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ABSTRACT: While biological crystallization processes have been
studied on the microscale extensively, there is a general lack of
models addressing the mesoscale aspects of such phenomena. In
this work, we investigate whether the phase-field theory developed
in materials’ science for describing complex polycrystalline
structures on the mesoscale can be meaningfully adapted to
model crystallization in biological systems. We demonstrate the
abilities of the phase-field technique by modeling a range of
microstructures observed in mollusk shells and coral skeletons,
including granular, prismatic, sheet/columnar nacre, and sprinkled
spherulitic structures. We also compare two possible micro-
mechanisms of calcification: the classical route, via ion-by-ion
addition from a fluid state, and a nonclassical route, crystallization
of an amorphous precursor deposited at the solidification front. We show that with an appropriate choice of the model parameters,
microstructures similar to those found in biomineralized systems can be obtained along both routes, though the time-scale of the
nonclassical route appears to be more realistic. The resemblance of the simulated and natural biominerals suggests that, underneath
the immense biological complexity observed in living organisms, the underlying design principles for biological structures may be
understood with simple math and simulated by phase-field theory.

KEYWORDS: biomineralization, crystallization, calcification, phase-field theory, bioinspired materials

1. INTRODUCTION

Crystalline materials formed by solidification from the liquid
state play an essential role in our civilization.1,2 This class of
matter incorporates most of the technical alloys, polymers,
minerals, drugs, food products, and so on. Owing to their
importance, mathematical models describing the process of
crystallization under the respective conditions were and are
being developed. Relying on the statistical physical description
of phase transitions, the evolving numerical methods, and the
ever-increasing computational power, computational materials
science reached the level where knowledge-based design of
crystalline matter is possible for certain classes of materials (see,
e.g., refs 2−4). The models that address the behavior of matter
during crystalline solidification range from the molecular time
and length scales to the engineering scales. They include ab initio
computations; particle-based methods like molecular dynamics
(MD), Monte Carlo, or population dynamics simulations and
different types of continuum models ranging from the density
functional theory of classical particles, via coarse-grained models
(such as the time-dependent Ginzburg−Landau, Cahn−Hill-
iard, and phase-field type order parameter theories that belong
to the family of classical field theoretical models widely used in
modeling phase transitions of various complexity), to the

macroscopic continuummodels applicable on engineering time-
and length-scales. While this inventory allows the modeling of a
substantial range of crystallization phenomena, there are
complex cases, for which its use is not straightforward. Such
examples are the biomorphic (inorganic) materials5−10 that
formworm-shape or arboresque morphologies by aggregation of
crystalline particles, and the process of biomineralization;11−19

that is, the formation of hierarchically structured organic−
inorganic composites in biological systems. Examples of
biomineralization include the formation of mollusk shells,13,14

skeletons of corals15 and cell walls of diatoms,16 kidney stones,17

bones and teeth,18 and magnetite crystals in the magnetosomes
of magnetotactic bacteria,19 to name a few. The materials
formed by biomineralization often have surprisingly good
mechanical properties owing to their hierarchical microstructure
(see e.g., refs 13,14). Recent imaging and analytic methods
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provide detailed information on the respective microstructures,
which in turn may give clues to the formation mechanism: many
of these microstructures are well-known from materials science
(such as dendrites, spherulites, cellular, columnar shapes,
etc.).11−15,17−19 This raises the possibility that with some
adjustment/further development, the models developed in
materials science can be used to reverse engineer the
biomineralization process and learn the pathways used by
nature to create these complex structures, which may inspire
new technologies for creating novel composite materials.20−25

Recently, we explored the possibility of developing predictive
mathematical models for biomorphic crystallization and for
relatively simple biomineralization processes by adopting well-
established methods of computational materials science and
adjusting them to the circumstances as necessary.26−28 The

research done so far is confined yet to relatively simple cases of
extracellular biomineralization such as mollusk shell forma-
tion26,27 or microstructure evolution of spherulitic structures in
coral skeletons28 but is expected to deepen the general
understanding in the field, and the tools developed in the
course of this research might open the way for modeling more
complex cases of crystallization in biological systems such as
formation of bones, kidney stones, and so on.
In the present paper, we concentrate on the modeling aspects

of such an approach, outlining possible minimum requirements
for phase-field modeling of biological crystallization processes,
and demonstrate that with appropriate choice of the model
parameters and boundary conditions phase-field models can
approximate the polycrystallinemicrostructure formed in simple
cases of biomineralization (shell formation in mollusks such as

Figure 1. Schematic view of bivalve molluscan anatomy with successive magnification of the mantle−nacre interface.39 A thin liquid-filled extrapallial
space is indicated (its thickness and content is open to debate). The interlamellar membrane is made of a viscoelastic chitin-based organic substance,
whereas the mineral constituent is crystalline CC (aragonite). (Reproduced with permission from ref 39. Copyright 2009 United States National
Academy of Sciences). Here “growth direction” indicates the lateral growth of the shell. However, this is based on layerwise growth perpendicular to
the surface via formation of new layers that also grow laterally, a process which is responsible for both the thickening and the sidewise spreading of the
shell. In the present work, we model the local thickening of the shell.

Figure 2. Some typical mircrostructures observed inmollusk shells: (a) cross-sectional EBSD orientationmap for the shell ofKatelysia rhytiphora,37 the
outer side is on the left (note the transitions between layers of different crystallite morphologies); (b) outer randomly oriented granular domain in the
shell of Unio pictorum (SEM);26 (c) columnar prismatic domain of Pinna nobilis (X-ray tomography reconstruction),13 and (d) plate-like structure of
the nacre of Unio pictorum (SEM);26 (e) spherulitic layer, section perpendicular to growth in the shell ofHaliotis rufescens (SEM).38 [(a) Reproduced
from ref 37 under Creative Commons Attribution 4.0 License. Copyright Authors 2019. (b), (d) Reproduced with permission from ref 26 . Copyright
2018 Wiley. (c) Reproduced with permission from ref 13 . Copyright 2014 Springer Nature. (e) Reproduced from ref 38 . Copyright 2002 American
Chemical Society.].
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bivalves, gastropods and cephalopods, and sprinkle formation in
coral skeletons).

1.1. Microstructures Formed during Biomineralization

Before outlining the phase-field models we used in the present
research, we give a short account of the experimental results on
the observed microstructures. Polycrystalline microstructures
formed in biomineralization processes have been investigated by
a variety of experimental methods, including optical microscopy
(OM), scanning electron microscopy (SEM), electron back
scattering diffraction (EBSD), X-ray tomography, and polar-
ization-dependent imaging contrast (PIC,29,30), among others.
Here we concentrate on experimental results obtained on the
microstructure of molluscan shells and coral skeletons.
1.1.2. Mollusk Shells. Mollusk shells are complex organo-

mineral biocomposites with a broad range of species-dependent
microstructures.13,14,30−39 A schematic view of bivalve anatomy
having a nacre-prismatic shell is shown in Figure 1. Moving
inward, the sequence of the individual layers is as follows: the
organic periostracum, a leathery “skin”, that encloses the domain
where biominerlization takes place, a dominantly mineral
(calcium carbonate, CC) prismatic layer, and the nacre
composed of CC tablets and organic interlamellar membranes,
the submicron thick extrapallial liquid,31,34−36 and then the
outer calcifying epithelum layer of the mantle. Images showing
typical microstructures of mollusk shells of similar type are
displayed in Figure 2.13,26,37,38

A recent study shows that in members of three classes of
mollusks Unio pictorum (bivalve), Nautilus pompilius (cephalo-
pod), and Haliotis asinine (gastropod), the shell displays a
common sequence of ultrastructures: a granular domain
composed of randomly oriented crystallites, a prismatic domain
of columnar crystallites, and the nacre26,27 (Figure 3). It has
been shown that the layered structure of nacre may contain
screw dislocation-like defects (see Figure 4).14,39−44

Of these structures, the prismatic layers show mechanical
flexibility, whereas the nacre (also called “mother of pearl”) is
fairly rigid but hard; the combination of the two yields a
surprisingly strong yet flexible biocomposite (see e.g., ref 22).

1.1.3. Microstructure of Coral Skeletons. The multiply
branched shapes of coral skeletons are covered by a large
number of coral polyps45 and the connecting living tissue, which
secretes calcium carbonate to create a hard shelter (the corallite,
a tubular hollow structure on which the polyp sits),46 into which
the polyp can retreat if danger is detected (see Figure 5a,b). The
polyps are transparent, their color originates from photo-
synthesizing algae (zooxanthallea) that live in symbiosis with the
polyp and feed the polyp sugars and oxygen. The surface of the
skeleton is intricately structured,46 depressions, ridges, cavities
are arranged into complex patterns reflecting the radial
symmetry of the polyp (Figure 5b). The CC crystal (aragonite)
building the porous skeleton (Figure 5c) has a spherulitic
microstructure, that is, a radial arrangement of crystals radiating
from a common center. The center does not have to be a point; it
can be a line or a plane in plumose spherulites. In the case of
coral skeletons, the centers are curved planes, termed centers of
calcification (CoCs) (Figure 5d).15,47 From these CoCs,
acicular fibers grow radially and then arrange into fan-like
bundles that finally group into a feather-duster-like shape termed
“trabecula”.15 Besides the plumose spherulitic structure,
randomly oriented nanoscale crystallites “sprinkles” are also
present28,48,49 (Figure 5e). Recent PIC mapping experiments
performed at synchrotron indicate that the amount of the

Figure 3. Hierarchy of ultrastructures in the shell of some of the
mollusks. Left: for bivalve Unio pictorum (growth direction: upward);
(A) The shell, (B) schematic drawing of microstructure, (C−F)
scanning electronmicroscopy (SEM) images. Right top: for cephalopod
Nautilus pompilius (growth direction: to the right). Right bottom: for
gastropodHaliotis asinina (growth direction: to the right); (A−C) SEM
image, (C,D) magnified views of the granular domain and the prismatic
→ nacre transition. Note the similar sequence of ultrastructures during
growth: granular → prismatic (columnar) → nacre (alternating
mineral/organic layers). (Left: Reproduced with permission from ref
26. Copyright 2018Wiley. Right: Reproduced with permission from ref
27. Copyright 2019 United States National Academy of Sciences).

Figure 4. (a−h) Screw dislocation-like defects at the growth front of the
nacreous layer of various species.14,39 (a) Aragonitic nacre structure in
the shell of the bivalve Pteria avicula. Reproduced with permission from
ref 40. Copyright 2007 The Royal Society (U.K.). (b) Calcitic
seminacre structure in the shell of brachiopod Novocrania anomala.
Reproduced with permission from ref 41. Copyright 2010 The
Paleontological Association. (c) Calcitic foliated structure in the shell
of Ostrea edulis. Reproduced with permission from ref 42. Copyright
2007 Elsevier. (d) Aragonitic foliated structure in the shell of
monoplacophoran Rokopella euglypta. Reproduced with permission
from ref 43. Copyright 2009 American Chemical Society. Scale bars
indicate 5 μm. SEM images showing the growth front of the nacreous
layer for bivalves: (e−g) Pteria avicula and (h) Pteria hirundo.
Reproduced with permission ref 40. Copyright 2007 The Royal Society
(U.K.). (i,j) Target and spiral patterns formed in Belousov−
Zhabotinsky reaction. Reproduced with permission from ref 44.
Copyright 1996 Royal Society of Chemistry.
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submicron-sized sprinkle crystallites varies considerably among
different coral species: in some of them, the sprinkles are missing
(Figure 5f), whereas in others, submicron size crystallites appear
at the perimeter of the skeleton, along grain boundaries, at the
growth front of spherulitic trabeculae, or in bands formed in the
interior of the skeleton.28 The discovery of sprinkles inspired a
refinedmodel for spherulitic growth in corals, described in detail
in ref 28. Randomly oriented sprinkles are the first nucleated
crystals at the growth front. With further growth, those oriented
radially have space and thus continue to grow, and those
oriented tangentially run into each other and stop growing. This
is why they stay small. A coarsening process then makes the
larger crystal grow larger at the expense of the smaller ones,
which disappear. In most mature spherulites, therefore, no
sprinkles remain. In the skeleton of some coral species, however,
some sprinkles do not disappear, presumably because they are
kinetically trapped.
In our previous work, we modeled this process by phase-field

simulations28 and raised the possibility that other spherulites
may grow this way, including aspirin, chocolate, and geologic
crystals. However, the formation mechanism of sprinkle bands
and the origin of different amount of sprinkles in the skeleton of
different coral species is not yet fully understood. Mathematical
modeling is expected to help to identify the governing factors.
Molecular/ionic mobility in the calcifying fluid is expected to be
orders of magnitude higher than in the solid. As a result, in the
case of growth via ion-by-ion addition, either a slow supply of the
ions or a kinetic barrier of ion deposition can keep the growth

rate sufficiently low. This offers limitations to the possible
mechanisms, as will be discussed later.

1.1.4. Biomineralization on theNano- andMacroscale.
The complexity of biomineralization stems mainly from the fact
that the fluid and solids incorporate organic molecules, the role
of which is largely unknown.35,36,50,51

For example, nanoscale amorphous calcium carbonate (ACC)
globules are essential for the formation of mollusk shells and
coral skeletons.13,14,52−54 Possible pathways from free ions to
crystalline CC are reviewed in ref 55. Evidently, all the possible
processes cannot be explicitly incorporated into an orientation
field based phase-field (OF-PF) approach designed to model
polycrystalline microstructures on the mesoscale. In this work,
we investigate two specific cases: (i) formation of crystalline CC
via the classical route of ion-by-ion addition of Ca2+ and CO3

2−,
and (ii) the nonclassical route via an amorphous precursor
(ACC) deposited at the solidification front. In the latter case, we
hypothesize that the crystallization rate is determined by the
velocity of crystal growth into the ACC layer and not by the rate
of supplementing ACC; that is, growth is controlled by the self-
diffusion in ACC. This hypothesis can account for the typically
months’ time scale of shell/skeleton formation, which would be
difficult to interpret, for example, on the basis of ion-by-ion
deposition directly from the extrapallial fluid or other aqueous
solutions. A specific realization of mechanism (ii) is presented in
ref 56. The extrapallial fluid contains various ions and organic
molecules as shown by in vivo studies.35,36

1.1.5. Growth Rate of Mollusk Shells and Coral
Skeletons. The shell of bivalves grows typically by 100−300
μm lunar-day increments,57,58 corresponding to a growth rate of
about v ≈ 4.2 × 10−11−1.3 × 10−10 m/s, which decreases with
age.57 The thickening rate of the shell of Tridacna deresa was
estimated to be v≈ 1.6 × 10−10−4.9 × 10−10 m/s in its early life,
which decreases to v ≈ 3.2 × 10−11−2.3 × 10−10 m/s in the later
life.59 Comparable growth rates were reported for freshwater
gastropods v≈ 9.5 × 10−11 m/s.60 In contrast, the coral skeleton
growth rates range between about 1 and 37 cm/year,
corresponding to 3.2 × 10−10 to 1.2 × 10−8 m/s.61−63

2. MODELING SECTION
There are two main categories of the phase-field (PF) models
developed to address polycrystalline freezing: (a) the multi-
phase-field (MPF) models that assign a separate phase field for
every crystal grain64−70 and (b) the orientation-field based
phase-field (OF-PF) approaches, in which the local crystallo-
graphic orientation is monitored by a scalar field (2D)71−78 or
quaternion/rotation matrix fields (3D).78−85 Recent develop-
ments in these areas were reviewed in refs 70 and 78,
respectively.
Both the MPF and OF-PF approaches have their advantages,

yet complex polycrystalline growth forms (such as disordered
dendrites, crystal sheaves, various types of spherulites, and
fractal-like polycrystalline aggregates, etc.) were so far modeled
exclusively using the OF-PF approach. A further advantage of
these models is that they allow a continuous variation of the
orientation, a feature particularly useful in modeling biominer-
alization.
In the OF-PF models, the local phase state of the matter is

characterized by a coarse grained structural order parameter, the
“phase field”, that is time- and space-dependent and monitors
the transition between the liquid and solid states. This field is
usually coupled to other slowly changing fields, such as the
concentration field of the constituents, and the orientation field.

