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The inoculation method of grain refinement is widely used in research and industry. Because of
its commercial and engineering importance, extensive research on the mechanisms/theories of
grain refinement and development of effective grain refiners for diverse cast metals/alloys has
been conducted. In 1999, Easton and St. John reviewed the mechanisms of grain refinement of
cast Al alloys. Since then, grain refinement in alloys of Al, Mg, Fe, Ti, Cu, and Zn has evolved a
lot. However, there is still no full consensus on the mechanisms/theories of grain refinement.
Moreover, some new grain refiners developed based on the theories do not ensure efficient grain
refinement. Thus, the factors that contribute to grain refinement are still not fully understood.
Clarification of the prerequisite issues that occur in grain refinement is required using recent
theories. This review covers multiple metals/alloys and developments in grain refinement from
the last twenty years. The characteristics of effective grain refiners are considered from four
perspectives: effective particle/matrix wetting configuration, sufficiently powerful segregating
elements, preferential crystallographic matching, and geometrical features of effective nucleants.
Then, recent mechanisms/theories on the grain refinement of cast metals/alloys are reviewed,
including the peritectic-related, hypernucleation, inert nucleant, and constitutional supercool-
ing-driven theories. Further, developments of deterministic and probabilistic modeling and
nucleation crystallography in the grain refinement of cast metals are reviewed. Finally, the latest
progress in the grain refinement of cast Zn and its alloys is described, and future work on grain

refinement is summarized.
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I. INTRODUCTION

GRAIN refinement has been widely used in research
and industry to achieve uniformly distributed equiaxed
(or near-equiaxed) grain structures.!"* Not only does
grain refinement have positive influences on microstruc-
tural refinement and castability (i.e., the colum-
nar-to-equiaxed transition), but it also improves the
mechanical properties (i.e., ductility and strength) of
cast/wrought metallic materials.”! Although some other
technologies, like alloying manipulation and work
hardening, can improve strength to some extent, two
major safety parameters for engineering alloys, tough-
ness and ductility, usually have to be partially sacrificed.

Research on grain refinement of cast metals has been
conducted for over sixty years.!”! Grain refinement can
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be achieved through controlling solidification and/or
solid-state processes. The two most common methods to
refine the grains of cast metals are dynamic nucleation!’
and inoculation.!! Through fast cooling and localized
convection, the former can produce numerous sec-
ondary nuclei. The latter, which is extensively practiced
in industry, achieves grain refinement through adding
efficient grain refiners into the metal melt. When a
critical undercooling is achieved, the potential nucleant
particles will induce grain refinement by enhanced
heterogeneous nucleation.'®® These nucleant particles
may be released from grain refiners or form in situ
during solidification.’ ' Easton and StJohn!!*
reviewed the mechanisms of grain refinement. They
divided the theoretical and experimental reports before
1999 into two categories, the “nucleant paradigm” and
“solute paradigm.” Based on their review, they con-
cluded that both effective nucleants and solute elements
are required for grain refinement of Al alloys, followed
by experimental validation. However, their review paper
only focused on cast Al alloys. Over the last two
decades, breakthroughs have been realized in the grain
refinement of Al, Mg, Fe, Ti, Cu, Zn, and their alloys.
The latest theories and developments need to be
evaluated by reviewing recently published studies.
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The inoculation method of grain refinement is criti-
cally reviewed here. First, the characteristics of effective
grain refiners are summarized in Section II from four
aspects: wetting configuration, segregating elements,
crystallographic matching, and geometrical features.
Then, the fundamental knowledge of nucleation and
growth during grain refinement is briefly categorized in
Section III. Section IV summarizes the current theories
of grain refinement of cast metals, including the peri-
tectic-related, hypernucleation, inert nucleant, and con-
stitutional  supercooling (CS)-driven theories. In
Section V, recent developments in the modeling of grain
refinement for cast metals are classified and critiqued.
The nucleation crystallography of grain refinement is
precisely reviewed for the first time in Section VI. The
current grain refining theories/models have mainly been
developed based on Al and/or Mg metals/alloys.
Whether such theories/models can be directly applied
to other non-ferrous metals, such as Zn, remains an
open question. Thus, the latest progress in the grain
refinement of cast Zn and its alloys is reviewed in
Section VII. The review concludes with Section VIII,
which describes the prerequisite criteria to design
efficient grain refiners, followed by directions for future
work.

