
limit, here by up to 2 orders of magnitude; and (ii) no
significant capillary effects can be detected, i.e., the solute
profile just outside the precipitate-matrix interface does

6-4-202 46 0 020.40608 1

X5 (NM)

6420246
X5 (NmM)

FIG. 3. Maps of (a) solute atomic fraction Xg, and (b) Péclet
number P, for STGB with 6 =9.55° and d = 13.44 nm at
10 dpa. (c) Profiles of Xg, (lower horizontal axis, red color
online) and Pe (upper horizontal axis, blue color online) along x;
on the GB (x, = 0), truncated at Pe < 5 for clarity; the high value
of Pe at the center of precipitate is due to the vanishingly small
diffusion imposed by symmetry. The x; vertical axis is the same
for (a), (b), and (c). See maps and profiles in Supplemental
Material, Fig. S9 [27].
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not depend on precipitate size. We thus conclude that
local equilibrium is not met at these interfaces, in contrast
to previous studies in solid-liquid systems, where,
even for large Pe numbers, it was assumed that local
equilibrium and Gibbs-Thomson capillary effects would be
preserved [19,20].

The above results lead us to propose that the high value
of Pe along the GB, between precipitates, is the determinant
factor for the stabilization of type 3 structures. Specifically,
we define two characteristic lengths (see Fig. 5 in
Appendix B): (i) The diffusional boundary layer thickness
OppL. as the radial distance between the precipitate-matrix
interface, i.e., Xz = 0.5, and the point where Pe = 1; and
(ii) the precipitate-matrix interface width, dpy, using a
10%-90% criterion. It is observed that in type 3 structures,
SppL < Opm/2, i.e., that convection dominates over diffu-
sion before the solute concentration reaches its matrix
value. It is hypothesized that this inequality is a sufficient
condition for fully suppressing capillary effects, and thus
for triggering arrested coarsening. This hypothesis was
tested by suddenly increasing X3! in type 3 structures
to increase GB diffusivity while reducing convection
(recall that X3! is the imposed concentration in the sink
capture zone). Coarsening was then clearly observed,
and Spgp. > 6py/2 in these cases, thus supporting the
above rationalization. For instance, upon increasing Xy
from 1.5 x 107 to 107, an additional low dose of 1.1 dpa
led to the full dissolution of one of the three precipitates
shown in Fig. S5 [27] for the continuous GB sink, and
already for 0.035 dpa we measured Opp; = 6.84b
and Opy/2 = 2.44b.

Returning now to the emergent length scale of type 3
structures, results from Table I indicate that this patterning
length scale 4p increases continuously with the strength of
solute drag over back diffusion, until a continuous pre-
cipitate film forms on the GB. The dependence of 1p with
physical parameters might be assessed by modeling the
dependence of dpg;, and dpy; with these parameters, but this
is left for future work.

The present 2D simulation results provide a framework
to anticipate the type 3 structures that could form
in 3D systems. For example, at low Pe number, a
Rayleigh-Plateau instability, which does not take place
in 2D systems [57], could destabilize continuous
tubular precipitates along GB dislocations, resulting in
individual precipitates decorating GBs. This instability,
and possibly the coarsening of precipitates, would be
promoted by fast diffusion along dislocation cores.
Isolated dislocations, on the other hand, could develop
larger Pe numbers near their cores for purely geometrical
reasons. For low GB misorientations, larger RIS solute
advection could thus promote the stabilization of tubular
precipitate structures. Testing these predictions is again
left for future work.