Figure 5. From coral polyps to the CC (aragonite) skeleton they form,
highly structured from the cm to the nm scale. (a) Schematic drawing of
the coral polyp (colored) sitting on the porous skeleton (white).45

Reproduced with permission from Britannica eReader.com, a service of
Encyclopædia Britannica, Inc. (b) SEM image of the surface formed
below coral polyps (corallites) in the case of Porites sp. Reproduced with
permission from ref 46. Copyright 2011 Elsevier. (c) Cross-section of
corallite, Pollicipora damicornis (linear size of image is ∼3 mm, “d”
stands for mineral bridges termed distally convex dissepiments).
Reproduced with permission from ref 47. Copyright 2006 Springer
Nature. (d) Schematic drawing of a “plumose” spherulite. Reproduced
with permission from ref 15. Copyright 2017 American Chemical
Society. (e) PIC map of Acropora pharaonis coral skeleton showing
spherulitic microstructure of crystals radiating from a band of randomly
oriented sprinkles (linear center of calcification, the bar indicates 10
μm). Reproduced with permission from ref 28 under Creative
Commons CC-BY-NC-ND 4.0 license. Copyright 2020 Elsevier. (f)
PIC map of Phyllangia coral skeleton showing spherulitic micro-
structure of crystals radiating from centers of calcification, however,
with no sprinkles.
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The free energy contains bulk free energy and gradient terms for
these fields. The equations of motion can be obtained via a
variational route. The thermal fluctuations are represented by
adding noise (nonconserved fields) or flux noise (conserved
fields) to the equations of motion that satisfy the fluctuation−
dissipation theorem, allowing for homogeneous nucleation72

The inclusion of foreign surfaces/particles, represented by
appropriate boundary conditions that set the wetting properties,
allows the modeling of heterogeneous nucleation83−85 and
solidification in confined space.77,86 The addition of phase-field
noise makes the modeling of Brownian motion of solid particles
possible.87 The OF-PF models may also be coupled to
hydrodynamic flow, which can be represented by either the
Navier−Stokes equation88,89 or the lattice Boltzmann techni-
que. With an appropriate overlapping grid technique, flow
coupled motion of growing solid particles can also be treated.90

The main virtue of PF modeling is that the growth
morphology can be computed on the basis of the freezing
conditions and the thermophysical properties. Images obtained
by OF-PF modeling in two- and three dimensions (2D and
3D)74,78,84,86 are compared with experiments74,86,91−101 in
Figure 6.
Recently, PF modeling has been extended for microstructure

formation in mollusk shells and coral skeletons, and promising
agreement was seen between experiment and the predicted
microstructures.26−28 We give below a detailed account of the
modeling efforts and present new results.
Herein, we continue further the quest for a minimum phase-

f ield model of the biomineralization process during the formation

of mollusk shells and coral skeletons. Evidently, we cannot
model the living organism in the framework of this approach;
their functions are represented by appropriate boundary
conditions. Unfortunately, usually little is known of the
thermodynamics of the multicomponent fluids involved, of the
interfacial free energies and their anisotropies, and the respective
diffusion coefficients. Therefore, we aim at identifying the main
components that a minimal theory needs to incorporate for
qualitatively reproducing the microstructures seen in the
experiments.
In the present study, we rely on three specific formulations of

the phase-field theory. In two of them,26,27 the local state is
characterized by the phase field, ϕ(r, t) that monitors the
process of crystallization, the concentration field c(r, t)
specifying the local composition, and a scalar orientation field
θ (r, t), which represents the local crystallographic orientation in
2D. The latter field is made to fluctuate in time and space in the
liquid, a feature that represents the short-range order present in
the liquid state (as done in refs 72,74−79 and 83−86). The third
model does not include an orientation field. It has been
developed to handle two-phase spiraling dendrites during
eutectic solidification in ternary alloys in 3D,102 assuming a
fixed relative orientation of the solid phases.
In Figure 7, we summarize the problems addressed herein, the

models used, the assumed micromechanisms, and the
corresponding phase transitions.

Figure 6. Complex crystallization structures in the experiments (1st and 3rd rows) and in the corresponding simulations performed using OF-PF
models at the Wigner Research Centre for Physics (2nd and 4th rows). Upper block: From left to right: Rhombic dodecahedron crystals (upper panel
reproduced from ref 91, lower panel reproduced with permission from ref 84. Copyright 2008 IOP Publishing Ltd.). Columnar dendrites (upper panel
reproduced with permission from ref 92. Copyright 2016 Elsevier). Equiaxed dendrites (upper panel reproduced with permission from ref 93.
Copyright 2016 Elsevier, lower panel reproduced with permission from ref 78. Copyright 2013 Springer Nature). “Dizzy” dendrites (reproduced with
permission from ref 74. Copyright 2003 Springer Nature). Crystal sheaves (upper panel reproduced with permission from ref 94. Copyright 1993
American Chemical Society, lower panel reproduced with permission from ref 78. Copyright 2013 Springer Nature). Orientation field in spherulites
(upper panel reproduced with permission from ref 95. Copyright 2007 American Chemical Society). Arboresque spherulites (upper panel reproduced
with permission from ref 96. Copyright 2003 American Chemical Society, lower panel reproduced with permission from ref 78. Copyright 2013
Springer Nature). Lower block: From left to right: Scratch induced dendritic crystallization in polymer film (reproduced with permission from ref 86.
Copyright 2003 Springer Nature). Dumbbell-shape spherulites (upper panel reproduced with permission from ref 97. Copyright 2006 Wiley, lower
panel reproduced with permission from ref 84. Copyright 2008 IOP Publishing Ltd.). Spherulites in temperature gradient (upper panel reproduced
with permission from ref 98. Copyright 2003 Springer Nature, lower panel reproduced with permission from and ref 86. Copyright 2013 Springer
Nature). Freezing soap bubble vs dendrite growing in spherical shell (upper panel reproduced with permission from ref 99). Effect of oscillating
temperature (reproduced with permission from ref 78. Copyright 2013 Springer Nature). “Quadrites” formed by nearly 90° branching (upper panel by
courtesy of B. Okerberg,100 lower panel reproduced with permission from ref 78. Copyright 2013 Springer Nature). “One eyed” spherulites (upper
panel reproduced with permission from ref 101. Copyright 2002 Elsevier).
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2.1. Phase-Field Model 1 (PF1)

The first model will be used to address four cases of
biomineralization: (i) mollusk shell formation from aqueous
solution by ion-by-ion addition (ions from the extrapallial fluid
attach to the surface of the crystalline phase), (ii) mollusk shell
formation via amorphous precursor (ACC→ CCC transition),
(iii) formation of columnar nacre via ion-by-ion attachment, and
(iv) formation of coral skeletons via ion-by-ion attachment. In
all these cases, the same mathematical model will be used,
however, with specific input parameters and initial- and
boundary conditions.
Model PF1 is defined by eqs 1−6 shown below. This model is

similar to the standard binary PF theory by Warren and
Boettinger;103 however, it is supplemented with an orientation
field as done in refs 72,74−78 Accordingly, the free energy of the
heterogeneous system is expressed as
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where T is the temperature. Parameters εϕ
2 = (12/√2) γiδi /Ti

and w(c) = (1 − c) wA + c wB, where wi = (12/√2) γi /(δiTi) are
expressed in terms of the free energy γi, the thickness δi of the
crystal−liquid interface, and the melting point Ti of the i

th pure
component (i = A or B that stand for the organic and mineral
components, respectively). In model PF1 εc

2 = 0 is chosen. s =
s(ϑ, θ) = 1 + s0 cos{kϑ − 2πθ} is an anisotropy function
corresponding to an interfacial free energy of k-fold symmetry
and strength s0, whereas ϑ = arctan(ϕy/ϕx) is the angle of the
normal of the interface in the laboratory frame, while ∇ϕ = [ϕx,
ϕy]. The angular (circular) variables ϑ and θ are normalized so
that they vary between 0 and 1. The bulk free energy density
reads as,

f p f c T p f c T( ) ( , ) 1 ( ) ( , )chem C Mϕ ϕ= + [ − ] (2)

and varies between the free energy densities of the crystal and
mother phases ( f C and fM, respectively) as prescribed by the
interpolation function p(ϕ) = ϕ3 (10−15ϕ + 6ϕ2). Here f C and
fM were taken from the ideal solution model. The orientation
free energy density is as follows:

f p HT( )ori ϕ θ= |∇ | (3)

where the parameterH can be used to tune the magnitude of the
grain boundary energy. Owing to the scalar orientation field,
model PF1 is applicable exclusively in 2D.
The time evolution of the heterogeneous system is described

by variational equations of motion (EOMs):
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where Mϕ, Mc, and Mθ are mobilities that determine the time
scale of the evolution of the individual fields, and are related to
coefficients of the self-diffusion, interdiffusion, and rotational
diffusion.72,74−78 The chemical and orientation mobilities are
made phase-dependent asMi =Mi,C + [1− p(ϕ)]{Mi,M−Mi,C},
where i = c or θ, and indices M and C denote values for the
mother and crystalline phases. The corresponding dimension-
less mobilities are defined as mϕ = Mϕεϕ

2T/Dc,M, mc = Mc/Dc,M,
where Mc,C,M= (vm/RT)c(1 − c)Dc,C,M, and mθ = MθξHT/Dc,M.
Here vm is the average molar volume of the components, R the
gas constant, ξ the length scale, whereasHT is the energy scale of
the grain boundary energy. Gaussian white noise terms ζi are
added to the EOMs to represent the thermal fluctuations (here i
= ϕ, c, and θ). 3D generalizations of model PF1 can be found
elsewhere,78−82 which, however, require quaternion or rotation
matrix representation of the crystallographic orientation, as
opposed to the scalar field used here.

2.2. Phase-Field Model 2 (PF2)

The second model will be used to provide a refined model of
mollusk shell formation including the nacreous structures in the
case of (i) ion-by-ion attachment and (ii) amorphous precursor
mediated process. This OF-PF model was originally developed
to describe eutectic solidification, while keeping a fixed
orientational relationship between the two solid phases inside
the crystal grains.104 To realize this, the square-gradient term,
(1/2)εc

2 T (∇c)2, was retained in the free energy density
(choosing εc

2 = 2εϕ
2), and a more complex orientational free

energy term was used
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that realizes a fixed orientational relationship at the solid−solid
phase boundaries. Here h(c) = (1/2){1 + cos[2π (c − cα)/(cβ −
cα)]}, cα and cβ are the CC concentrations in the two solid
so lu t ion phases , whereas F1( |∇θ |) = |∇θ | and
F2(|∇θ|) = a + b|cos(2mπd|∇θ|)|. Here a, b, m, are constants,
and d is the characteristic thickness of the sold-solid phase
boundary. The EOMs are derived the same way as in the case of
model PF1. Accordingly, model PF2 is defined by eqs 1, 2, 4−6,
and 7.

Figure 7. Summary of biomineralization-related problems that are
addressed within this work using phase-field methods. In each case, the
applied model, the respective micromechanism, and the relevant phase
transition are specified. Phase-field models PF1, PF2, and PF3 are
defined in the text.
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2.3. Phase-Field Model 3 (PF3)

This model will be used to address the formation of 3D
topological defects in sheet nacre via crystal growth into hACC
(here the third component plays the role of water that has
smaller solubility in CCC than hACC). Modeling of sheet nacre
by PF3 is a 3D analogue of the amorphous precursor mediated
case in PF2. The free energy of the crystallizing system is given
by the expression102
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where c = [c1,c2,c3] and Σici = 1, whereas w and εc
2 are constants.

The bulk free energies of the solid and liquid phases are taken
from the regular and ideal solution model:
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where Ωi,j are the binary interaction coefficients in the solid.
The respective EOMs obtained variationally are as follows
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whereMc is the 3 × 3 mobility matrix. With the choice of 1 and
−0.5 for the diagonal and off-diagonal elements, the criterion
Σici = 1 is automatically satisfied. The diffusion is switched off in
the bulk solid. Further information on model PF3 is given in ref
102.
2.4. Numerical Solutions

The EOMs were solved numerically in a dimensionless form, on
rectangular uniform grids, using finite difference discretization
with forward Euler time stepping. The PF1 and PF2 codes were
run on a CPU cluster of 480 CPU cores using MPI protocol.
Typical runs on a 1000 × 2000 grid took between about 8 to 15
h, depending on the number of time steps that varied from 2.4 ×
105 to 5 × 105, as required by the velocity of crystallization. The
code for PF3 was run on high-end graphics processing units
(GPUs) and was solved on a 3D rectangular grid.
2.5. Materials’ Parameters

We review here the present status of input data required for a
quantitative modeling. The OF-PF models require a fairly
detailed information on the systems studied. This incorporates
the free energy of all the relevant phases as a function of

temperature and composition; all the interface energies; and the
translational, chemical, and rotational diffusion coefficients.

Since in the biomineralization problems, we address here, the
dominant CC polymorph is the metastable aragonite, we use the
thermophysical data available for this polymorph, as much as
possible. In case, where no information is available, we use values
for another CC polymorph (calcite). The input data are
collected in Tables 1 and 2 for Model PF1, in Tables 3 and 4 for
Model PF2, a few common ones are presented in Table 5. In
these Tables, “aq. sol. → CCC” indicates data relevant to the
ion-by-ion mechanism, whereas “ACC → CCC” denote those
for the amorphous precursor mediated case.

2.5.1. Thermodynamics. Unfortunately, only limited
thermophysical information is available even for the pure CC
system from experiment and MD simulations, such as the phase
diagrams105,106 and the equilibrium shapes reflecting the
anisotropy of the interface energy.107,108 During biomineraliza-
tion, however, a variety of ions and organic macromolecules are
present that may influence/control the crystallization proc-
ess.109−115 Accordingly, it is a nontrivial task to obtain accurate
input data for mesoscale modeling; for example, selective
adsorption of ions or organic molecules on different crystal faces
may change growth morphology111,112 or influence the
formation of polymorphs of CC.114,115

Owing to this lack of information, we present here generic
approaches that are based on simplified hypothetical model
systems of properties similar to those used in refs 26−28.

2.5.2. Diffusion Coefficients. As noted above, we address
here two scenarios for the formation of crystalline CC (CCC):
(i) diffusion controlled growth of crystalline CC directly from

Table 1. DimensionlessMobility Coefficients forModel PF1a

mφ mc,M mc,C mθ,M mθ,C

aq. sol. → CCC 3.75 1.0 10−20 120 120 × 10−20

ACC → CCC 3.75 1.0 10−14 120 120 × 10−14

aThe subscripts M and C stand for the mother and crystalline phases.
The chemical mobility of the former was used as reference, as its
chemical diffusion coefficient was used in making the EOMs
dimensionless.

Table 2. Dimensionless Thermodynamic Data Used inModel
PF1 (Ideal Solution Thermodynamics26)a

quantity value

Tr = T/TA 0.911
Tr,B = TB/TA 0.786
ΔgA = ΔGA/RT −0.1184
ΔgB = ΔGB/RT 0.1554

aHere ΔGA,B = ΔHA,B(T−TA,B)/TA,B (A stands for CC and B for the
organic component).

Table 3. DimensionlessMobility Coefficients forModel PF2a

mφ mc,M mc,C mθ,M mθ,C

aq. sol. → CCC 0.0144 1.0 10−20 12 12 × 10−20

ACC → CCC 0.0144 1.0 10−14 12 12 × 10−14

aThe subscripts M and C stand for the mother and crystalline phases.
The chemical mobility of the former was used as reference, as its
chemical diffusion coefficient was used in making the EOMs
dimensionless.
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aqueous solution via ion-by-ion addition; (ii) diffusion
controlled growth of crystalline CC into a hydrated ACC
(hACC) layer that is assumed to be deposited on the
solidification front (by vesicles or the-ion-by-ion process) with
a sufficient rate so that deposition is not the rate-limiting
process. These scenarios differ in the diffusion coefficient we
assign to the “mother phase” (either aqueous solution or ACC)
that crystallizes. Since the equations of motion were made
dimensionless using the diffusion coefficient of the mother
phase, and we assume that the relative magnitudes of Mϕ, Mc,
and Mθ remain the same in the mother phase independently
whether it is liquid or amorphous, the two scenarios differ in
only the dimensionless mobilities assigned to the crystalline
phase.
Aqueous Solutions. The coefficient of ion diffusion in

aqueous solutions at room temperature is in the order of DL
≈10−9 m2/s.116

Amorphous CC. The ion diffusion in ACC at 300 K is in the
order of DACC,ion ≈ 10−15m2/s.117 However, the diffusion
coefficient of the water molecules from MD simulations is
typically DhACC,H2O ≈ 10−14−10−13m2/s for the slow H2O
molecules, although a few percent of H2O molecules that have
orders of magnitude faster diffusion (DhACC,H2O ≈ 10−11 m2/s)
are also present.117,118 However, biogenic ACC is almost
anhydrous.119 Therefore, water diffusion is expected to play a
negligible role. The rate limiting factor for the structural
transition is expected to be the slowest of these processes;
accordingly, we use the diffusion coefficient for the ions,DACC,ion
≈ 10−15m2/s.117

Crystalline CC. We are unaware of self-diffusion data for
aragonite. There are, however, experimental data for calcite. The
Mg diffusion coefficient in calcite is aboutDcalcite≈ 10−21 m2/s at
823 K, which, extrapolates to Dcalcite ≈ 10−53 m2/s at room
temperature provided that the diffusion mechanism does not
change.120 A different estimate is obtained via extrapolating the
Mg−Ca interdiffusion data of ref 121 to room temperature,

which yields Dcalcite ≈ 10−29 m2/s at 300 K for Mg diffusion in
calcite. An even higher value emerges from the radioactive tracer
method Dcalcite ≈ 10−23 m2/s.122

Summarizing, herein, we opt for DACC,ion ≈ 10−15m2/s and
Dcalcite ≈ 10−29 m2/s for ion diffusion in ACC and calcite,
respectively; assuming thus that the diffusion data for calcite can
be viewed as a reasonable order-of-magnitude estimate for the
other polymorphs, including aragonite. The corresponding
dimensionless mobility data are presented in Tables 1 and 3. The
data of magnitude 10−20 to 10−12 indicate that in the crystal,
independently of the mother phase, the reduced mobilities are
essentially zero for the concentration and orientation fields; that
is, these fields do not show time evolution within the crystal on
the time scale of the simulations.