II. CHARACTERISTICS OF EFFECTIVE GRAIN
REFINERS

A. Effective Particle-Matrix Wetting Configuration

The wetting of grain refiners by liquid metal involves
physical chemistry, statistical physics, long-range forces,
and fluid dynamics,'¥ and influences the nucleation of
matrix metal grains. In a grain-refining system, a
favorable wetting configuration between the liquid,
particles, and grains (see Figure 1) is essential because
it enables catalytic stimulation to obtain heterogeneous
nucleation. In a steady state, the balance of forces
imposed at a liquid—particle-grain triple conjunction
should satisfy y,cos0 + 7, — yq = 0, in which 1, Ysn,
and y4 denote the interfacial energy between liquid and
grain, the interfacial energy between grain and particle,
and the interfacial energy between liquid and particle,
respectively.!”) If the wetting angle is too large, the
catalytic efficiency is lowered. A strong positive
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Fig. 1—Illustration of the wetting configuration between liquid me-

tal, nucleant particle and forming grain in a grain-refining system.
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interaction between a wetted particle and a forming
grain may produce a small particle-grain contact
angle." Strong reaction and dissolution could occur
when the wetting angle is close to zero.!'® However, this
situation would shorten the active lifetime of the
particle. To decrease the total interfacial energy between
particle and grain, a favorable wetting configuration
needs to satisfy yg > 7ysn. A nucleation event can be
catalyzed when the bonding of the grain matches well
with that of the particle, because such matching coun-
teracts y,..>'% Normally, metal melts do not effectively
wet and nucleate on particles with covalent or ionic
bonding.!'® However, it has recently been reported that
Mg grains nucleated on ionic MgO particles.!'”]

B. Sufficiently Powerful Segregating Elements

Because of non-equilibrium solidification, solute seg-
regation always unavoidably occurs during casting.
Johnsson!"® was probably the first to systematically
interpret the effect of solute on grain refinement. Besides
nucleant particles, segregating elements are also critical
to achieve grain refinement. Only specific solutes can
induce remarkable grain refinement; others may have a
marginal effect.l'? Solute segregation contributes to
grain refinement in two ways. One is CS, which provides
an additional thermodynamic driving force for new
nucleation in the CS zone.!"” The other is the segregat-
ing solute in front of the solid/liquid (S/L) interface,
which restricts growth of the previously formed
grains.>'¥ However, Johnsson did not reveal how the
nucleant particles were selected and activated. The
effects of solute on grain refinement are quantified using
the growth restriction factor (Q), Q = > mjco (ki — 1),

1

where m;, ¢, ;, and k; represent the slope of the liquidus,
the initial concentration of each element (assumed to be
i elements in total), and the partition coefficient,
respectively.””) Figure 2 indicates that at low solute
concentration, the as-cast microstructure is thermally
controlled columnar grains. As the solute concentration
increases, the thermal-controlled columnar growth will
transition into diffusion-controlled equiaxed growth.
Further increasing the solute concentration decreases
the dendrite tip radius. When the dendrite tip radius
eventually decreases to a critical value, the capillary
effect gradually begins to dominate and then the growth
rate increases, which may impair growth of equiaxed
grains.””! This phenomenon, in terms of the effects of
solute on grain refinement, agrees well with the work by
Kurz and Fisher? and Rappaz.®? The effects of
solutes on grain refinement of cast AL Mg P4 i[>
Cu,”®® and Zn"” have been investigated. The most
powerful segregating elements in liquid Al, Mg, Ti, Cu,
Fe, and Zn were determined to be Ti, Zr, B, Ag/La, Cu,
and Ag, respectively. These results provide some insights
to design new grain refiners.

C. Preferential Crystallographic Matching

Lattice mismatch (or misfit) usually occurs between a
matrix grain and a nucleant particle, leading to
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Fig. 2—Schematic graph showing how the constitutional range affects grain growth. The solute concentration decreases from right to left in the

