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Solid-state dewetting is the process by which thin solid films break up and retract on a substrate, forming nanos-
tructures. While dewetting of single-crystalline films is understood as a surface-energy-driven process mediated
by surface diffusion, polycrystalline films exhibit additional complexity due to the presence of grain bound-
aries. Most theoretical and computational studies have focused on single-crystalline dewetting. Here, we present
the application of the grand-potential multi-phase-field model to the dewetting of thin polycrystalline films in
three dimensions, reproducing the key phenomenology of this process. By considering isotropic interface/surface
energy, we illustrate its consistency with predictions based on energetic arguments and the morphological evolu-
tion towards equilibrium. We also provide novel analytical criteria for the onset of three-dimensional dewetting,
serving as fundamental theoretical benchmarks, and highlight the critical role of triple junctions. Moreover,
we unveil the dewetting behavior of polycrystalline patches, extending the scenarios of their single-crystalline

counterparts.

Thin crystalline films are metastable due to their high surface-to-
volume ratio. At high temperatures below melting, they typically break
up and form three-dimensional agglomerates in a process known as
solid-state dewetting (SSD) [1]. While detrimental to planar architec-
tures, this phenomenon offers a unique kinetic pathway for the self-
assembly of complex nanostructures, as clearly demonstrated for single-
crystalline thin films [2-5]. In these systems, the dynamics are predom-
inantly governed by surface diffusion [1].

Several technologically relevant thin films are polycrystalline [6,7]:
they consist of crystalline domains (grains) with varying crystallo-
graphic orientations, separated by interfaces (grain boundaries, GBs).
Their morphological evolution is influenced not only by surface diffu-
sion, as in single crystals, but also by additional effects associated with
GBs [8-11]. Arguably, the most relevant one is that surface grooves
develop at GBs. Moreover, GBs migrate through a mechanism resem-
bling attachment-detachment kinetics, with a velocity governed largely
by capillarity (mean curvature flow) and potentially influenced by elas-
ticity effects [12,13].

Modeling and simulations have been pivotal in understanding and
tailoring single-crystalline SSD [4,5,14]. Studies on GB grooving and

* Corresponding author.
E-mail address: marco.salvalaglio@tu-dresden.de (M. Salvalaglio).
I These authors contributed equally to this work.

https://doi.org/10.1016/j.scriptamat.2026.117220

few-grain microstructures provided valuable insights [15-19], yet they
remain limited in capturing the coupled GB migration and surface dif-
fusion dynamics over many grains and long timescales. Phase-field (PF)
models [20-23] have emerged as a leading framework for SSD stud-
ies. They realize an implicit description of geometries via smooth or-
der parameter(s), which naturally handles topological changes, com-
plex geometries, and three-dimensionality, all key aspects of SSD [4,
5,24-26]. Convenient PF models coupling diffusion, phase transfor-
mation, and interface migration have been proposed [18,27-30]. Re-
cent work has examined interesting aspects of polycrystalline thin film
evolution, including the impact of thermal grooving on grain growth
and its subsequent stagnation [31,32]. First studies of polycrystalline
dewetting have also been proposed [33], although with an approxi-
mated treatment of evolving morphologies and surface diffusion. An
up and coming PF formulation, namely the grand-potential multi PF
model [27,28,34] (hereafter MPF), offers a general description captur-
ing the dynamics of both conserved and non-conserved order param-
eters, thus ideal for polycrystalline SSD scenarios which include (sur-
face and bulk) diffusion as well as interface (GB) migration. Although
this scenario has not been explored in detail, a recent implementation
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promisingly showed key phenomenology concerning thermal grooving
at one GB [29].

We present here the application of this MPF model to studying SSD
in polycrystalline thin films. After outlining the model’s key features, we
demonstrate its capabilities. We examine SSD onset through numerical
simulations and benchmark its outcome against newly derived equa-
tions that predict critical grain aspect ratios and related features. Fi-
nally, we apply the MPF model to prototype polycrystalline films and
to the relevant case of patches, highlighting similarities and differences
with single-crystalline counterparts.