2.5.3. Interfacial Free Energies. The experimental and
theoretical results for the water-aragonite interfacial free energy
are about 150 mJ/m2.123,124 A recent ab initio theoretical
treatment provides a considerably larger value (280mJ/m2), and
information on its anisotropy for small aragonite clusters.125

Herein, we use 150 mJ/m2. We are unaware of data for the free
energy of the ACC-aragonite interface. Using Turnbull’s
relationship126 for the interfacial free energy, γ = αΔH/
(N0vmc

2)1/3, where α is a constant, ΔH heat of transformation,
N0 the Avogadro-number, and vmc is the molar volume of the
crystalline phase, a crude estimate can be made on the basis of
the enthalpy difference between ACC and calcite:ΔHcalcite‑ACC =
(14.3 ± 1.0) kJ/mol.119 A similar value may be expected for
aragonite.119 Considering α = 0.55 fromMD simulations,127 one
obtains γaragonite‑ACC ≈ 87 mJ/m2, which result, however, needs
independent confirmation by other experimental/theoretical
methods.
Once the thermodynamic data are fixed for components A

and B, and the interfacial free energy is given for one of the
components, models PF1 and PF2 predict the interfacial free
energy for the other component, provided that the interface
thicknesses are similar.103 For materials of comparable entropy
of transformation, this realizes γ ∝ Ttrans, where Ttrans is the
temperature of the phase transition, a relationship that works
well for the solid−liquid interfacial free energy of metals.128

2.5.4. Qualitative Modeling. Despite our efforts to collect
a full set of the required materials parameters, owing to
uncertainties of the thermodynamic diving force of crystal-
lization and of the interface energy estimates, the simulations we
present can only be regarded as qualitative. They are aimed at
demonstrating that phase-field modeling has the potential to
capture various microstructural/morphological aspects of
biomineralization. This summary of the present status of input
data may give hints where further experiments and microscopic
theory can help mesoscale modeling.

3. RESULTS AND DISCUSSION

3.1. Modeling of Microstructures Mimicking Mollusk Shells

Herein, we hypothesize that (1) the granular domain is
produced by heterogeneous nucleation (either on the surface
of periostracum or on organic particles); and (2) the physical
background of the columnar → nacre morphological transition
is the observation that decreasing the driving force of
solidification, an initially diffusionless process (full solute
trapping) is replaced by partitioning, which first appears in the
form of alternating layers rich in one or the other component
(see Figure 8).129,130

Table 4. Dimensionless Thermodynamic Data Used inModel
PF2 (Regular Solution Thermodynamics27)a

quantity value

Tr = T/TE 0.720
Tr,A = TA/TE 1.169
Tr,B = TB/TE 1.286
ΔgA = ΔGA/RT − 0.5802
ΔgB = ΔGB/RT − 1.0477
ωM = ΩM/RT 2.0510
ωC = ΩC/RT 3.6335

aHere ΩM,C = Ω0,M,C − Ω1,M,CT.

Table 5.Materials andComputational Data Used in PF1/PF2

quantity value unit ref

γA (CCC − aq. sol.) 150 mJ/m2 123,124
γB (organic−aq. sol.) 118 mJ/m2 this work
γA (CCC − ACC) 87 mJ/m2 this work
γB (organic − ACC) 68 mJ/m2 this work
vm (CCC − aq. sol.) 26.7 cm3/mol
vm (CCC − ACC) 32.4 cm3/mol
ξ 2.1 × 10−6 m
δ 4.15 × 10−8 m
Δx 6.25 × 10−3 dimensionless
Δt 4.75 × 10−6 dimensionless
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The latter mechanism is the one that causes band formation in
Figures 9 and 10. Further assumptions made during the
application of these models (e.g., boundary conditions specific
to the studied problems) are recapitulated below. In the case of
PF1, reduction of the driving force leads to a transition of a
chemically homogeneous solid to alternating solid−liquid

layers, whereas in the case of PF2 partitioning appears via
alternating α−β bands. For even smaller driving forces, PF1
would produce seaweed/dendritic structures, whereas PF2
would yield lamellae perpendicular to the growth front.

3.1.1. Shell-Like Microstructure in Model PF1. In a
recent OF-PF study,26 we made the following assumptions that
define the conditions under which eqs 1−6 were solved, when
modeling the formation of mollusk shells within model PF1:

• The CC crystals grow into the extrapallial fluid by the
molecule/ion attachment mechanism.

• Binary ideal solution thermodynamics (CC and organic
component) is applied. Evidently, treating the extrapallial
fluid as a quasi-binary solution is a gross simplification.
During crystallization of the CC-rich crystal, and an
organic-component-rich “fluid” forms from the original
homogeneous mixture. This construction was used as a
simple means to provide thermodynamic driving force for
CCC precipitation.

• CC-supersaturation of the extrapallial fluid decreases
exponentially with the distance x from the periostracum,
owing to a spatially dependent amount of the organic
component: c(x) = cmin + (cmax − cmin){1−exp(− 9x/L)},
where L is the thickness of the extrapallial space. (This is a
hypothesis. We are unaware of any experimental
information pro or contra.)

• Crystallization of CC starts via heterogeneous nucleation
on the periostracum.

• The anisotropy of the CCC-mother phase interfacial free
energy is neglected.

In the present work, besides this, we explore a different
scenario shown in Figure 7, in which the CCC crystal grows into
an ACC precursor that forms continuously ahead of the
crystallization front. The CCC front propagates into this ACC

Figure 8. Band formation as predicted by the binary Warren-
Boettinger103 (WB) type phase-field models: (a) transition from
diffusionless solidification to partitioning with decreasing driving force
(supersaturation decreases from left to right) in the presence of a single
solid phase (ideal solution); and (b) transition from lamellar eutectics
toward bands parallel to the growth front with increasing driving force
(undercooling) in a WB model supplemented with square gradient
term for concentration,130 a case in which two solids of different
composition form (regular solution). Lower panel was reproduced with
permission from ref 130. Copyright 2017 Springer.

Figure 9.Comparison of the microstructure of (a) the shell of molluskUnio pictorum26 as shown by electron microscopy images (see also Figure 3 left
block; reproduced with permission from ref 26. Copyright 2018 Wiley) with simulations (b−e) obtained by model PF1 assuming (b, c) ion-by-ion
attachment f rom extrapallial f luid (Dc,M = 10−9 m2/s) or (d, e) crystallization f rom an ACC layer (Dc,M = 10−15 m2/s). Growth direction is upward.
Orientation (b, d) and grain boundary (c, e) maps are shown. In panels (b) and (d), colors denote different crystallographic orientations. In the
experimental images of (a), the bars correspond to 3, 3, 1, and 1 μm, respectively, from top to bottom. Note the presence of the three characteristic
domains in the experiment and in both types of simulations: granular, columnar prismatic, and sheet nacre structures. The qualitative phase-field
simulations were performed on 1000 × 2000 grids (corresponding to 13.125 μm × 26.25 μm with the present choice of model parameters). (In the
high driving force (lower) part of both these simulations lDv /Dc,M > 1; that is, diffusionless crystallization takes place, whereas in the upper domain,
alternating mineral and organic layers mimicking the sheet nacre form.).
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layer and has no direct contact with the extrapallial fluid. It is also
assumed that the formation of the ACC layer is fast enough, so
that it is not the rate-limiting process. The respective amorphous
→ crystal transition has in principle a reduced driving force,
while orders of magnitude smaller diffusion coefficients prevail
in the amorphous phase, yielding a far longer time scale for
crystallization, when compared with crystallization from an
aqueous solution. In this scenario, the phase field monitors the
amorphous→ crystal transition, rather than the crystallization of
a liquid. We furthermore assume that the coefficients of the
translational, chemical, and rotational diffusion decrease

proportionally by orders of magnitude during this process,
retaining the same relative magnitudes of the mobilities as in the
liquid (see Table 1).
Since the EOMs are solved in dimensionless form, where time

is dedimensionalized using the chemical diffusion coefficient of
the mother phase, the dimensionless chemical mobilities of the
mother phase remain unchanged. What differs between the
present computation and the previous one in ref 26 is the
magnitude of the individual mobilities in the crystalline and the
mother phase (see Table 1). Following the general principles of
phase-field modeling (see e.g. ref 131), the phase-field mobility

Figure 10.Three stages of microstructure evolution inModel PF2 obtained assuming (a−d) ion-by-ion attachment f rom extrapallial f luid and (e−h) by
crystallization from ACC precursor(orientation (a−c) and (e−g), and compositionmaps (d) and (h) are shown.): (a,e) Formation of granular structure
via heterogeneous nucleation dominated equiaxed solidification; (b, f) columnar growth via directional solidification in concentration gradient yielding
the prismatic structure, and (c, g) layerwise formation of alternating CCC and organic layers (sheet nacre). In panels (a−c) the mother phase is an
aqueous solution (Dc,M = 10−9 m2/s) in the simulation shown; whereas an amorphous precursor (Dc,M = 10−15 m2/s) is assumed in the simulation
shown in panels (d−f). The wavelength of the layered structure is roughly proportional to the free energy of the mother phase − CCC interface. The
thickness of the mother phase (extrapallial domain) is assumed to be constant. In (a−c) and (e−g) different colors stand for different crystallographic
orientation, while colors white and black stand for the mantle of the mollusk and the mother phase, respectively. In (d) and (h), gray, yellow, and blue
indicate themother phase, the organic phase, and CCC. The qualitative phase-field simulations were performed on 2000× 200 grids (corresponding to
an area of 26.25 μm × 2.625 μm with the present choice of model parameters). In (a−c) and (e−g) time elapses downward, whereas (c) and (d) and
(g) and (h) display snapshots taken at the same time.
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is assumed to be independent of the phase. In contrast, in
agreement with the experimental diffusion coefficients, the
chemical and orientational mobilities are assumed to be 20
orders of magnitude larger in the extrapallial fluid then in the
crystal, and 14 orders of magnitude larger in ACC than in CCC.
We retain the assumptions made in ref 26, as listed above with

the difference that in the nonclassical mechanism it is the CC
content of the ACC layer that decreases exponentially (while the
organic content increases) with the distance from the
periostracum. For the sake of simplicity, we employ the same
dimensionless driving force as in ref 26 for both the classical and
the nonclassical cases.
The microstructures that evolved in the two cases are

compared in Figure 9. The characteristic microstructural
transitions are present in both simulations. Whether from the
fluid or the amorphous phase, first small randomly oriented
CCC grains form in the neighborhood of the periostracum, of
which crystal grains grow further inward yielding elongated
crystals of random orientation that compete with each other.
With increasing distance from the periostracum, that is, with
decreasing supersaturation, growth slows down, and the
separation of the two constituents becomes possible, which
leads to the formation of alternating CCC and organic-rich
layers, closely resembling the nacre. The mineral layers in the
“nacre” are composed of segments of different orientations (see
Figure 9b,d), which can be viewed as a 2D analogue of the usual
3D mineral platelets. The predicted sequence of the
morphological transitions is similar for both mechanisms (i.e.,
for aq. sol. → CCC and ACC → CCC); however, there are
minor differences in the relative thicknesses of the granular,
columnar prismatic, and layered nacre structures.
While the respective microstructures are rather similar, the

typical size scales for the ACC→CCC transition is smaller than
for the aq. sol. → CCC, roughly proportionally with the
respective interfacial free energies. Alternating CCC and
organic-rich layers akin to sheet nacre form here due to a
process described in ref 129, with the difference that under the
present conditions a roughly flat “banded structure” forms, and
thermal diffusion is replaced by chemical diffusion. Apparently,
the orientational information is only partly transferred through
the organic layers. Mineral bridges (discontinuities of the
organic layers) are also observed. The granular → columnar →
layered morphological transitions occur here because of changes
in the growth velocity.
At high supersaturations nucleation and dif fusionless solid-

ification takes place forming the granular domain. At medium
supersaturations nucleation ceases, only competing growth of
the existing particles takes place yielding the columnar domain,
whereas at small supersaturations alternating CCC and organic
layers occur, forming a layered structure that closely resembles
the sheet nacre.
Diffusionless crystallization is possible, when the diffusion

length lD = Dc,M /v is comparable to the thickness of liquid/
crystal or amorphous/crystal interfaces (d ≈ 10−9−10−8
m132,133), where v is the growth rate. The transition from
diffusion controlled to diffusionless growth takes place in the
regimes 10−4 < dv/Dc,M < 1 or 10−2 < dv/Dc,M < 10, depending on
the model.134 Considering lD ≈ 10−9 m and a typical
experimental growth rate of v ≈ 10−10 m/s, one finds that the
mother phase needs to have a diffusion coefficient of Dc,M ≈
10−15−10−20 m2/s to show transition toward diffusionless
growth on the time scale required. This clearly rules out the
possibility that the CC crystals form dominantly by direct ion-

by-ion attachment from the extrapallial fluid asDc,M≈ 10−9 m2/s
applies for the latter process. In turn, this range of Dc,M is
consistent with crystallization from amorphous CC, as the
magnitude of Dc,M falls in the range diffusion coefficient takes in
the amorphous state.135

Summarizing, while the twomechanisms considered here lead
to similar microstructures, crystallization via the ACC precursor
seems preferable to direct solidification via ion-by-ion addition
from the extrapallial fluid, as in the latter case the diffusion
coefficients are rather high, that is, crystallization is expected to
be fast, unless the “fluid” is of high viscosity (not realistic for the
extrapallial fluid). Another problem of direct precipitation from
the aqueous solution is that due to the high diffusion coefficient,
the assumed initial exponential spatial dependence of CC
supersaturation is only temporary on the time scale of shell
growth, unless crystal growth is so fast that diffusional
equilibration cannot take place. This is, however, at odds with
the experimental growth rates.
Note that modeling of the experimentally observed orienta-

tional ordering in the columnar (prismatic) and nacre domains
that yields coalignment of the c’ axis of the crystallites, requires a
3D orientation field. Work is underway in this direction.
Finally, we note that the thickness of the organic and mineral

layers in the nacre are typically 10−40 nm and 300−600
nm,136−140 respectively. Our qualitative simulations give a
considerably larger relative thickness for the organic layer. This
is partly because we intended to model the whole granular →
columnar → nacre sequence, and because of limitations of
available computational power, we cannot have sufficient spatial
resolution to realize a more realistic thickness ratio. If modeling
is limited to the nacre, one is expected to achieve a better
agreement.

3.1.2. Shell-Like Microstructures inModel PF2.To relax
some of the simplifying assumptions made in PF1, a refined
model (PF2) was proposed for modeling the formation of
mollusk shells in ref 27. In this model, two solid phases form
simultaneously from the liquid state, a mineral-rich and an
organic-rich, while a fixed relative orientational relationship is
forced between the solid phases formed inside the same crystal
grain. This realizes a strong orientational coupling between the
solid phases. Simultaneous formation of two solids occurs, for
example, in eutectic or peritectic systems. In the refined
approach, we opted for the former case. The main assumptions
that set the conditions, under which eqs 1, 2, 4, 6, and 7 defining
model FP2 were solved, are as follows:27

• Crystal growth of CC happens via molecule/ion
attachment.

• A binary eutectic model thermodynamics (regular
solution) applies.

• Themineral content of the extrapallial fluid emitted at the
surface of the mantle decreases exponentially with time.

• Formation of granular CC crystals starts by heteroge-
neous nucleation on organic heterogeneities, whose
number density is assumed to decrease exponentially
with the distance from the periostracum.