figure. (Reprinted with permission from Ref. [20]).
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dislocation at the interface between the matrix and
particle, as indicated in Figure 3. If no reaction occurs
at their interface, both the matrix and particle will stably
preserve their individual lattice structures.”® If the
dislocation is quite small, the matrix lattice is then able
to coherently match with the particle lattice through
interatomic bonding. This process is termed elastic
strain. Unfortunately, the presence of elastic strain may
induce an energy barrier that must be overcome during
nucleation. Therefore, a low lattice mismatch between
matrix and [}zt)article can improve nucleation. Glicksman
and Childs™® found that (a) lattice matching affects
nucleation catalysis, and (b) metallic substrates are more
potent than non-metallic substrates. The term “‘po-
tency” is used to describe the nucleation capacity of a
particle serving as a nucleation site. Similarly, the
studies on ductile iron by Skaland®” revealed that the
potency of a nucleant particle to induce grain refinement
depends on the lattice mismatch between matrix and
particle. Marcantonio et al®!! found that nucleation
undercooling rises with increasing lattice mismatch.
Bramfitt’s systematic study on the nucleation of under-
cooled liquid iron on nitride and/or carbide particles
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showed that the potency of particles is also associated
with the lattice mismatch between the particle and iron
matrix.?’? In many other systems investigated during
solidification, the mismatch from phase A to phase B is
larger/smaller than that from phase B to phase A,
because nucleation seems to be unidirectional.**! All of
these studies indicate that the crystallographic matching
strongly influences the nucleation in grain refinement.
There are three major geometrical models used to
quantify crystallographic matching including Turnbull’s
linear disregistry model,®¥ Bramfitt’s plane-on-plane
disregistry model®? and Zhang’s edge-to-edge matching
(E2EM) model.l”? Based on the theories of crystallo-
graphic matching, many new grain refiners have been
theoretically predicted and experimentally verified.*>-3¢!

D. Geometrical Features of Effective Nucleants

The geometrical features of effective nucleant particles
usually include particle size, size distribution, and
morph010§ . The model developed by Maxwell and
Hellawell®” to explain grain refinement in Al-based
peritectic alloys shows that only some of the nucleant
particles (present in melts) become activated. This is
attributed to (a) the latent heat released from surround-
ing growing grains and (b) the geometrical features of
nucleant particles, which counteract the undercooling
for initiation of other grains.!?”**! The free growth
model developed by Greer et al.'>*) is a breakthrough
towards understanding this issue. In the free growth
model, ATy, = 40 | AS,d, where AT, o, AS,, and d
represent the free growth undercooling, S/L interfacial
energy, fusion entropy, and particle size, respectively™”
(see Figure 4(a)). When ATy, is larger than the critical
undercooling for nucleation, new grains begin to initiate
and grow at a steady state. Regarding the effect of
particle size on grain refinement, Greer er all"®
(Figure 4(b)), Qian et al.*” and Qiu er al!'" suggested
that the size ranges of effective nucleant particles are 3 to
5 um in Al/TiB,, 1 to 5 um in Mg/Zr, and 6 to 6.5 um in
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Mg/ALY nucleating systems, respectively. Meanwhile, it
has been well documented that only 1 to 2 pct of all the
potential nucleant particles contribute to refining
A1 and Mg alloys."" This percentage remains
almost constant even when the amount of particles in
a melt increases. Even increasin% the cooling rate only
increases this value up to ~4 pct.[**) However, this point
may be controversial thermodynamically, because some
nanoscale nucleant particles (5 to 20 nm) were recentl
reported to act as heterogeneous nucleation sites.[*”!
Additionally, Lazaridis er al*¥ developed a model for
nucleant particles with non-uniform morphology, which
predicted that the conventional uniform model under-
estimates the nucleation rate by several orders of
magnitude. For the effective nucleant particles observed
in Al, Mg, and Zn alloys, their reported morphologies
vary considerably, including facet,[*”! disk/needle,®
spherical,*”! and dendrite!*®! morphologies.

III. NUCLEATION AND GROWTH IN GRAIN
REFINEMENT

The transformation of a metal or alloy between
crystalline and non-crystalline states can be achieved
through solidification. Grain nucleation and growth,
which govern the kinetics of many phase transforma-
tions,*” are the fundamental processes of solidification
in grain refinement.””) The grain sizes depend on the
competition between initial nucleation and subsequent
growth.””! Classical nucleation theory® indicates that
the Gibbs free energy difference (AG) for a phase
transformation is approximated by

AG = —VAG, + Ay+ VAG, 1]

—VAG,, Ay, and VAG are associated with the volume
of the new phase, the surface of the new phase, and the
strain energy resulting from volume misfit, respectively.
The decrease of bulk AG is the intrinsic thermodynamic
driving force for nucleation in grain refinement. It has
been recognized for AL Mg243¢ Fe Pl Tj 12552
Cu,”% and Zn castings®’*¥ that both effective particles
and segregating solutes are essential for grain refine-
ment. Actually, these two factors are closely related to
nucleation and/or growth, leading to an increase in |AG|
(or driving force). This section addresses the nucleation
and growth in grain refinement from the aspects of (a)
particle-enhanced grain nucleation, and (b) grain growth
and CS.