We employ the approach introduced in [29], adapted here to systems
dominated by surface/interface diffusion and interface migration, while
neglecting bulk diffusion. We also consider grains of the same pure ma-
terial and neglect any elastic effects arising from GB migration. Order
parameters {¢;(r),...,¢n(r)} = ¢ akin to smooth characteristic func-
tions track different domains/phases. Global concentration fields for K
elements ¢;(r) account for material transport. They can be related to the
composition of each phase (¢;,) via interpolation c;(r) = Z;V: 1 Da(®)ciy
(spatial dependence will be omitted for brevity). To describe the chem-
ical interactions within the MPF system, we define a set of K — 1 inde-
pendent chemical potential fields, {4, ..., ux_;} = u, corresponding to
the concentration fields, which distinguish between the solid film, the
substrate, and the surrounding vacuum. The grand potential functional
reads

Wlp, Vo, u] = /Q [f,«p,v(p)w((p,u)]dr, )
where
169<¢>¢a¢
=Z Z Y«w(fwa Yoy + ——— " ) @
a f=a+l

/1 encodes the interfacial energy with e the interface thickness, (@) = 1
if ¥, ¢, =1 and ¢, >0, Va, while G(¢) = o otherwise. The function
w (@, ) corresponds to the grand-potential density

K-1 N

W(¢s Il) = Z [ Z(fia - ”icia)¢a]' (3)
i=1 a=l1

We consider here a parabolic free energy density f;, = AChe"‘(c - ceq)2

depending on the equilibrium concentrations cm? and constants Al‘hem

Interface diffusion can be described by d,¢c; = —V - J; and J; mate-
rial flux for the i-th element constrained at the interfaces. Upon assum-
ing quasi-equilibrium, a uniform chemical potential for the i-th species

)
across different phases is considered, namely p; = af L=, f LN

Legendre transformation can be performed to substltute the chemlcal
potential as a fundamental variable governing time evolution c;,(t) =

£ ’(t) + ceq Phase boundary migration is accounted for through the dy-

namics of ¢,, as in classical PF models, with ¥ being the energy func-
tional. The resulting model equations read

Oy ==

1 < . (5\1/ 5q1>
ﬂ = = B
N p=1 ¢ 6¢ﬂ 5¢a

1 K-1 N N 30
_01/41 =V[ Z Z Muﬂj¢a¢ﬂvﬂj] (C))
2Ai Jj=1 a=1 p=a+l 6”2
N

with m,; and M, the mobility and diffusivity at the af-interface, re-
spectively. The timescale will be expressed in arbitrary units. Sharp in-
terface limits can be found in [29,35]. Simulations are obtained by nu-
merically solving Eq. (4) using a finite difference integration scheme,
implemented in the modular software package PACE3D [36]. Periodic
boundary conditions are applied in the in-plane directions, while no-flux
Neumann conditions are imposed at the top and bottom boundaries.

In our polycrystalline thin film model, the order parameters ¢, track
the substrate, the vapor phases, and the different grains within the film.
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Fig. 1. Modeling and 2D simulation of polycrystalline SSD. (a) Scheme of the
considered geometries and labeling of the phases as considered in the MPF
model. The grain aspect ratio is defined as r?® = W /H. (b) SSD simulations
(e = 0.2H) of a thin film with three grains. The central one has an aspect ratio
of r?P = 25. The two at the border of the film have both r? = 12.5. The timescale
is relative to the one needed to reach equilibrium. The inset shows the vapour-
solid-substrate trijunction. (¢) MPF simulations of SSD with varying r*” for a
film ideally formed by grains of the same size. A critical aspect ratio of r® ~ 9
is obtained in simulations.