• The thickness of the extrapallial domain (distance
between the mantle and the solidification front) remains
constant. (In the simulation, the position of the mantle
surface varies in accord with the solidification rate.)

In this approach, the assumption that CC supersaturation
decreases toward the mantle is removed and is replaced by the
more natural assumption that the CC supersaturation at the
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mantle decreases exponentially with time that leads to an
analogous result, however, in a more natural way. The
simulation presented in ref 27 shows a good qualitative
agreement with the experimental microstructures observed in
various types of mollusk shells. It is reassuring that model PF2
recovers the experimental microstructure though in a somewhat
more ordered form, which could however be made more
random by varying the noise added to the equations of motion.
At the present state of affairs, it is difficult to decide which of
models PF1 or PF2 should be considered superior to the other,
yet the two-solid model is probably closer to the reality.
Herein, we explore whether the microstructure remains

similar, when assuming ACC mediated crystallization in the
framework of model PF2. The results obtained by the two
mechanisms of crystallization are compared Figure 10.
Apparently, as in the case of model PF1, the two micro-
mechanisms for crystalline CC formation yield similar micro-
structures.
Note that in model PF2, the nacre is composed of two

alternating solid phases. Under the conditions used in our
simulation the organic component remains in an amorphous or
nanocrystalline state. Remarkably, the predicted “nacre”
structure recovers such details of the experimentally observed
microstructure as the “mineral bridges” and the line defects
across the organic layers termed “aligned holes”.33,34,138,140 We
will show, however, in the next section that despite this close
similarity, the formation mechanism of the nacre can be
considerably more complex than predicted here.
3.1.3. Discussion of Results fromModels PF1 and PF2.

First, we compare the solidification rates obtained from the
simulations performed assuming DL ≈10−9 m2/s (aqueous
solution) for the mother phase, with those using DACC,ion ≈
10−15m2/s (ionic diffusion in ACC). We wish to stress that the
velocities evaluated from the simulations can only be considered
qualitative, as the thermodynamic driving force we used in this
study might be well away from the true ones, which in turn may
differ from the value obtained for the pure aqueous solution−
CCC system, or the ACC−CCC system. Work is underway to
perform more quantitative phase-field simulations to determine
the growth and dissolution rates in pure systems, for which
reasonably accurate experimental data are available.
The growth rate results are presented in Figure 11. As one

expects the average growth rate is roughly proportional to the
diffusion coefficient of the mother phase. The growth velocities
predicted for crystallization from ACC by models PF1 and PF2
are about two and one orders of magnitude higher (v≈ 10−8 and
10−9 m/s, respectively) than the experimental ones57−60

(≈10−10 m/s, see gray zone in Figure 11), whereas the rates
predicted for the ion-by-ion addition are about v ≈ 10−1 and
10−2 m/s, which are about 8−9 orders of magnitude too high.
On this ground, the mechanism based on the fast ion-by-ion
addition can be excluded. One may perhaps argue that the
production of calcium and carbonate ions in the surface layer of
the mantle (outer epithelium) may be the rate-limiting process,
which may be then taken so slow as to match the experimental
growth rate. However, in that case, it is not the diffusion in the
mother phase that controls the time scale of the process, and
thus, the mechanisms models PF1 and PF2 rely on would not be
present.
The velocity vs time relationships show characteristic

differences for the two models: PF1predicts a steeply increasing
velocity, followed by a plateau decreasing slowly with time for
the domain of alternating solid−liquid layers. In the present

simulations, the early stage behavior of the two models is
different due to reasons different of the growth mode: while
model PF1 starts with surface induced heterogeneous nucleation
on the periostracum, PF2 relies on volumetric heterogeneous
nucleation on organic impurities (note that both heterogeneous
nucleation mechanisms can be adopted in both models). As a
result, in model PF2, fast initial crystallization is observed during
the formation of the granular layer via volumetric heterogeneous
nucleation. This is followed by steady-state growth (roughly
constant growth velocity) in both the prismatic and the nacreous
domains, due to the lack of long-range diffusion during fast
eutectic solidification. In contrast, in PF1 a continuously
decelerating solidification is observed, which is combined with
oscillating growth rate in the nacre. The hypothesized
mechanism (volumetric heterogeneous nucleation in a thick
layer at the periostracum) that creates protection for themollusk
fast in the early stage of shell formation is advantageous from the
viewpoint of survival.
We note that because of computational limitations the

maximum linear size of the computational domain we used was
about 26.4 μm both in the PF1 and PF2 simulations. However,
analogous structures can be produced on a larger size scale via
reducing the rate by which the driving force of crystallization
decreases with position/time and with an extended initial
domain filled with heterogeneous nucleation centers.
It is appropriate to mention that while our models describe

the formation of the granular and prismatic layers and the sheet
nacre reasonably well within the framework of directional
solidification, the predicted mechanism for the formation of the
nacre via alternately precipitating mineral and organic layers
may be oversimplified.
This is especially true for columnar nacre: experiments indicate

that the formation of a quasi-periodic network of organic
membranes precedes the formation of the CCC layers, which fill
the space between the organic membranes later, as illustrated in
Figure 12.136−140 Although one could imagine that the organic
membranes form periodically in space via an oscillating chemical
reaction of the diffusion-reaction type, while the extrapallial fluid
fills the space between the membranes, apparently, the real
mechanism is more complex: first a multilayer outer membrane
forms, of which the individual layers are exfoliated by nucleating
CC crystals.136,137 Furthermore, recent experimental works
show a thin ACC layer on the surface of the CCC tablets of the

Figure 11. Growth rates predicted by models PF1 (red lines) and PF2
(blue lines) for the ion-by-ion mechanism from aqueous solution and
for crystallization from ACC precursor. Note the ∼7 orders of
magnitude difference in growth velocity predicted for the two
mechanisms. For comparison, the range of experimental data is also
shown (gray domain). Note the oscillating growth rate in the layered
domain.
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nacre,141,142 implying that (h)ACC particles may play an
essential role in the formation of nacre. This, in turn, indicates
that a particle-by-particle addition is more appropriate for
solidification, as in the case of coral skeletons (see discussion in
section 3.3).
Summarizing, while models PF1 and PF2 cannot capture all

details of the formation mechanism of nacre, remarkably similar
microstructures are generated. This raises the possibility that on
the basis of the mechanisms these models realize (diffusion
controlled solidification at high driving forces), one may design
and prepare artificial mollusk shell structures that inherit the
mechanical excellence emerging from the hierarchical sequence
of the granular, prismatic, and nacre-like ultrastructures. Thus,
the present work opens up the way toward a novel design
strategy for creating biomimetic/bioinspired composite materi-
als.
Finally, to address the evolution of columnar nacre within the

phase-field theory, one can incorporate preexisting organic
membranes into the simulations “by hand”, including the
mineral bridges/aligned holes seen in the experi-
ments.33,34,138,140 We used PF1 to model the formation of
CCC stacks shown in Figure 12. The thin organic walls were
assumed to have amorphous structure (local orientation varied
randomly pixelwise) and we applied a boundary condition that
ensured a contact angle of 100° with the solid−liquid interface.
Simulations of this kind yield 2D “pyramid-like” stacks of CC
layers as shown in Figure 13. Such simulations can be used to
explore the effect of such parameters as growth anisotropy,
contact angle, hole size/position, and so on. For example, Figure
13b implies that the growth velocity of stack height increases
with increasing hole width.
3.2. Helical Structures Predicted by Model PF3

Spectacular screw dislocation-like helical structures have been
observed in mollusk shells akin to patterns formed in oscillating
chemical reactions (Figure 4). These 3D structures cannot be
addressed in models PF1 and PF2 as the scalar orientation field
used in them is valid in only 2D (as in 3D minimum the three
Euler angle are needed to define the crystallographic
orientation). Therefore, we use model PF3 to explore the
possibility of forming such objects within the framework of the
phase-field theory. Here two solid phases (α and β) precipitate
from a homogeneous ternary liquid. Owing to the lack of
relevant information, we retain the materials parameters used in
ref 102. Under appropriate conditions, shown by the green

diamonds in Figure 14, a layerwise structure composed of
alternating α (mineral) and β (organic) layers form (the third

component is water, the crystal grows into hACC), an analogue
of the “nacre” observed in model PF2. Note that the layer-by-
layer growth mechanism, by which the layered structure forms is
spinodal nucleation of one phase on the other, and thus can be
viewed as an extreme case of island growth. In this regime, we see
the formation of helical structures that emerge in pairs of
opposite chirality. As the spiraling eutectic dendrites in ref 102,
these defects originate from an instability associated with
diffusion of the third component.
Different views and sections of such structures are shown in

Figure 15. This chiral structure closely resembles the screw
dislocation-like defects reported in experiments.14,39 The
similarity could be enhanced by incorporating kinetic/interfacial

Figure 12. Electron microscopy images displaying the formation of
columnar nacre in the case of (a) Haliotis rufescens (reproduced with
permission from ref 136, under Creative Commons Attribution 4.0
License, Copyright 1982 Authors; the linear size is about 7.1 μm), and
(b) Phorcus turbinatus (reproduced with permission from ref 137.
Copyright 2015 Trans Tech). Here ss and s stand for “surface sheets”
and “organic sheet”, whereas sm and ilm indicate “surface membrane”
and “interlamellar membrane”, respectively.

Figure 13. Snapshots of 2D phase-field simulations (model PF1),
showing the formation of columnar nacre-like CCC tile stacks (gray/
yellow - different colors denote different crystallographic orientations)
via solidification between preexisting organic membranes (brown
horizontal lines) with mineral bridges provided by (a) aligned holes of
uniform width (20 Δx), and (b) aligned holes of three different widths
(from left to right, 20, 5, and 10Δx, respectively). The simulations were
performed on 2000 × 500 and 2000 × 1000 grids (a) with anisotropic
interfacial free energy and with (b) kinetic and interfacial free energy
anisotropy. The horizontal size of the simulations is 26.25 μm.

Figure 14. Domain in an idealized ternary phase diagram,102 in which
screw dislocation like structures form (green diamonds). For
comparison, domains of spiraling eutectic dendrites (red dots), and
unordered eutectic structures (blue crosses) are also shown.
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energy anisotropies yielding faceted growth perimeters. It
cannot, however, be excluded that the screw dislocation-like
helical structures have here a different origin than in the reality.
For example, our dislocation pairs do not recombine even in the
long time limit, presumably because of the lack of mechanical
stresses that are not incorporated into the phase-field models
used in this study. Further investigations are yet needed to clarify

whether phase-field models of island growth143 or anisotropic
pinning144 could provide more realistic dynamics.
Simultaneous formation of alternating organic and mineral

layers in the vicinity of topological defects predicted by our
simulations is a working hypothesis. Previous work suggests that
the formation of spiraling organic membranes precedes mineral
deposition.39,145 Biological systems often use liquid crystals
based on chitin as a template.146 It is hypothesized39,40,145 in this
case that self-organization of the liquid crystal phase leads to the
formation of a helical organic scaffold, which serves as a template
for the mineralized structures of the same configuration. This
mechanism of scaffold formation may be analogous to the
formation of helical structures in Liesegang systems,147,148

which raises the possibility of using the phase-field inventory
developed for such systems.149

Note that the present simulations were not optimized for the
case of nacre. Further work is underway to characterize these
structures and the dynamics of their formation within the phase-
field theory.
3.3. Modeling of Coral Skeletons in Model PF1

Next, using model PF1, we try to find a qualitative answer to the
question of why the skeleton of some corals species contain
small randomly oriented crystallites, “sprinkles” (see Figure 4e),
which occur at the perimeter and along grain boundaries and
even form bands, whereas other species do not display this
behavior, an observation discussed in some detail in ref 28. In
our previous work, we demonstrated that conditions of
mineralization can influence the amount of sprinkles; however,
we have addressed only tangentially the formation of sprinkle
bands.
In this section, we address the latter phenomenon. We

hypothesize that the coral polyp sits on the corallite (top of the
skeleton) and emits a supersaturated extracellular calcifying fluid
(CF), which is not in direct contact with the seawater but fills in
the cavities of the porous skeleton. Recent work indicates that
the coral skeletons are deposited biologically and actively via
attachment of hACC nanoparticles (of diameter 50 to 400 nm),
while ion-by-ion addition fills the interstitial space among
them.150 This leads to the formation of a thin (<1 μm)

Figure 15. Screw dislocation pair formed in model PF3 at composition
c = (0.43, 0.55, 0.02). (a) cross section through the axes of the pair. (b)
Top view. (c) Front view of the central part of the section shown in
panel (a). (d)Multiple screw dislocation pairs formed at c = (0.44, 0.54,
0.02). Red and yellow colors indicate solid solution phases rich in the
mineral and organic components. These are generic dimensionless
computations (performed on 256 × 256 × 272 grids moving with the
solidification front), illustrating the ability of model PF3 to capture the
formation of helical structures, but they are not optimized for modeling
screw dislocations in sheet nacre.

Figure 16. Comparison of the cross sectional microstructure of top part (corallite) of the skeleton of coral species Balanophyllia europea (a−c) to a
simulation performed using by model PF1. The 2D simulation was performed on a 1000 × 2000 grid. Orientation maps obtained by PIC mapping are
shown in (a−c). Reproduced with permission from ref 28 under Creative Commons license CC-BY-NC-ND 4.0. Copyright 2020 Elsevier. At high
magnification, an abundance of small crystallites, sprinkles, can be seen around the centerline of the finger shown in panel (c). For comparison, the
computed orientation maps are displayed in (d) and (e), whereas the computed composition map is presented in panel (f). In panels (b−e) different
colors correspond to different crystallographic orientation. The white rectangles in (a) and (b) denote areas magnified in (b) and (c), respectively,
whereas the white rectangles in panels (e) and (f) indicate the area shownmagnified in panel (d). Panels (d−f) show results of a generic dimensionless
computations that incorporate several dimensionless combinations of the relevant physical properties; accordingly, the corresponding physical size
scale depends on the choice of these parameters. With appropriate choice of these parameters, the length scale of the experiments can be recovered.
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amorphous surface layer: diffusion of solid hACC nanoparticles
and ion diffusion in CF contribute to the deposition. The hACC
surface layer crystallizes into aragonite plumose spherulites after
dehydration.
As the hACC/ACC surface layer remains thin, crystallization

is apparently fast enough to keep pace with hACC deposition.
Thus, diffusion of the hACC nanoparticles is expected to be the
rate-limiting phenomenon. Thus, although particle diffusion
does not influence the thermodynamic driving force of the ACC
→ CCC transition, it does influence the effective crystal growth
rate. The effective rate is small on the sides of the fingers due to
the low concentration of nanoparticles and allows a longer time
the consolidation of the crystal layer yielding larger grain sizes.
At the tips, the effective crystal growth rate is larger because of a
higher concentration of the nanoparticles; thus, a shorter time is
available for consolidation, and the crystal grains remain smaller.
This is observed in the experimental images (Figure 16a−c).
The diffusion coefficient for hACC particles of radiusRp = 150

nm can be estimated by the Stokes−Einstein relationship Dp =
kBT/(6πRpη), which leads toDp≈ 2× 10−12 m2/s, forT = 300 K
and a viscosity of η = 1 mPa·s. Taking a medium growth
rate61−63 of v = 5 cm/yr≈ 1.6× 10−10 m/s for the coral skeleton,
one obtains a diffusion length of lD ≈ 0.92 mm, whereas for fast-
growing corals (37 cm/yr)63 lD ≈ 0.12 mm, which do not rule
out diffusion-controlled solidification.
Accordingly, model PF1 is applied here as follows: the phase-

field and the coupled (particle-) concentration field control
solidification on the time scale of particle diffusion and lead to a
Mullins−Sekerka-type diffusional instability151 of the interface.
The magnitude of the orientational mobility, in turn, determines
whether the forming solid becomes orientationally homoge-
neous (single crystal), partly ordered (polycrystalline), or fully
disordered (amorphous).
Since in the case of coral skeletons we do not need to produce

nacre-like alternating organic−inorganic layers via a transition
from diffusionless to diffusive growth, in model PF1 we can use
conditions, where dv/Dc,M≪ 1; that is, the system is far from the
diffusionless growth regime. The dimensionless model param-
eters and boundary conditions are the same as those we used in
ref 28 for coral skeletons.
The polycrystalline structure emerging under these con-

ditions due to the diffusional instability is shown in Figure 16d−
f. Note the rough surface and the liquid channels, with small

crystallites at the tips and along the spine of the branches, and
larger crystallites at the lateral surfaces. This distribution of grain
size is the result of the fact that the growth velocity at the tips is
larger because of the larger supersaturation (the tip meets fresh,
nondepleted liquid, see Figure 16f), whereas in the interarm
channels, the fluid is depleted, so growth is slow, yielding larger
crystallites. This phenomenon is the result of growth front
nucleation (GFN) that leads to more frequent GFN events with
increasing growth velocity as discussed in refs 75−78,152.
Whether the combination of diffusional instability with GFN or
some other biology directed mechanisms is responsible for the
appearance of the rough surface of the skeleton is unclear at
present. It is thus desirable to investigate further consequences
of the hypothesized control of the grain size distribution via
diffusional instabilities and GFN.
Along these lines, we make predictions using model PF1 that

may be tested experimentally and validate or disprove our
assumptions. For this reason, we investigate the effect of model
parameters that influence the amount of sprinkles forming in the
model and thus may offer explanation why it varies from one
species to the other.
Previous work indicated that the orientational mobility