While the present results do not include ballistic mixing,
they should nevertheless approximate irradiation situations
employing light ions, such as protons or energetic (MeV)
electrons, as atomic transport arises primarily from defect
mobility and not from recoil collisions. To the best of our
knowledge there is no direct experimental evidence that
irradiation could induce precipitate patterning at GBs. It is
worth noting that solute precipitate structures have re-
cently been observed at misfit dislocations and interfaces
[32,58,59]. These structures, however, were rationalized as
resulting from equilibrium segregation followed by spino-
dal decomposition [58] or from equilibrium wetting at
misfit dislocation intersections [59], in contrast to the
nonequilibrium kinetic stabilization identified here. The
present work suggests that different GBs may respond
differently since their distinct structures will affect their
defect sink properties and diffusion coefficients DSE.
For example D$® may be greatly enhanced relative
to that of perfect STGBs used here. Structural disorder
introduced by irradiation at GBs [60] may, however, reduce
this variability. Last, it is envisioned that other non-
equilibrium systems with internal sinks are susceptible to
similar self-organization reactions in the presence of con-
vective flows, e.g., battery electrodes during charging or
discharging cycles, or alloys subjected to severe plastic
deformation.

The research was supported by the U.S. Department of
Energy, Office of Science, Basic Energy Sciences, under
Award No. DE-SC0019875. This work made use of
the Illinois Campus Cluster, a computing resource that
is operated by the Illinois Campus Cluster Program
(ICCP) in conjunction with the National Center for
Supercomputing Applications (NCSA) and which is
supported by funds from the University of Illinois
at Urbana-Champaign. Stimulating discussions with
Dr. Charles Schroder and Dr. Peter Voorhees are gratefully
acknowledged.

All authors contributed significantly to the work. The
primary contributions are as follows. G. F. B. M. carried out
the research and analyzed the results. R.S. A. and P.B.
conceptualized the work. L.T. developed the phase
field code.

Appendix A: Effect of switching off irradiation.—The
effect of turning off irradiation after reaching arrested
coarsening was investigated in order to confirm that
convection, i.e., irradiation-induced solute drag, was
responsible for arrested coarsening. Several of the
structures listed in Table I were investigated, including
both STGBs and continuous GBs. In all cases local
interface equilibrium and capillary effects were quickly
recovered upon switching off irradiation, see Fig. 4, and
coarsening was observed. Notice in particular the clear
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FIG. 4. Compositional solute maps (top row) and compositional profiles (bottom row) for the STGB shown in Fig. 3 in the state of
arrested coarsening after irradiation for 10 dpa (left column) and after irradiation has been turned off and the system has been annealed
for a short time, 35 sec, i.e., corresponding to an equivalent dose increment of 0.035 dpa (right column). During thermal annealing both

Xg, and X, were evolved, thus corresponding to the annealing scheme 1 defined in the main text.

dependence of matrix solubility with precipitate curvature
in the right column in Fig. 4, consistent with a Gibbs-
Thomson effect, and the absence of such dependence
under irradiation, see left column. Furthermore, the solute
matrix solubility for the larger precipitate is now near its
equilibrium value of 1.75 x 107*. Last, the precipitate
shapes, which were anisotropic and elongated along the
GB during arrested coarsening, became circular during
annealing. See information related to the kinetics of
coarsening after switching off irradiation in Supplemental
Material Table S2 [27].

Appendix B: Length scales for rationalization of
arrested coarsening.—It is proposed in the main text
that a sufficient condition for arrested coarsening to take
place is that the diffusional boundary layer thickness
Oppr, be smaller than the half-interface width 6&py;/2.
These two length scales, defined in the main text, are
illustrated below on an example that corresponds to the
top precipitate, centered at x; = 19 nm, in Fig. 3. In this
example, Spg. = 0.60 nm while py;/2 = 0.71 nm, thus
the condition Spg;. < dpp/2 is indeed met.

Opum,
8 { I 1
-
TR s,
: DBL 108
sl t\
% U I
® B {06
[0} || o
0_4 i} 0
N X
3l :: 104
1\
, |
2 U I
"\ 102
1_.t__ — — —-— —
0 \//\ | 0

19 20 21 22 23 24 25 26 27

X1 (nm)

FIG. 5. Tllustration of the definition of the diffusional boundary
layer dppr. and of the interfacial width py; for the top precipitate
shown in Fig. 3. The blue and red empty circle symbols
correspond to the radial distances used to define these length
scales, from the middle of the interface to the point where Pe = 1
for 5DBL; and from XSb =90% to XSb = 10% for 5PM'
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