Fig. 1(a) shows an illustration of a polycrystalline film composed of three
grains, where we label the vacuum phase « = 1, the substrate « = N, and
the grains 1 < a < N. We refer to the ratio of width to height r?® = W /H
as the aspect ratio of the 2D grains. We use a two- concentration—ﬁeld
model for the substrate and the film with cSlestrate y =land cgram
We set Agﬁ;‘;‘trm =50 and A;TZTQ =5 [35]. Interfacial (surface) diffu-
sion is only allowed at the film-vapor interface via M,; = 5,;. We set
Yop = 0.5 for all interfaces except otherwise specified. GB mobilities are
set to 1073 while all other mobilities are set to 1. This choice allows
for inspecting dewetting regimes with relatively slow interface motion.
It does not prevent grain growth, as further illustrated below. Param-
eters match those used in Ref. [37] for modeling (single-crystalline)
nickel coarsening in solid oxide fuel cells. We indeed neglect interface-
energy and mobility anisotropy, which are out of scope for the present
discussion.

The simulation of SSD for a 2D three-grains film is shown in Fig. 1(b).
In the initial stages, rims form at the edges of the film as it retracts,
while a groove develops at the GBs where the film eventually breaks.
Afterward, each grain evolves according to the SSD dynamics of a sin-
gle crystal. In the central grain at 7 = 0.25, the typical material deple-
tion in the center due to surface diffusion [1] can be observed, lead-
ing to a dent in the surface. For grains with large aspect ratios, as ob-
tained after recrystallization, impingement of single-crystal patches, or

—_
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Fig. 2. Geometrical parametrization and estimation of the critical aspect ratios.
(a) Schematics of 2D equilibrium morphology. The dashed line illustrates the
thickness (H) of the conformal initial film. (b) Schematics (top view) of the
idealized setting of hexagonal grains in 3D with equal size. (¢) Spherical caps
truncated by n-gons. (d) r.(6) in 2D and 3D as predicted by Eqgs. (5) and (8)
for d = 0 (sharp interface limit) and d > 0 as in simulations. Symbols show r,
obtained by MPF simulations with d = 0.22 (2D) and d = 0.25 (3D). The inset
illustrates the dependence of r, on d for § = z/6 (2D), as well as the average
standard deviation of simulation results (+0.25).

abnormal grain growth, material depletion can cause breakpoints within
grain centers, leading to more islands than initial grains.

The grooves exhibit an (equilibrium) angle 0 w.r.t the planar surface
of the initial film that satisfies the identity 2y, sin§ = y, where y, and y,
are the (isotropic) surface energy density of the crystal surface and the
boundary, respectively. In this simulation y, = y, = 0.5,1.e. 8 = z/6, well
reproduced by the MPF simulations. For a GB between two infinitely
extended grains (r*® — o), the depth of the grooves monotonously in-
creases over time [8], thus inherently leading to breakup. For a finite
aspect ratio, however, surface diffusion and thus grooving at the GBs
stops when the equilibrium shape of the surface of the grain(s) is reached
[10]. For isotropic surface energy, the equilibrium shape corresponds to
a circular profile that satisfies the equilibrium angle 6 at the groove. By
simulating a periodic system with uniformly distributed grains and sys-
tematically increasing their aspect ratio, we identify a critical aspect
ratio r2P above which SSD occurs (+*0 > 2P). It results approximately
r. =~ 9 for the chosen parameters, as illustrated in Fig. 1(c). We remark
that this occurs when the (diffuse) interface meets the substrate.

Values of r?P can be independently estimated by considering mass
conservation [10], i.e., equating the initial grain area to the area of
a circular cap with contact angle 6 and base W, i.e. Ag = Ac, with
Ag = WH and Ac = W?(2sin0)~2(8 — sin § cos §). We also introduce an
additional area A, = W D to account for breakup occurring when the
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groove reaches a distance D from the substrate, namely in the pres-
ence of interfaces/surfaces with a finite effective thickness. The mass
conservation condition thus reads A = Ac + Ap. Expressing lengths as
fractions of the initial film thickness (W =rH and D = dH, implying
d < 1) and solving for the (critical) aspect ratio, we get

o 4sin’0
i 0—sin000s0(1_d)' )
For d = 0 and 0 = x/6 this results into r, ~ 11. By settingd = ¢/H = 0.2,
we get r. ~ 8.8, which is in excellent agreement with the simulation
results. This holds upon varying 6, which can be controlled by adjusting
the solid-vapor interfacial energy (y,, represented by y,, in the MPF
model), and d, as illustrated in Fig. 2(d).