(related to the rotational diffusion coefficient), the thermody-
namic driving force (influenced by supersaturation or temper-
ature) may influence the intensity of GFN (formation of new
grains at the growth front).75−78,153 In the framework of this
study, we varied individually these parameters, and in all cases,
we obtained a transition from microstructures dominated by
sprinkles to microstructures with few or no sprinkles. Of these
parameters, only the temperature can be controlled with relative
ease. Variation of particle concentration in the calcifying fluid
below the coral polyp, or controlling the rotational diffusion
coefficient of the particles in the fluid are probably beyond the
reach of the experimenter. Therefore, we present only the
microstructural/morphological changes predicted as a function
of temperature (see Figure 17). Apparently, according to our
model, the coral skeletons grown at low temperatures should
have larger amount of sprinkles than those grown at higher
temperatures. This finding raises the question whether the
amount of sprinkles is indeed a characteristic feature of the
individual coral species (i.e., determined biologically) or some
differences in the circumstances of mineralization (temperature
and/or supersaturation) are responsible for the deviations. In

Figure 17.Morphology and microstructure evolution as a function of temperature as predicted by model PF1. The reference computation is shown in
panel (d). The relative temperatures from left to right areΔT =−3,− 2,− 1, 0, 1, and 2K. The simulations were performed on 1000× 2000 grids. Note
the decreasing amount of sprinkles with increasing temperature (from left to right). These are generic dimensionless computations that incorporate
several dimensionless combinations of the relevant physical properties; accordingly, the corresponding physical size scale depends on the choice of
these parameters. With an appropriate choice of them, the length scale of the experiments can be recovered.
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any event, these simulations may offer a natural explanation for
the differences seen in the amount of sprinkles in the skeleton of
different coral species.

4. CONCLUSIONS
We have demonstrated that qualitative coarse-grained phase-
field modeling offers a methodology to address specific
mesoscale aspects of nonclassical crystallization phenomena
taking place during biomineralization. In particular, we
investigated to what extent qualitative phase-field modeling
can contribute to the understanding of microstructure evolution
during the formation of mollusk shells and coral skeletons for
various species. We applied three different phase-field models:
PF1, PF2, and PF3.
Our present findings can be summarized as follows:

(1) Ultrastructure specif ic to the shells of mollusks Unio
pictorum, Nautilus pompilius, and Haliotis asinina: Driving
the solidification process from solute trapping toward
partitioning via decreasing the thermodynamic driving
force, binary phase-field models PF1 and PF2 recover the
common sequence of granular → prismatic → nacre
ultrastructures on a reasonable time scale, if CC
crystallization takes place via an amorphous precursor.
In contrast, within this scenario, CC crystallization via
ion-by-ion deposition from aqueous solution appears to
be orders of magnitude too fast when compared to
experiments.

(2) Nacre formation in mollusk shells: Models PF1 and PF2
describe reasonably well the formation of not only the
granular and prismatic domains, but the appearance of
sheet nacre as well, in which case the models indicate
alternating precipitation of the organic and mineral
components. The models seem to reproduce even such
details as mineral bridges and aligned holes. Yet, for
obvious reasons, they cannot predict the formation
mechanism of columnar nacre, in which the formation
of organic membranes precedes CC precipitation.
However, representing the preexisting organic mem-
branes via appropriate boundary conditions, a reasonable
description can be obtained even in this case.

(3) Screw dislocations in mollusk shells: Ternary phase field
model PF3 predicts the formation of screw dislocations
pairs in 3D, a phenomenon analogous to the experimental
findings. Inclusion of elasticity into themodel is needed to
capture the proper dynamic behavior during growth.

(4) Sprinkle formation in coral skeletons: model PF1 was used
to explore the possible mechanism for the formation of
nanoscale crystallites “sprinkles”, whose presence was
reported recently in the skeletons of certain coral species.
Assuming a diffusion controlled mechanism in confined
space, we observe the formation of sprinkle bands at the
spine of the arms of the corallite as a trace of fast
solidification at the arm tips, whereas larger crystallites
form at the sides of the arms. The simulations show that
varying the orientation mobility (proportional to the
rotational diffusion coefficient of the molecules/ions) or
the driving force of crystallization (via changing either the
supersaturation or the temperature), one can control the
amount of sprinkles between essentially no sprinkle and
dominantly sprinkled microstructures.

Unquestionably, the applied models should be viewed as only
minimum models of the processes taking place during

biomineralization. Yet, we believe that phase-field modeling
complemented with biochemical/biological information has the
potential to contribute to a better qualitative or even
quantitative understanding of morphogenesis in simple cases.
Introduction of more complex models can certainly improve the
mathematical representation of the associated phenomena.
Ultimate limitations of such approaches stem from the fact that
living organisms cannot be modeled within this framework: they
can only be represented by boundary conditions of different
complexity. Despite these, in specific cases, we recovered
structures closely resembling their biogenic counterpart. The
resemblance of the simulated and natural biominerals suggests
that, underneath the immense biological complexity observed in
living organisms, the underlying design principles for biological
structures may be so simple that they can be understood with
simple math and simulated by phase-field theory.
Finally, we note that our simulations outline conditions, under

which standard materials science processes can be used to create
inorganic substances that mimic themicrostructures observed to
form in living organisms, a knowledge that may open up ways for
creating new biomimetic/bioinspired composite materials.

■ AUTHOR INFORMATION

Corresponding Author

László Gránásy − Laboratory of Advanced Structural Studies,
Institute for Solid State Physics and Optics, Wigner Research
Centre for Physics, H−1525 Budapest, Hungary; Brunel
Centre of Advanced Solidification Technology, Brunel
University, Uxbridge, Middlesex UB8 3PH, U.K.;
orcid.org/0000-0001-5825-7632; Phone: +36 1 392

2222; Email: granasy.laszlo@wigner.hu; Fax: +36 1 392
2219

Authors

László Rátkai − Laboratory of Advanced Structural Studies,
Institute for Solid State Physics and Optics, Wigner Research
Centre for Physics, H−1525 Budapest, Hungary;
orcid.org/0000-0002-7644-253X

Gyula I. Tóth − Department of Mathematical Sciences,
Loughborough University, Loughborough, Leicestershire LE11
3TU, U.K.; orcid.org/0000-0002-8446-9572

Pupa U. P. A. Gilbert − Departments of Physics, Chemistry,
Geoscience, Materials Science, University of
Wisconsin−Madison, Madison, Wisconsin 53706, United
States; Lawrence Berkeley National Laboratory, Chemical
Sciences Division, Berkeley, California 94720, United States;
orcid.org/0000-0002-0139-2099

Igor Zlotnikov − B CUBE−Center for Molecular
Bioengineering, Technische Universität Dresden, 01307
Dresden, Germany; orcid.org/0000-0003-2388-9028

Tamás Pusztai − Laboratory of Advanced Structural Studies,
Institute for Solid State Physics and Optics, Wigner Research
Centre for Physics, H−1525 Budapest, Hungary;
orcid.org/0000-0002-1281-2933

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.1c00026

Notes

The authors declare no competing financial interest.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.1c00026
JACS Au 2021, 1, 1014−1033

1029

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="La%CC%81szlo%CC%81+Gra%CC%81na%CC%81sy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5825-7632
https://orcid.org/0000-0001-5825-7632
mailto:granasy.laszlo@wigner.hu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="La%CC%81szlo%CC%81+Ra%CC%81tkai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7644-253X
https://orcid.org/0000-0002-7644-253X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gyula+I.+To%CC%81th"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8446-9572
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pupa+U.+P.+A.+Gilbert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0139-2099
https://orcid.org/0000-0002-0139-2099
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Igor+Zlotnikov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2388-9028
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tama%CC%81s+Pusztai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1281-2933
https://orcid.org/0000-0002-1281-2933
https://pubs.acs.org/doi/10.1021/jacsau.1c00026?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00026?rel=cite-as&ref=PDF&jav=VoR


■ ACKNOWLEDGMENTS

L.G., R.L., and T.P. acknowledges support by the National
Agency for Research, Development, and Innovation (NKFIH),
Hungary under contract No. KKP-126749. Eutectic codes used
in this work were partly developed under the NKFIH contract
No. NN-125832. Research infrastructure in Hungary was
provided by the Hungarian Academy of Sciences (MTA).
P.U.P.A.G. received 40% support from DOE−BES−Chemical
Sciences, Geosciences, Biosciences−Geosciences Grant DE-
FG02-07ER15899, 40% support from the Laboratory Directed
Research and Development (LDRD) program at Berkeley Lab,
through DOE-BES, under Award Number DE-AC02-
05CH11231, and 20% support from NSF Biomaterials Grant
DMR-1603192. I.Z. acknowledges the financial support
provided by Bundesministerium für Bildung und Forschung
through Grant 03Z22EN11.

■ REFERENCES
(1) Kurz, W.; Fisher, D. J. Fundamentals of Solidification; Trans Tech
Publications: Aedermannsdorf, 1998.
(2) Dantzig, J. A.; Rappaz, M. Solidification; EPFL Press: Lausanne,
2009.
(3) Schmitz, G. J.; U, P. Handbook of Software Solutions for ICME
(Integrated Computational Materials Science); Wiley-VCH Verlag
GmbH & Co. KGaA: Weinheim, 2017.
(4) Brédas, J. L.; Persson, K.; Seshadri, R. Computational Design of
Functional Materials. Chem. Mater. 2017, 29 (6), 2399−2401.
(5) McKay, D. S.; Gibson, E. K.; Thomas-Keprta, K. L.; Vali, H.;
Romanek, C. S.; Clemett, S. J.; Chillier, X. D. F.; Maechling, C. R.; Zare,
R. N. Search for Past Life on Mars: Possible Relic Biogenic Activity in
Martian Meteorite ALH84001. Science 1996, 273 (5277), 924−930.
(6) García Ruiz, J. M.; Carnerup, A.; Christy, A. G.; Welham, N. J.;
Hyde, S. T. Morphology: An Ambiguous Indicator of Biogenicity.
Astrobiology 2002, 2 (3), 353−369.
(7) Garcia-Ruiz, J. M.; Melero-Garcia, E.; Hyde, S. T. Morphogenesis
of Self-Assembled Nanocrystalline Materials of Barium Carbonate and
Silica. Science 2009, 323 (5912), 362−365.
(8) Kaplan, C. N.; Noorduin, W. L.; Li, L.; Sadza, R.; Folkertsma, L.;
Aizenberg, J.; Mahadevan, L. Controlled Growth and form of
Precipitating Microsculptures. Science 2017, 355 (6332), 1395−1399.
(9) Knoll, P.; Steinbock, O. Inorganic Reactions Self-organize Life-like
Microstructures Far from Equilibrium. Isr. J. Chem. 2018, 58 (6−7),
682−692.
(10) Holtus, T.; Helmbrecht, L.; Hendrikse, H. C.; Baglai, I.; Meuret,
S.; Adhyaksa, G. W. P.; Garnett, E. C.; Noorduin, W. L. Shape-
Preserving Transformation of Carbonate Minerals into Lead Halide
Perovskite Semiconductors Based on Ion Exchange/Insertion Reac-
tions. Nat. Chem. 2018, 10 (7), 740−745.
(11) Simkiss, K.; Wilbur, K. Biomineralization; Academic Press, Inc.:
San Diego, 1989.
(12) Imai, H. Self-Organized Formation of Hierarchical Structures.
Top. Curr. Chem. 2007, 270, 43−72.
(13) Bayerlein, B.; Zaslansky, P.; Dauphin, Y.; Rack, A.; Fratzl, P.;
Zlotnikov, I. Self-Similar Mesostructure Evolution of the Growing
Mollusc Shell Reminiscent of Thermodynamically Driven Grain
Growth. Nat. Mater. 2014, 13 (12), 1102−1107.
(14) Zlotnikov, I.; Schoeppler, V. Thermodynamic Aspects of
Molluscan Shell Ultrastructural Morphogenesis. Adv. Funct. Mater.
2017, 27 (28), 1700506.
(15) Sun, C. Y.; Marcus, M. A.; Frazier, M. J.; Giuffre, A. J.; Mass, T.;
Gilbert, P. U. P. A. Spherulitic Growth of Coral Skeletons and Synthetic
Aragonite: Nature’s Three-Dimensional Printing. ACS Nano 2017, 11
(7), 6612−6622.
(16) De Tommasi, E.; Gielis, J.; Rogato, A. Diatom Frustule
Morphogenesis and Function: A Multidisciplinary Survey. Marine
Genomics 2017, 35, 1−18.

(17) Cloutier, J.; Villa, L.; Traxer, O.; Daudon, M. Kidney Stone
Analysis: “Give Me Your Stone, I Will Tell You Who You Are!World J.
Urol. 2015, 33 (2), 157−169.
(18) Boskey, A. L. Mineralization of Bones and Teeth. Elements 2007,
3 (6), 385−391.
(19) Lin, W.; Zhang, W.; Zhao, X.; Roberts, A. P.; Paterson, G. A.;
Bazylinski, D. A.; Pan, Y. Genomic Expansion ofMagnetotactic Bacteria
Reveals an Early Common Origin of Magnetotaxis with Lineage-
Specific Evolution. ISME J. 2018, 12 (6), 1508−1519.
(20) Kaplan, D. L. Mollusc Shell Structures: Novel Design Strategies
for Synthetic Materials. Curr. Opin. Solid State Mater. Sci. 1998, 3 (3),
232−236.
(21) Barthelat, F. Growing a Synthetic Mollusk Shell. Science 2016,
354 (6308), 32−33.
(22) Gao, H. L.; Chen, S. M.; Mao, L. B.; Song, Z. Q.; Yao, H. B.;
Cölfen, H.; Luo, X. S.; Zhang, F.; Pan, Z.; Meng, Y. F.; Ni, Y.; Yu, S. H.
Mass Production of Bulk Artificial Nacre with Excellent Mechanical
Properties. Nat. Commun. 2017, 8 (1), 287.
(23) Song, P.; Xu, Z.; Wu, Y.; Cheng, Q.; Guo, Q.; Wang, H. Super-
Tough Artificial Nacre Based on Graphene Oxide via Synergistic
Interface Interactions of π-π Stacking and Hydrogen Bonding. Carbon
2017, 111, 807−812.
(24) Spiesz, E. M.; Schmieden, D. T.; Grande, A. M.; Liang, K.;
Schwiedrzik, J.; Natalio, F.; Michler, J.; Garcia, S. J.; Aubin-Tam, M. E.;
Meyer, A. S. Bacterially Produced, Nacre-Inspired Composite
Materials. Small 2019, 15 (22), 1805312.
(25) Chen, Y.; Fu, J.; Dang, B.; Sun, Q.; Li, H.; Zhai, T. Artificial
Wooden Nacre: A High Specific Strength Engineering Material. ACS
Nano 2020, 14 (2), 2036−2043.
(26) Schoeppler, V.; Gránásy, L.; Reich, E.; Poulsen, N.; de Kloe, R.;
Cook, P.; Rack, A.; Pusztai, T.; Zlotnikov, I. Biomineralization as a
Paradigm of Directional Solidification: A Physical Model for Molluscan
Shell Ultrastructural Morphogenesis. Adv. Mater. 2018, 30 (45),
1803855.
(27) Schoeppler, V.; Lemanis, R.; Reich, E.; Pusztai, T.; Gránásy, L.;
Zlotnikov, I. Crystal Growth Kinetics as an Architectural Constraint on
the Evolution of Molluscan Shells. Proc. Natl. Acad. Sci. U. S. A. 2019,
116 (41), 20388−20397.
(28) Sun, C. Y.; Gránásy, L.; Stifler, C. A.; Zaquin, T.; Chopdekar, R.
V.; Tamura, N.; Weaver, J. C.; Zhang, J. A. Y.; Goffredo, S.; Falini, G.;
Marcus, M. A.; Pusztai, T.; Schoeppler, V.; Mass, T.; Gilbert, P. Crystal
Nucleation and Growth of Spherulites Demonstrated by Coral
Skeletons and Phase-Field Simulations. Acta Biomater. 2021, 120,
277−292.
(29) Metzler, R. A.; Zhou, D.; Abrecht, M.; Chiou, J. W.; Guo, J.;
Ariosa, D.; Coppersmith, S. N.; Gilbert, P. U. P. A. Polarization-
Dependent Imaging Contrast in Abalone Shells. Phys. Rev. B: Condens.
Matter Mater. Phys. 2008, 77 (6), 064110.
(30) Gilbert, P. U. P. A.; Young, A.; Coppersmith, S. N. Measurement
of C-Axis Angular Orientation in Calcite (CaCO3) Nanocrystals Using
X-Ray Absorption Spectroscopy. Proc. Natl. Acad. Sci. U. S. A. 2011, 108
(28), 11350−11355.
(31) Addadi, L.; Joester, D.; Nudelman, F.; Weiner, S. Mollusk Shell
Formation: A Source of New Concepts for Understanding Biominer-
alization Processes. Chem. - Eur. J. 2006, 12 (4), 980−987.
(32) Marin, F.; Le Roy, N.; Marie, B. The Formation and
Mineralization of Mollusk Shell. Front. Biosci., Scholar Ed. 2012, S4
(3), 1099−1125.
(33) Sun, J.; Bhushan, B. Hierarchical Structure and Mechanical
Properties of Nacre: A Review. RSC Adv. 2012, 2 (20), 7617−7632.
(34) Checa, A. G. Physical and Biological Determinants of the
Fabrication of Molluscan Shell Microstructures. Front. Mar. Sci. 2018,
5, 353.
(35) Crenshaw, M. A. The Inorganic Composition of Molluscan
Extrapallial Fluid. Biol. Bull. 1972, 143 (3), 506−512.
(36) Allam, B.; Paillard, C. Defense Factors in Clam Extrapallial
Fluids. Dis. Aquat. Org. 1998, 33, 123−128.
(37) Otter, L. M.; Agbaje, O. B. A.; Kilburn, M. R.; Lenz, C.; Henry,
H.; Trimby, P.; Hoppe, P.; Jacob, D. E. Architecture, Growth Dynamics

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.1c00026
JACS Au 2021, 1, 1014−1033

1030

https://doi.org/10.1021/acs.chemmater.7b00990?ref=pdf
https://doi.org/10.1021/acs.chemmater.7b00990?ref=pdf
https://doi.org/10.1126/science.273.5277.924
https://doi.org/10.1126/science.273.5277.924
https://doi.org/10.1089/153110702762027925
https://doi.org/10.1126/science.1165349
https://doi.org/10.1126/science.1165349
https://doi.org/10.1126/science.1165349
https://doi.org/10.1126/science.aah6350
https://doi.org/10.1126/science.aah6350
https://doi.org/10.1002/ijch.201700136
https://doi.org/10.1002/ijch.201700136
https://doi.org/10.1038/s41557-018-0064-1
https://doi.org/10.1038/s41557-018-0064-1
https://doi.org/10.1038/s41557-018-0064-1
https://doi.org/10.1038/s41557-018-0064-1
https://doi.org/10.1007/128_054
https://doi.org/10.1038/nmat4110
https://doi.org/10.1038/nmat4110
https://doi.org/10.1038/nmat4110
https://doi.org/10.1002/adfm.201700506
https://doi.org/10.1002/adfm.201700506
https://doi.org/10.1021/acsnano.7b00127?ref=pdf
https://doi.org/10.1021/acsnano.7b00127?ref=pdf
https://doi.org/10.1016/j.margen.2017.07.001
https://doi.org/10.1016/j.margen.2017.07.001
https://doi.org/10.1007/s00345-014-1444-9
https://doi.org/10.1007/s00345-014-1444-9
https://doi.org/10.2113/GSELEMENTS.3.6.385
https://doi.org/10.1038/s41396-018-0098-9
https://doi.org/10.1038/s41396-018-0098-9
https://doi.org/10.1038/s41396-018-0098-9
https://doi.org/10.1016/S1359-0286(98)80096-X
https://doi.org/10.1016/S1359-0286(98)80096-X
https://doi.org/10.1126/science.aah6507
https://doi.org/10.1038/s41467-017-00392-z
https://doi.org/10.1038/s41467-017-00392-z
https://doi.org/10.1016/j.carbon.2016.10.067
https://doi.org/10.1016/j.carbon.2016.10.067
https://doi.org/10.1016/j.carbon.2016.10.067
https://doi.org/10.1002/smll.201805312
https://doi.org/10.1002/smll.201805312
https://doi.org/10.1021/acsnano.9b08647?ref=pdf
https://doi.org/10.1021/acsnano.9b08647?ref=pdf
https://doi.org/10.1002/adma.201803855
https://doi.org/10.1002/adma.201803855
https://doi.org/10.1002/adma.201803855
https://doi.org/10.1073/pnas.1907229116
https://doi.org/10.1073/pnas.1907229116
https://doi.org/10.1016/j.actbio.2020.06.027
https://doi.org/10.1016/j.actbio.2020.06.027
https://doi.org/10.1016/j.actbio.2020.06.027
https://doi.org/10.1103/PhysRevB.77.064110
https://doi.org/10.1103/PhysRevB.77.064110
https://doi.org/10.1073/pnas.1107917108
https://doi.org/10.1073/pnas.1107917108
https://doi.org/10.1073/pnas.1107917108
https://doi.org/10.1002/chem.200500980
https://doi.org/10.1002/chem.200500980
https://doi.org/10.1002/chem.200500980
https://doi.org/10.2741/s321
https://doi.org/10.2741/s321
https://doi.org/10.1039/c2ra20218b
https://doi.org/10.1039/c2ra20218b
https://doi.org/10.3389/fmars.2018.00353
https://doi.org/10.3389/fmars.2018.00353
https://doi.org/10.2307/1540180
https://doi.org/10.2307/1540180
https://doi.org/10.3354/dao033123
https://doi.org/10.3354/dao033123
https://doi.org/10.5194/bg-16-3439-2019
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00026?rel=cite-as&ref=PDF&jav=VoR


and Biomineralization of Pulsed Sr-Labelled Katelysia rhytiphora
(Mollusca, Bivalvia). Biogeosciences 2019, 16, 3439−3455.
(38) Su, X.; Belcher, A. M.; Zaremba, C. M.; Morse, D. E.; Stucky, G.
D.; Heuer, A. H. Structural and Microstructural Characterization of the
Growth Lines and Prismatic Microarchitecture in Red Abalone Shell
and the Microstructures of Abalone “Flat Pearls. Chem. Mater. 2002, 14
(7), 3106−3117.
(39) Cartwright, J. H. E.; Checa, A. G.; Escribano, B.; Sainz-Díaz, C. I.
Spiral and Target Patterns in Bivalve Nacre Manifest a Natural
Excitable Medium from Layer Growth of a Biological Liquid Crystal.
Proc. Natl. Acad. Sci. U. S. A. 2009, 106 (26), 10499−10504.
(40) Cartwright, J. H. E.; Checa, A. G. The Dynamics of Nacre Self-
Assembly. J. R. Soc., Interface 2007, 4, 491−504.
(41) Taylor, P. D.; Vinn, O.; Wilson, M. A. Evolution of
Biomineralization in ‘Lophophorates’; Spec. Pap. Paleontol. 2010, 84,
317−333.
(42) Checa, A. G.; Esteban-Delgado, F. J.; Rodriguez-Navarro, A. B.
Crystallographic Structure of the Foliated Calcite of Bivalves. J. Struct.
Biol. 2007, 157, 393−402.
(43) Checa, A. G.; Sánchez-Navas, A.; Rodriguez-Navarro, A. Crystal
Growth in the Foliated Aragonite of Monoplacophorans (Mollusca).
Cryst. Growth Des. 2009, 9, 4574−4580.
(44) Johnson, B. R.; Scott, S. K. New Approaches to Chemical
Patterns. Chem. Soc. Rev. 1996, 25 (4), 265−273.
(45) Polyp. Encyclopedia Britannica. https://www.britannica.com/
science/polyp-zoology (accessed Apr. 12, 2021).
(46) Benzerara, K.; Menguy, N.; Obst, M.; Stolarski, J.; Mazur, M.;
Tylisczak, T.; Brown, G. E.; Meibom, A. Study of the Crystallographic
Architecture of Corals at the Nanoscale by Scanning Transmission X-
Ray Microscopy and Transmission Electron Microscopy. Ultra-
microscopy 2011, 111 (8), 1268−1275.
(47) Nothdurft, L. D.; Webb, G. E. Microstructure of Common Reef-
Building Coral Genera Acropora, Pocillopora, Goniastrea and Porites:
Constraints on Spatial Resolution in Geochemical Sampling. Facies
2007, 53 (1), 1−26.
(48) Vielzeuf, D.; Garrabou, J.; Baronnet, A.; Grauby, O.;Marschal, C.
Nano to Macroscale Biomineral Architecture of Red Coral (Corallium
rubrum). Am. Mineral. 2008, 93 (11−12), 1799−1815.
(49) van de Locht, R.; Verch, A.; Saunders, M.; Dissard, D.; Rixen, T.;
Moya, A.; Kröger, R. Microstructural Evolution and Nanoscale
Crystallography in Scleractinian Coral Spherulites. J. Struct. Biol.
2013, 183 (1), 57−65.
(50) Mass, T.; Drake, J. L.; Peters, E. C.; Jiang, W.; Falkowski, P. G.
Immunolocalization of Skeletal Matrix Proteins in Tissue and Mineral
of the Coral Stylophora pistillata. Proc. Natl. Acad. Sci. U. S. A. 2014, 111
(35), 12728−12733.
(51) Marin, F.; Luquet, G. Molluscan Shell Proteins. Comptes Rendus
Palevol 2004, 3 (6−7), 469−492.
(52)Weiner, S.; Addadi, L. Crystallization Pathways in Biomineraliza-
tion. Annu. Rev. Mater. Res. 2011, 41 (1), 21−40.
(53)De Yoreo, J. J.; Gilbert, P. U. P. A.; Sommerdijk, N. A. J. M.; Penn,
R. L.; Whitelam, S.; Joester, D.; Zhang, H.; Rimer, J. D.; Navrotsky, A.;
Banfield, J. F.;Wallace, A. F.; Michel, F.M.;Meldrum, F. C.; Colfen, H.;
Dove, P. M. Crystallization by Particle Attachment in Synthetic,
Biogenic, and Geologic Environments. Science 2015, 349 (6247),
No. aaa6760.
(54) Mass, T.; Giuffre, A. J.; Sun, C. Y.; Stifler, C. A.; Frazier, M. J.;
Neder, M.; Tamura, N.; Stan, C. V.; Marcus, M. A.; Gilbert, P. U. P. A.
Amorphous Calcium Carbonate Particles Form Coral Skeletons. Proc.
Natl. Acad. Sci. U. S. A. 2017, 114 (37), E7670−E7678.
(55) Dorvee, J. R.; Veis, A. Water in the Formation of Biogenic
Minerals: Peeling Away the Hydration Layers. J. Struct. Biol. 2013, 183
(2), 278−303.
(56) Bots, P.; Benning, L. G.; Rodriguez-Blanco, J. D.; Roncal-
Herrero, T.; Shaw, S. Mechanistic Insights into the Crystallization of
Amorphous Calcium Carbonate (ACC). Cryst. Growth Des. 2012, 12
(7), 3806−3814.

(57) Jones, D. S. Annual Cycle of Shell Growth Increment Formation
in Two Continental Shelf Bivalves and its Paleoecologic Significance.
Paleobiology 1980, 6 (3), 331−340.
(58) Tanabe, K.; Miyaji, T.; Murakami-Sugihara, N.; Shirai, K.;
Moriya, K. Annual Shell Growth Patterns of Three Venerid Bivalve
Mollusk Species in the Subtropical Northwestern Pacific as Revealed by
Sclerochronological and Stable Oxygen Isotope Analyses. Mar. Biol.
2020, 167 (2), 20.
(59) Yamanashi, J.; Takayanagi, H.; Isaji, A.; Asami, R.; Iryu, Y.
Carbon and Oxygen Isotope Records from Tridacna derasa Shells:
Toward Establishing a Reliable Proxy for Sea Surface Environments.
PLoS One 2016, 11 (6), No. e0157659.
(60) Serbina, E. A. Shell as an Indicator of the Growth Rate of
Freshwater Gastropods of the Family Bithyniidae. Contemporary
Problems of Ecology 2010, 3 (1), 19−27.
(61) Edinger, E. N.; Limmon, G. V.; Jompa, J.; Widjatmoko, W.;
Heikoop, J. M.; Risk, M. J. Normal Coral Growth Rates onDying Reefs:
Are Coral Growth Rates Good Indicators of Reef Health? Mar. Pollut.
Bull. 2000, 40 (5), 404−425.
(62) Anderson, K. D.; Cantin, N. E.; Heron, S. F.; Pisapia, C.;
Pratchett, M. S. Variation in Growth Rates of Branching Corals along
Australia’s Great Barrier Reef. Sci. Rep. 2017, 7, 2920.
(63) Weil, E.; Hammerman, N. M.; Becicka, R. L.; Cruz-Motta, J. J.
Growth Dynamics in Acropora cervicornis and A. prolifera in
Southwest Puerto Rico. PeerJ 2020, 8, No. e8435.
(64) Chen, L. Q.; Yang, W. Computer Simulation of the Domain
Dynamics of a Quenched System with a Large Number of
Nonconserved Order Parameters: The Grain-Growth Kinetics. Phys.
Rev. B: Condens. Matter Mater. Phys. 1994, 50 (21), 15752−15756.
(65) Steinbach, I.; Pezzolla, F.; Nestler, B.; Seeßelberg, M.; Prieler, R.;
Schmitz, G. J.; Rezende, J. L. L. A Phase Field Concept for Multiphase
Systems. Phys. D 1996, 94 (3), 135−147.
(66) Folch, R.; Plapp, M. Publisher’s Note: Quantitative Phase-Field
Modeling of Two-Phase Growth. Phys. Rev. E 2005, 72 (2), 011602.
(67) Steinbach, I. Phase-Field Models in Materials Science. Modell.
Simul. Mater. Sci. Eng. 2009, 17 (7), 073001.
(68) Bollada, P. C.; Jimack, P. K.; Mullis, A. M. A New Approach to
Multi-Phase Formulation for the Solidification of Alloys. Phys. D 2012,
241 (8), 816−829.
(69) Kamachali, R. D.; Kim, S. J.; Steinbach, I. Texture Evolution in
Deformed AZ31 Magnesium Sheets: Experiments and Phase-Field
Study. Comput. Mater. Sci. 2015, 104, 193−199.
(70) Tóth, G. I.; Pusztai, T.; Gránásy, L. Consistent Multiphase-Field
Theory for Interface Driven Multidomain Dynamics. Phys. Rev. B:
Condens. Matter Mater. Phys. 2015, 92 (18), 184105.
(71) Kobayashi, R.; Warren, J. A.; Carter, W. C. Vector-Valued Phase
FieldModel for Crystallization and Grain Boundary Formation. Phys. D
1998, 119 (3−4), 415−423.
(72) Gránásy, L.; Börzsönyi, T.; Pusztai, T. Nucleation and Bulk
Crystallization in Binary Phase Field Theory. Phys. Rev. Lett. 2002, 88
(20), 206105.
(73) Warren, J. A.; Kobayashi, R.; Lobkovsky, A. E.; Craig Carter, W.
Extending Phase Field Models of Solidification to Polycrystalline
Materials. Acta Mater. 2003, 51 (20), 6035−6058.
(74) Gránásy, L.; Pusztai, T.; Warren, J. A.; Douglas, J. F.; Börzsönyi,
T.; Ferreiro, V. Growth of ‘Dizzy Dendrites’ in a Random Field of
Foreign Particles. Nat. Mater. 2003, 2 (2), 92−96.
(75) Gránásy, L.; Pusztai, T.; Börzsönyi, T.; Warren, J. A.; Douglas, J.
F. A General Mechanism of Polycrystalline Growth.Nat. Mater. 2004, 3
(9), 645−650.
(76) Gránásy, L.; Pusztai, T.; Tegze, G.; Warren, J. A.; Douglas, J. F.
Growth and Form of Spherulites. Phys. Rev. E 2005, 72 (1), 011615.
(77) Gránásy, L.; Pusztai, T.; Warren, J. A. Modelling Polycrystalline
Solidification Using Phase Field Theory. J. Phys.: Condens. Matter 2004,
16 (41), R1205−R1235.
(78) Gránásy, L.; Rátkai, L.; Szállás, A.; Korbuly, B.; Tóth, G. I.;
Környei, L.; Pusztai, T. Phase-Field Modeling of Polycrystalline
Solidification: FromNeedle Crystals to SpherulitesA Review.Metall.
Mater. Trans. A 2014, 45 (4), 1694−1719.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.1c00026
JACS Au 2021, 1, 1014−1033