For an idealized 3D case of uniformly sized, regular n-gonal grains
perfectly tiling the substrate [10,30] (Fig. 2(b), n = 6), the aspect ratio
is defined as r*P = W /H where W = 2a and « is the apothem of the
n-gon. The volume of each grain is given by V5 = A,H with the base
area A, = ntan(z/n)W? /4. The system is assumed to evolve toward a
spherical cap truncated by the n-gon (see Fig. 2(c)). As derived in the
Supplementary Material (SM), the corresponding integral expression for
its volume is

Vo= /0 "0 90, ©
with

2,(60.5) = \/sin2(0) - 7 — /sin2(0) - R, @)
p=pla, R=R/a=1/cos(zx/n), I,(p=x/n if <1 and

7/n—arccos(p~') otherwise. By imposing mass conservation,
Vg =Vc+Vp with ¥ =A4,D and D=dH in analogy to Eq. (5),
we then find the critical aspect ratio

3D _ tan(z /n)
¢ Ve(n, 0)

It increases with n, indicating that grains with fewer edges undergo SSD
earlier, suggesting that sharp corners promote film rupture. From the
equations above, Z = 0 at the junction where j = R; since the (spher-
ical) elevation decreases with radius, enhanced grooving at junctions,
observed in previous works [30,38], is naturally captured. The eleva-
tion of the junction (J) and of the GB at the midpoint between junctions
can be expressed as (see SM)

1 =d. ®

dy=H —z,(0, R),

w 1 1 1 (C)]
dog = — — - +dj.
GB ™= 5 ( tan6, sin?g,  cos?(x/n) > !

MPF three-dimensional simulations of SSD of the idealized initial
configurations in Fig. 2(b) are presented in Fig. 3(a), varying . For
relatively small aspect ratios, grain morphologies at equilibrium are well
described by hexagonally truncated spherical caps (n =6, Fig. 2(c)).
Both d; and dgg decrease with increasing r°P and agree with Eq. (9).
For instance, at P = 5.5, simulations give d;/H ~ 0.37 and dgg/H ~
0.65, in almost perfect agreement with predictions of Eq. (9), namely
d;/H ~0.37 and dgg/H = 0.64. The proposed Eq. (8) further estimates
rP ~ 8.7 ford =0and r’P ~ 6.8 for d = ¢/H = 0.22, well matching the
simulated critical aspect ratio rzD ~ 6.7 (Fig. 3(a)). This agreement holds
for other 0 values too, as illustrated in Fig. 2(d). The MPF framework
is thus benchmarked against theoretical predictions from Eqs. (8) and
(9), which also independently enable the estimation of the SSD onset
in polycrystalline thin films from the grain aspect ratio. We note, how-
ever, that localized inhomogeneities and defects may trigger SSD with
pronounced heterogeneity.

Fig. 3(b) illustrates the morphological evolution during dewetting
described by MPF simulations, considering an idealized initial configu-
ration as in Fig. 2(b) and a relatively large °P to ensure film rupture.
SSD initiates at junctions, confirming seminal equilibrium considera-
tions [10], other recent simulations [30], and quantitative predictions
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P =16
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Fig. 3. Simulations (3D) of morphological evolution and SSD in polycrystalline thin films with an idealized initial microstructure (e = 0.22H). (a) Perspective view
of the equilibrium configuration for thin films with varying aspect ratio, except for °? = 16 for which an intermediate stage is reported. (b) Representative stages of
SSD for grains with P = 8 (top view). The timescale is expressed relative to the breakup time. (c) Representative stages of SSD for grains with P = 32 (top view).

The timescale is set as in panel (b).