1031

https://doi.org/10.5194/bg-16-3439-2019
https://doi.org/10.5194/bg-16-3439-2019
https://doi.org/10.1021/cm011739q?ref=pdf
https://doi.org/10.1021/cm011739q?ref=pdf
https://doi.org/10.1021/cm011739q?ref=pdf
https://doi.org/10.1073/pnas.0900867106
https://doi.org/10.1073/pnas.0900867106
https://doi.org/10.1098/rsif.2006.0188
https://doi.org/10.1098/rsif.2006.0188
https://doi.org/10.1016/j.jsb.2006.09.005
https://doi.org/10.1021/cg9005949?ref=pdf
https://doi.org/10.1021/cg9005949?ref=pdf
https://doi.org/10.1039/cs9962500265
https://doi.org/10.1039/cs9962500265
https://www.britannica.com/science/polyp-zoology
https://www.britannica.com/science/polyp-zoology
https://doi.org/10.1016/j.ultramic.2011.03.023
https://doi.org/10.1016/j.ultramic.2011.03.023
https://doi.org/10.1016/j.ultramic.2011.03.023
https://doi.org/10.1007/s10347-006-0090-0
https://doi.org/10.1007/s10347-006-0090-0
https://doi.org/10.1007/s10347-006-0090-0
https://doi.org/10.2138/am.2008.2923
https://doi.org/10.2138/am.2008.2923
https://doi.org/10.1016/j.jsb.2013.05.005
https://doi.org/10.1016/j.jsb.2013.05.005
https://doi.org/10.1073/pnas.1408621111
https://doi.org/10.1073/pnas.1408621111
https://doi.org/10.1016/j.crpv.2004.07.009
https://doi.org/10.1146/annurev-matsci-062910-095803
https://doi.org/10.1146/annurev-matsci-062910-095803
https://doi.org/10.1126/science.aaa6760
https://doi.org/10.1126/science.aaa6760
https://doi.org/10.1073/pnas.1707890114
https://doi.org/10.1016/j.jsb.2013.06.007
https://doi.org/10.1016/j.jsb.2013.06.007
https://doi.org/10.1021/cg300676b?ref=pdf
https://doi.org/10.1021/cg300676b?ref=pdf
https://doi.org/10.1017/S0094837300006837
https://doi.org/10.1017/S0094837300006837
https://doi.org/10.1007/s00227-019-3637-7
https://doi.org/10.1007/s00227-019-3637-7
https://doi.org/10.1007/s00227-019-3637-7
https://doi.org/10.1371/journal.pone.0157659
https://doi.org/10.1371/journal.pone.0157659
https://doi.org/10.1134/S1995425510010054
https://doi.org/10.1134/S1995425510010054
https://doi.org/10.1016/S0025-326X(99)00237-4
https://doi.org/10.1016/S0025-326X(99)00237-4
https://doi.org/10.1038/s41598-017-03085-1
https://doi.org/10.1038/s41598-017-03085-1
https://doi.org/10.7717/peerj.8435
https://doi.org/10.7717/peerj.8435
https://doi.org/10.1103/PhysRevB.50.15752
https://doi.org/10.1103/PhysRevB.50.15752
https://doi.org/10.1103/PhysRevB.50.15752
https://doi.org/10.1016/0167-2789(95)00298-7
https://doi.org/10.1016/0167-2789(95)00298-7
https://doi.org/10.1103/PhysRevE.72.011602
https://doi.org/10.1103/PhysRevE.72.011602
https://doi.org/10.1088/0965-0393/17/7/073001
https://doi.org/10.1016/j.physd.2012.01.006
https://doi.org/10.1016/j.physd.2012.01.006
https://doi.org/10.1016/j.commatsci.2015.04.006
https://doi.org/10.1016/j.commatsci.2015.04.006
https://doi.org/10.1016/j.commatsci.2015.04.006
https://doi.org/10.1103/PhysRevB.92.184105
https://doi.org/10.1103/PhysRevB.92.184105
https://doi.org/10.1016/S0167-2789(98)00026-8
https://doi.org/10.1016/S0167-2789(98)00026-8
https://doi.org/10.1103/PhysRevLett.88.206105
https://doi.org/10.1103/PhysRevLett.88.206105
https://doi.org/10.1016/S1359-6454(03)00388-4
https://doi.org/10.1016/S1359-6454(03)00388-4
https://doi.org/10.1038/nmat815
https://doi.org/10.1038/nmat815
https://doi.org/10.1038/nmat1190
https://doi.org/10.1103/PhysRevE.72.011605
https://doi.org/10.1088/0953-8984/16/41/R01
https://doi.org/10.1088/0953-8984/16/41/R01
https://doi.org/10.1007/s11661-013-1988-0
https://doi.org/10.1007/s11661-013-1988-0
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00026?rel=cite-as&ref=PDF&jav=VoR


(79) Pusztai, T.; Bortel, G.; Gránásy, L. Phase Field Theory of
Polycrystalline Solidification in Three Dimensions. Europhys. Lett.
2005, 71 (1), 131−137.
(80) Kobayashi, R.; Warren, J. A. Modeling the Formation and
Dynamics of Polycrystals in 3D. Phys. A 2005, 356 (1), 127−132.
(81) Kobayashi, R.; Warren, J. A. Extending phase field models of
grain boundaries to three dimensions. TMS Lett. 2005, 2, 1−2. https://
www.tms.org/membercontent/pdf/LET-0501-1.pdf.
(82) Admal, N. C.; Segurado, J.; Marian, J. A Three-Dimensional
Misorientation Axis- and Inclination-Dependent Kobayashi-Warren-
Carter Grai Boundary Model. J. Mech. Phys. Solids 2019, 128, 32−53.
(83) Gránásy, L.; Pusztai, T.; Saylor, D.; Warren, J. A. Phase Field
Theory of Heterogeneous Crystal Nucleation. Phys. Rev. Lett. 2007, 98
(3), 035703.
(84) Pusztai, T.; Tegze, G.; Tóth, G. I.; Környei, L.; Bansel, G.; Fan,
Z.; Gránásy, L. Phase-Field Approach to Polycrystalline Solidification
Including Heterogeneous and Homogeneous Nucleation. J. Phys.:
Condens. Matter 2008, 20 (40), 404205.
(85) Warren, J. A.; Pusztai, T.; Környei, L.; Gránásy, L. Phase Field
Approach to Heterogeneous Crystal Nucleation in Alloys. Phys. Rev. B:
Condens. Matter Mater. Phys. 2009, 79 (1), 014204.
(86) Gránásy, L.; Pusztai, T.; Douglas, J. F. Insights into Polymer
Crystallization from Phase-Field Theory. In Encyclopedia of Polymers
and Composites: A Reference Series; Palsule, S., Ed., Springer: Berlin,
Heidelberg, 2013; p 1−35.
(87) Pusztai, T.; Rátkai, L.; Szállás, A.; Gránásy, L. Phase-Field
Modeling of Solidification in Light-Metal Matrix Nanocomposites. In
Magnesium Technology 2014; Alderman, M., Manuel, M. V., Hort, N.,
Neelameggham, N. R., Eds.; The Minerals, Metals and Materials
Society/Wiley: Hoboken, 2014; p 455−459.
(88) Tegze, G.; Pusztai, T.; Gránásy, L. Phase Field Simulation of
Liquid Phase Separation with Fluid Flow.Mater. Sci. Eng., A 2005, 413−
414, 418−422.
(89) Tegze, G.; Gránásy, L. Phase Field Theory of Liquid Phase
Separation and Solidification with Melt Flow. InModeling and Casting,
Welding and Advanced Solidification Processes - XI; Gandin, C. A., Bellet,
M., Eds.; The Minerals, Metals, & Materials Soc.: Warrendale, 2006; p
513−520.
(90) Rátkai, L.; Pusztai, T.; Gránásy, L. Phase-Field Lattice Boltzmann
Model for Dendrites Growing and Moving in Melt Flow. npj Comput.
Mater. 2019, 5 (1), 113.
(91) File:Grenat pyrope 1.jpg (2010). https://commons.wikimedia.
org/wiki/File:Grenat_pyrope_1.jpg (accessed Apr. 12, 2021).
(92) Cai, B.; Wang, J.; Kao, A.; Pericleous, K.; Phillion, A. B.; Atwood,
R. C.; Lee, P. D. 4D Synchrotron X-ray Tomographic Quantification of
the Transition from Cellular to Dendrite Growth During Directional
Solidification. Acta Mater. 2016, 117, 160−169.
(93) Shuai, S.; Guo, E.; Phillion, A. B.; Callaghan, M. D.; Jing, T.; Lee,
P. D. Fast Synchrotron X-ray Tomographic Quantification of Dendrite
Evolution During the Solidification of Mg. Sn alloys. Acta Mater. 2016,
118, 260−269.
(94) Ojeda, J. R.; Martin, D. C. High Resolution Microscopy of
PMDA-ODA Poly(imide) Single Crystals. Macromolecules 1993, 26,
6557−6565.
(95) Gatos, K. G.; Minogianni, C.; Galiotis, C. Quantifying Crystalline
Fraction within Polymer Spherulites. Macromolecules 2007, 40, 786−
789.
(96) Walker, M. L.; Smith, A. P.; Karim, A. Combinatorial Approach
for Studying the Effects of 4-Biphenyl Carboxylic Acid on
Polypropylene Films. Langmuir 2003, 19, 6582−6585.
(97) Tlatlik, H.; Simon, P.; Kawska, A.; Zahn, D.; Kniep, R.
Biomimetic Fluorapatite-Gelatine Nanocomposites: Pre-Structuring of
Gelatine Matrices by Ion Impregnation and Its Effect on Form
Development. Angew. Chem., Int. Ed. 2006, 45, 1905−1910.
(98) Pawlak, A.; Piorkowska, E. Crystallization of Isotactic
Polypropylene in a Temperature Gradient. Colloid Polym. Sci. 2001,
279, 939−946.
(99) Komarechka, D. Don Komarechka Photography. Private
communication, 2019.

(100) Okerberg, B. Virginia Polytechnic Institute and State
University. Private communication, 2005.
(101)Wang, C.; Chen, C.-C.; Cheng, Y.-W.; Liao, W.-P.; Wang, M.-L.
Simultaneous Presence of positive and Negative Spherulites in
Syndiotactic Polystyrene and its Blends with Atactic Polystyrene.
Polymer 2002, 43, 5271−5279.
(102) Rátkai, L.; Szállás, A.; Pusztai, T.; Mohri, T.; Granasy, L.
Ternary Eutectic Dendrites: Pattern Formation and Scaling Properties.
J. Chem. Phys. 2015, 142 (15), 154501.
(103) Warren, J. A.; Boettinger, W. J. Prediction of Dendritic Growth
and Microsegregation Patterns in a Binary Alloy Using the Phase-Field
Method. Acta Metall. Mater. 1995, 43 (2), 689−703.
(104) Lewis, D.; Warren, J.; Boettinger, W.; Pusztai, T.; Gránásy, L.
Phase-Field Models for Eutectic Solidification. JOM 2004, 56 (4), 34−
39.
(105) Zou, Z.; Habraken, W. J. E. M.; Bertinetti, L.; Politi, Y.; Gal, A.;
Weiner, S.; Addadi, L.; Fratzl, P. On the Phase Diagram of Calcium
Carbonate Solutions. Adv. Mater. Interfaces 2017, 4 (1), 1600076.
(106) Wallace, A. F.; Hedges, L. O.; Fernandez-Martinez, A.; Raiteri,
P.; Gale, J. D.; Waychunas, G. A.; Whitelam, S.; Banfield, J. F.; De
Yoreo, J. J. Microscopic Evidence for Liquid-Liquid Separation in
Supersaturated CaCO3 Solutions. Science 2013, 341 (6148), 885−889.
(107) Bruno, M.; Massaro, F. R.; Pastero, L.; Costa, E.; Rubbo, M.;
Prencipe, M.; Aquilano, D. New Estimates of the Free Energy of
Calcite/Water Interfaces for Evaluating the Equilibrium Shape and
Nucleation Mechanisms. Cryst. Growth Des. 2013, 13 (3), 1170−1179.
(108) Sekkal, W.; Zaoui, A. Nanoscale Analysis of the Morphology
and Surface Stability of CalciumCarbonate Polymorphs. Sci. Rep. 2013,
3, 1587−1587.
(109) Kocot, K. M.; Aguilera, F.; McDougall, C.; Jackson, D. J.;
Degnan, B. M. Sea Shell Diversity and Rapidly Evolving Secretomes:
Insights into the Evolution of Biomineralization. Front. Zool. 2016, 13,
23.
(110)Metzler, R. A.; Tribello, G. A.; Parrinello, M.; Gilbert, P. U. P. A.
Asprich Peptides are Occluded in Calcite and Permanently Disorder
Biomineral Crystals. J. Am. Chem. Soc. 2010, 132 (33), 11585−11591.
(111) Söhnel, O.; Mullin, J. W. Precipitation of Calcium Carbonate. J.
Cryst. Growth 1982, 60 (2), 239−250.
(112) Qi, X.; Balankura, T.; Fichthorn, K. A. Theoretical Perspectives
on the Influence of Solution-Phase Additives in Shape-Controlled
Nanocrystal Synthesis. J. Phys. Chem. C 2018, 122 (33), 18785−18794.
(113) Albéric, M.; Bertinetti, L.; Zou, Z.; Fratzl, P.; Habraken, W.;
Politi, Y. The Crystallization of Amorphous Calcium Carbonate is
Kinetically Governed by Ion Impurities and Water. Adv. Sci. 2018, 5
(5), 1701000.
(114) Falini, G.; Albeck, S.; Weiner, S.; Addadi, L. Control of
Aragonite or Calcite Polymorphism by Mollusk Shell Macromolecules.
Science 1996, 271 (5245), 67−69.
(115) Belcher, A. M.; Wu, X. H.; Christensen, R. J.; Hansma, P. K.;
Stucky, G. D.; Morse, D. E. Control of Crystal Phase Switching and
Orientation by Soluble Mollusc-Shell Proteins. Nature 1996, 381
(6577), 56−58.
(116) Vanysek, P. Ionic Conductivity and Diffusion at Infinite
Dilution. In Handbook of Chemistry and Physics; CRC Press: Boca
Raton, 2000; pp (5-77)−(5-79).
(117)Malini, R. I.; Bushuev, Y. G.; Hall, S. A.; Freeman, C. L.; Rodger,
P. M.; Harding, J. H. Using Simulation to Understand the Structure and
Properties of Hydrated Amorphous Calcium Carbonate. CrystEng-
Comm 2016, 18 (1), 92−101.
(118) Bushuev, Y. G.; Finney, A. R.; Rodger, P. M. Stability and
Structure of Hydrated Amorphous Calcium Carbonate. Cryst. Growth
Des. 2015, 15 (11), 5269−5279.
(119) Radha, A. V.; Forbes, T. Z.; Killian, C. E.; Gilbert, P. U. P. A.;
Navrotsky, A. Transformation and Crystallization Energetics of
Synthetic and Biogenic Amorphous Calcium Carbonate. Proc. Natl.
Acad. Sci. U. S. A. 2010, 107 (38), 16438−16443.
(120) Fisler, D. K.; Cygan, R. T. Diffusion of Ca and Mg in Calcite.
Am. Mineral. 1999, 84 (9), 1392−1399.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.1c00026
JACS Au 2021, 1, 1014−1033

1032

https://doi.org/10.1209/epl/i2005-10081-7
https://doi.org/10.1209/epl/i2005-10081-7
https://doi.org/10.1016/j.physa.2005.05.024
https://doi.org/10.1016/j.physa.2005.05.024
https://www.tms.org/membercontent/pdf/LET-0501-1.pdf
https://www.tms.org/membercontent/pdf/LET-0501-1.pdf
https://doi.org/10.1016/j.jmps.2019.03.020
https://doi.org/10.1016/j.jmps.2019.03.020
https://doi.org/10.1016/j.jmps.2019.03.020
https://doi.org/10.1103/PhysRevLett.98.035703
https://doi.org/10.1103/PhysRevLett.98.035703
https://doi.org/10.1088/0953-8984/20/40/404205
https://doi.org/10.1088/0953-8984/20/40/404205
https://doi.org/10.1103/PhysRevB.79.014204
https://doi.org/10.1103/PhysRevB.79.014204
https://doi.org/10.1016/j.msea.2005.09.045
https://doi.org/10.1016/j.msea.2005.09.045
https://doi.org/10.1038/s41524-019-0250-8
https://doi.org/10.1038/s41524-019-0250-8
https://commons.wikimedia.org/wiki/File:Grenat_pyrope_1.jpg
https://commons.wikimedia.org/wiki/File:Grenat_pyrope_1.jpg
https://doi.org/10.1016/j.actamat.2016.07.002
https://doi.org/10.1016/j.actamat.2016.07.002
https://doi.org/10.1016/j.actamat.2016.07.002
https://doi.org/10.1016/j.actamat.2016.07.047
https://doi.org/10.1016/j.actamat.2016.07.047
https://doi.org/10.1021/ma00076a038?ref=pdf
https://doi.org/10.1021/ma00076a038?ref=pdf
https://doi.org/10.1021/ma0623284?ref=pdf
https://doi.org/10.1021/ma0623284?ref=pdf
https://doi.org/10.1021/la026733+?ref=pdf
https://doi.org/10.1021/la026733+?ref=pdf
https://doi.org/10.1021/la026733+?ref=pdf
https://doi.org/10.1002/anie.200503610
https://doi.org/10.1002/anie.200503610
https://doi.org/10.1002/anie.200503610
https://doi.org/10.1007/s003960100519
https://doi.org/10.1007/s003960100519
https://doi.org/10.1016/S0032-3861(02)00351-8
https://doi.org/10.1016/S0032-3861(02)00351-8
https://doi.org/10.1063/1.4917201
https://doi.org/10.1016/0956-7151(94)00285-P
https://doi.org/10.1016/0956-7151(94)00285-P
https://doi.org/10.1016/0956-7151(94)00285-P
https://doi.org/10.1007/s11837-004-0070-1
https://doi.org/10.1002/admi.201600076
https://doi.org/10.1002/admi.201600076
https://doi.org/10.1126/science.1230915
https://doi.org/10.1126/science.1230915
https://doi.org/10.1021/cg3015817?ref=pdf
https://doi.org/10.1021/cg3015817?ref=pdf
https://doi.org/10.1021/cg3015817?ref=pdf
https://doi.org/10.1038/srep01587
https://doi.org/10.1038/srep01587
https://doi.org/10.1186/s12983-016-0155-z
https://doi.org/10.1186/s12983-016-0155-z
https://doi.org/10.1021/ja103089r?ref=pdf
https://doi.org/10.1021/ja103089r?ref=pdf
https://doi.org/10.1016/0022-0248(82)90095-1
https://doi.org/10.1021/acs.jpcc.8b00562?ref=pdf
https://doi.org/10.1021/acs.jpcc.8b00562?ref=pdf
https://doi.org/10.1021/acs.jpcc.8b00562?ref=pdf
https://doi.org/10.1002/advs.201701000
https://doi.org/10.1002/advs.201701000
https://doi.org/10.1126/science.271.5245.67
https://doi.org/10.1126/science.271.5245.67
https://doi.org/10.1038/381056a0
https://doi.org/10.1038/381056a0
https://doi.org/10.1039/C5CE01536G
https://doi.org/10.1039/C5CE01536G
https://doi.org/10.1021/acs.cgd.5b00771?ref=pdf
https://doi.org/10.1021/acs.cgd.5b00771?ref=pdf
https://doi.org/10.1073/pnas.1009959107
https://doi.org/10.1073/pnas.1009959107
https://doi.org/10.2138/am-1999-0917
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00026?rel=cite-as&ref=PDF&jav=VoR


(121) Kent, A. J. R.; Hutcheon, I. D.; Ryerson, F. J.; Phinney, D. L. The
Temperature of Formation of Carbonate in Martian Meteorite
ALH84001: Constraints from Cation Diffusion. Geochim. Cosmochim.
Acta 2001, 65 (2), 311−321.
(122) Lahav, N.; Bolt, G. H. Self-Diffusion of Ca45 into Certain
Carbonates. Soil Sci. 1964, 97 (5), 293−299.
(123) Möller, P.; Rajagopalan, G. Changes of Excess Free Energies in
the Crystal Growth Processes of Calcite and Aragonite Due to the
Presence of Mg2+ Ions in Solution. Z. Phys. Chem. 1976, 99 (4−6),
187−198.
(124) Donnet, M.; Bowen, P.; Lemait̑re, J. A Thermodynamic
Solution Model for Calcium Carbonate: Towards an Understanding of
Multi-Equilibria Precipitation Pathways. J. Colloid Interface Sci. 2009,
340 (2), 218−224.
(125) Sun, W.; Jayaraman, S.; Chen, W.; Persson, K. A.; Ceder, G.
Nucleation of Metastable Aragonite CaCO3 in Seawater. Proc. Natl.
Acad. Sci. U. S. A. 2015, 112 (11), 3199−3204.
(126) Turnbull, D. Formation of Crystal Nuclei in Liquid Metals. J.
Appl. Phys. 1950, 21, 1022−1028.
(127) Asta, M.; Beckermann, C.; Karma, A.; Kurz, W.; Napolitano, R.;
Plapp, M.; Purdy, G.; Rappaz, M.; Trivedi, R. Solidification Micro-
structures and Solid-State Parallels: Recent Developments, Future
Directions. Acta Mater. 2009, 57 (4), 941−971.
(128) Laird, B. B. The Solid-Liquid Interfacial Free Energy of Close-
Packed Metals: Hard-Spheres and the Turnbull Coefficient. J. Chem.
Phys. 2001, 115 (7), 2887−2888.
(129) Wang, X.-D.; Ouyang, J.; Su, J.; Zhou, W. Phase Field Modeling
of the Ring-Banded Spherulites of Crystalline Polymers: The Role of
Thermal Diffusion. Chin. Phys. B 2014, 23 (12), 126103.
(130) Rátkai, L.; Tóth, G. I.; Környei, L.; Pusztai, T.; Gránásy, L.
Phase-Field Modeling of Eutectic Structures on the Nanoscale: The
Effect of Anisotropy. J. Mater. Sci. 2017, 52 (10), 5544−5558.
(131) Provatas, N.; Elder, K. R. Phase-Field Methods in Materials
Science and Engineering; Wiley-VCH Verlag GmbH & Co. KGaA:
Weinheim, Germany, 2010.
(132) Stribeck, N.; Alamo, R. G.; Mandelkern, L.; Zachmann, H. G.
Study of the Phase Structure of Linear Polyethylene byMeans of Small-
Angle X-Ray Scattering and Raman Spectroscopy. Macromolecules
1995, 28 (14), 5029−5036.
(133) Savage, R. C.; Mullin, N.; Hobbs, J. K. Molecular Conformation
at the Crystal-Amorphous Interface in Polyethylene. Macromolecules
2015, 48 (17), 6160−6165.
(134) Ahmad, N. A.; Wheeler, A. A.; Boettinger, W. J.; McFadden, G.
B. Solute Trapping and Solute Drag in a Phase-Field Model of Rapid
Solidification. Phys. Rev. E: Stat. Phys., Plasmas, Fluids, Relat. Interdiscip.
Top. 1998, 58 (3), 3436−3450.
(135) Brady, J. B. Diffusion Data for Silicate Minerals, Glasses, and
Liquids. InMineral Physics and Crystallography: A Handbook of Physical
Constants; Ahrens, T. J., Ed.; American Geophysical Union:
Washington, DC, 2013; p 269−290.
(136) Nakahara, H.; Bevelander, G.; Kakei, M. Electron Microscopic
and Amino Acid Studies on the Outer and Inner Shell Layers ofHaliotis
rufescens. Venus (Japanese Journal of Malacology) 1982, 41, 33−46.
(137) Macías-Sánchez, E.; Checa, A. G.; Willinger, M. G. The
Transport System of Nacre Components through the Surface
Membrane of Gastropods. Key Eng. Mater. 2016, 672, 103−112.
(138) Checa, A. G.; Cartwright, J. H. E.; Willinger, M. G. Mineral
Bridges in Nacre. J. Struct. Biol. 2011, 176 (3), 330−339.
(139) Gilbert, P. U. P. A.; Bergmann, K. D.; Myers, C. E.; Marcus, M.
A.; DeVol, R. T.; Sun, C. Y.; Blonsky, A. Z.; Tamre, E.; Zhao, J.; Karan,
E. A.; Tamura, N.; Lemer, S.; Giuffre, A. J.; Giribet, G.; Eiler, J. M.;
Knoll, A. H. Nacre Tablet Thickness Records Formation Temperature
inModern and Fossil Shells. Earth Planet. Sci. Lett. 2017, 460, 281−292.
(140)Wang, R.; Gao, R.; Feng, X.; Zhang, G. Nacre Crystal Growth as
a Paradigm of Island Growth Mode: Hydrophobic Substrate is One of
the Keys to the Biomineralization. Mater. Express 2020, 10 (5), 762−
769.

(141) Nassif, N.; Pinna, N.; Gehrke, N.; Antonietti, M.; Jäger, C.;
Cölfen, H. Amorphous Layer around Aragonite Platelets in Nacre. Proc.
Natl. Acad. Sci. U. S. A. 2005, 102, 12653.
(142) DeVol, R. T.; Sun, C.-Y.; Marcus, M. A.; Coppersmith, S. N.;
Myneni, S. C. B.; Gilbert, P. U. P. A. Nanoscale Transforming Mineral
Phases in Fresh Nacre. J. Am. Chem. Soc. 2015, 137, 13325−13333.
(143) Miura, H.; Kobayashi, R. Phase-Field Modeling of Step
Dynamics on Growing Crystal Surface: Direct Integration of Growth
Units to Step Front. Cryst. Growth Des. 2015, 15 (5), 2165−2175.
(144) Demange, G.; Zapolsky, H.; Patte, R.; Brunel, M. (2017). A
Phase Field Model for Snow Crystal Growth in Three Dimensions. npj
Computational Mater. 2017, 3 (1), 1−7.
(145) Cartwright, J. H. E.; Checa, A. G.; Escribano, B.; Sainz-Díaz, C.
I. Crystal Growth as an ExcitableMedium. Philos. Trans. R. Soc., A 2012,
370, 2866−2876.
(146) Almagro, I.; Cartwright, J. H.E.; Checa, A. G.; Macias-Sanchez,
E.; Sainz-Diaz, C. I. Evidence for a Liquid-Crystal Precursor Involved in
the Formation of the Crossed-Lamellar Microstructure of the Mollusc
Shell. Acta Biomater. 2021, 120, 12−19.
(147) Thomas, S.; Lagzi, I.; Molnár, F., Jr.; Rácz, Z. Probability of the
Emergence of Helical Precipitation Patterns in the Wake of Reaction-
Diffusion Fronts. Phys. Rev. Lett. 2013, 110, 078303.
(148) Thomas, S.; Lagzi, I.; Molnár, F., Jr.; Rácz, Z. Helices in the
Wake of Precipitation Fronts. Phys. Rev. E 2013, 88, 022141.
(149) Zegeling, P. A.; Lagzi, I.; Izsák, F. Transition of Liesegang
Precipitation Systems: Simulations with an Adaptive Grid PDE
Method. Commun. Comput. Phys. 2011, 10 (4), 867−881.
(150) Sun, C. Y.; Stifler, C. A.; Chopdekar, R. V.; Schmidt, C. A.;
Parida, G.; Schoeppler, V.; Fordyce, B. I.; Brau, J. H.; Mass, T.;
Tambutté, S.; Gilbert, P. U. P. A. From Particle Attachment to Space-
Filling Coral Skeletons. Proc. Natl. Acad. Sci. U. S. A. 2020, 117 (48),
30159−30170.
(151) Mullins, W. W.; Sekerka, R. F. Stability of a Planar Interface
During Solidification of a Dilute Binary Alloy. J. Appl. Phys. 1964, 35
(2), 444−451.
(152) Podmaniczky, F.; Tóth, G. I.; Tegze, G.; Gránásy, L.
Hydrodynamic Theory of Freezing: Nucleation and Polycrystalline
Growth. Phys. Rev. E: Stat. Phys., Plasmas, Fluids, Relat. Interdiscip. Top.
2017, 95 (5), 052801.
(153) Hendler, N.; Mentovich, E.; Korbuly, B.; Pusztai, T.; Gránásy,
L.; Richter, S. Growth Control of Peptide-Nanotube Spherulitic Films:
Experiments and Simulations. Nano Res. 2015, 8 (11), 3630−3638.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.1c00026
JACS Au 2021, 1, 1014−1033

1033

https://doi.org/10.1016/S0016-7037(00)00528-7
https://doi.org/10.1016/S0016-7037(00)00528-7
https://doi.org/10.1016/S0016-7037(00)00528-7
https://doi.org/10.1097/00010694-196405000-00001
https://doi.org/10.1097/00010694-196405000-00001
https://doi.org/10.1524/zpch.1976.99.4-6.187
https://doi.org/10.1524/zpch.1976.99.4-6.187
https://doi.org/10.1524/zpch.1976.99.4-6.187
https://doi.org/10.1016/j.jcis.2009.09.005
https://doi.org/10.1016/j.jcis.2009.09.005
https://doi.org/10.1016/j.jcis.2009.09.005
https://doi.org/10.1073/pnas.1423898112
https://doi.org/10.1063/1.1699435
https://doi.org/10.1016/j.actamat.2008.10.020
https://doi.org/10.1016/j.actamat.2008.10.020
https://doi.org/10.1016/j.actamat.2008.10.020
https://doi.org/10.1063/1.1391481
https://doi.org/10.1063/1.1391481
https://doi.org/10.1088/1674-1056/23/12/126103
https://doi.org/10.1088/1674-1056/23/12/126103
https://doi.org/10.1088/1674-1056/23/12/126103
https://doi.org/10.1007/s10853-017-0853-8
https://doi.org/10.1007/s10853-017-0853-8
https://doi.org/10.1021/ma00118a036?ref=pdf
https://doi.org/10.1021/ma00118a036?ref=pdf
https://doi.org/10.1021/ma5025736?ref=pdf
https://doi.org/10.1021/ma5025736?ref=pdf
https://doi.org/10.1103/PhysRevE.58.3436
https://doi.org/10.1103/PhysRevE.58.3436
https://doi.org/10.4028/www.scientific.net/KEM.672.103
https://doi.org/10.4028/www.scientific.net/KEM.672.103
https://doi.org/10.4028/www.scientific.net/KEM.672.103
https://doi.org/10.1016/j.jsb.2011.09.011
https://doi.org/10.1016/j.jsb.2011.09.011
https://doi.org/10.1016/j.epsl.2016.11.012
https://doi.org/10.1016/j.epsl.2016.11.012
https://doi.org/10.1166/mex.2020.1752
https://doi.org/10.1166/mex.2020.1752
https://doi.org/10.1166/mex.2020.1752
https://doi.org/10.1073/pnas.0502577102
https://doi.org/10.1021/jacs.5b07931?ref=pdf
https://doi.org/10.1021/jacs.5b07931?ref=pdf
https://doi.org/10.1021/cg501806d?ref=pdf
https://doi.org/10.1021/cg501806d?ref=pdf
https://doi.org/10.1021/cg501806d?ref=pdf
https://doi.org/10.1038/s41524-017-0015-1
https://doi.org/10.1038/s41524-017-0015-1
https://doi.org/10.1098/rsta.2011.0600
https://doi.org/10.1016/j.actbio.2020.06.018
https://doi.org/10.1016/j.actbio.2020.06.018
https://doi.org/10.1016/j.actbio.2020.06.018
https://doi.org/10.1103/PhysRevLett.110.078303
https://doi.org/10.1103/PhysRevLett.110.078303
https://doi.org/10.1103/PhysRevLett.110.078303
https://doi.org/10.1103/PhysRevE.88.022141
https://doi.org/10.1103/PhysRevE.88.022141
https://doi.org/10.4208/cicp.050510.031210a
https://doi.org/10.4208/cicp.050510.031210a
https://doi.org/10.4208/cicp.050510.031210a
https://doi.org/10.1073/pnas.2012025117
https://doi.org/10.1073/pnas.2012025117
https://doi.org/10.1063/1.1713333
https://doi.org/10.1063/1.1713333
https://doi.org/10.1103/PhysRevE.95.052801
https://doi.org/10.1103/PhysRevE.95.052801
https://doi.org/10.1007/s12274-015-0863-2
https://doi.org/10.1007/s12274-015-0863-2
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00026?rel=cite-as&ref=PDF&jav=VoR