Fig. 4. SSD of square polycrystalline patches with an arbitrary internal grain structure. The two panels (a) and (b) show representative stages of the SSD with two
different initial conditions obtained through a Voronoi construction over randomly generated points. The resulting domains are then randomly assigned to different
phase fields. These initial conditions show significantly different variability of the numbers of grains per side, which are ~ 7.25 +0.69 in (a) and ~ 4.75 + 3.69 (b).
Timescale is given relative to the polycrystalline patch breakup time (similar in both cases). Panel (b) shows the evolution up to the late stages. (c) SSD of a

single-crystalline patch with the same size and aspect ratio as in (a) and (b).

discussed above. Additionally, a detailed account of the dynamics at
GB junctions is obtained, including the formation and growth of non-
trivial opening holes. At intermediate stages, grains detach from neigh-
bors and evolve into single-crystalline patches. A similar qualitative be-
havior, enriched by additional features, emerges at larger aspect ratios;
see Fig. 3(c). Importantly, breakup is found to initiates at triple junc-
tions and rapidly propagates along grain boundaries, forming multiple
contact points. When the grains detach completely from each other, the
dynamics reduces to single-crystalline SSD. A rim forms at the edges (see
also Fig. 3(a) for r°P = 16). For the considered aspect ratio, a breakup
at the center of the patch is obtained, resembling a classical feature of
single-crystalline SSD [2,4,24]. A semi-toroidal shape forms and, driven
by curvature gradients, evolves until the central hole eventually closes.

We finally present a novel scenario: SSD of a polycrystalline patch;
see Fig. 4(a) and (b) illustrating the SSD for two patches with varying
grain morphologies and aspect ratios. Grooves form at GBs, while holes
open at junctions. Such holes initiate dewetting fronts within the patch,
while a continuous rim effectively develops along the edges, breaking

only at later stages. Aside from the rapid disappearance of small grains,
the slower dynamics of rims and peripheral GBs, compared to hole open-
ing, are evident along edges with both relatively small and large grains.
We thus find that SSD in polycrystalline patches leads to early-stage
morphologies characterized by material accumulation between the cen-
ter and the initial patch boundaries, closely resembling the behavior ob-
served in single crystals [4,24], reported in Fig. 4(c) for completeness. In
typical polycrystals, the presence of GBs leads to random, uncontrolled
breakup within the patch. However, designing GB networks can pro-
vide additional degrees of freedom to control self-assembly. Notably,
hole opening occurs much faster than rim retraction driven by surface
diffusion (c.f., Fig. 4).

In conclusion, we demonstrated a grand-potential MPF model tack-
ling the geometric complexity of SSD dynamics in polycrystalline thin
films. The simulation results are consistent with novel independent
predictions based on energetic arguments and characterize the funda-
mental, non-trivial morphological evolutions. Expressions of the grain
critical aspect ratio for dewetting have been derived and represent a
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theoretical benchmark for scenarios well beyond the simulations re-
ported here. We further elucidated key aspects of the dewetting onset
and analyzed the SSD of polycrystalline patches, highlighting the dif-
ferences and similarities with single-crystalline SSD. Tailoring GB dis-
tributions can expand the design space for SSD-driven self-assembly.
Our approach provides a versatile tool for exploring the associated pa-
rameter space. For the sake of generality, we have illustrated ideal-
ized, minimal settings, particularly with respect to material parameters.
Nevertheless, such simplified conditions have already proven powerful
for understanding and predicting single-crystalline solid-state dewetting
[4,24], and we reported here for the first time the characteristic traits
of their polycrystalline counterparts. The considered MPF model still
allows for extended parameterizations and coupling of compatible PF
models, e.g., incorporating anisotropic surface or GB energy densities
[39-41], elasticity, and plasticity effects [21,42,43]. Careful assessment
against theoretical predictions and experimental observations will be es-
sential to quantitatively assess the influence of these additional contri-
butions. Incorporating specifically shear-coupled GB migration [43] still
requires extending the underlying continuum model to fully 3D geome-
tries and accounting for free surfaces of arbitrary morphology. While
these remain open challenges, the approach proposed here provides a
solid foundation for future developments that fully incorporate capillar-
ity and capture concurrent kinetic processes.
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