A. Particle-Enhanced Grain Nucleation

Homogeneous nucleation and heterogeneous nucle-
ation coexist in the solidification process of cast metals,
while heterogeneous nucleation generally dominates in
grain refinement. In heterogeneous nucleation, sub-
strates (particles, impurities, surfaces) are involved when
solid grains form from metal melts. This paper concen-
trates on particles. There are two types of nucleant
particles that can act as nucleation sites. One type is
inert nucleant particles that do not react with the metal
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matrix during nucleation; however, crystallographic
relationships may apply between the particles and
matrix. The other type is reactive nucleant particles,
like peritectic-based systems. Such particles react with
the matrix through chemical reaction or atomic
diffusion.

In 1952, Turnbull® proposed that a nucleant particle
with an appropriate surface can promote the nucleation
of a solid grain. This phenomenon was then named
heterogeneous nucleation. At the atomic scale, hetero-
geneous nucleation starts from atom-by-atom stacking
on the nucleant particles, with further growth into a
solid grain occurring once an energy barrier is over-
come. The more nucleant particles present, the more
nucleation events that happen. Most heterogeneous
nucleation models have been developed based on
nucleation over a particle. Some representative models
are summarized in Figure 5. According to the classical
flat particle model, the minimum values (d) of particle
size (or surface area) should reach 2r*sinf (or m(r*sinf)?)
(Figure 5(a)), where r* is the critical nucleus radius and
r represents the radius of a growing nucleus. Theoret-
ically, any flat particle, with a d value satisfying 2r*sin0
< d < 2r*, can serve as a nucleation site. However, the
nuclei that form on these particles possibly fail to grow
into solid grains.* Such particles and those with d
values sli%htly larger than 2r* are termed “‘patches” by
Turnbull®* If 4 is larger than 2r*, any nucleus that
forms on the patches with » > 2r*sinf survives and
grows within the undercooled metal melt to form a solid
grain. In contrast, if d is smaller than 2r*, the nucleus
cannot turn into a transformation nucleus even though
it grows to the patch boundary, because any further
growth along the normal of the surface decreases
curvature.”*¥ Therefore, a critical condition, d = 2r¥,
is derived for the nucleus to survive and form a grain.*”’

For a given nucleating system, the minimum and
maximum undercoolings available in the melt are
determinate. The size range of activated nucleant
particles can be defined. Using a geometrical factor
fim, x), Fletcher™! studied the size effect of spherical
particles on nucleation rate (Figure 5(b)).

Sim,x) =1+ (1 gmx)3+x3{2 - 3(xgm)
+("g’”)3}+3m2(%_1)

where m = cons0, x = d/r*, and g = (x**—2mx+1)"*.
Similarly, the effect of other particle morphologies, i.e.,
concave (Figure 5(c), faceted (Figure 5 (e)), and spher-
ical (Figure 5(f)), on nucleation can be discussed using
different shape factors. Although various geometrical
models for heterogeneous nucleation have been pro-
posed, it must be emphasized that the wetting angle (6)
is essential in all such models. However, these models/
criterion developed based on 6 are not applicable for
small 0 Y.e., 0 ~ 0 deg).” To solve this problem,
Chalmers®  developed an adsorption model
(Figure 5(d)), which was then experimentally verified
by the nucleation of Al on a monolayer of TiAL;P™ ¢
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Fig. 4—(a) The solid bold curve shows the free-growth undercooling (ATy,) available for grain initiation, redrawn from Ref. [1,6]. (b) The size
distribution of TiB, nucleant particles in a commercial Al-5Ti-1B grain refiners.””! Inset in (a) shows a cap-shaped «-Al grain nucleating and
growing on a TiB, particle with a critical hemispherical dimension.!®’ (Reprinted with permission from Ref. [1,6]).

Si on a monolayer of AIP.*%"! However, Chalmers did
not provide an accurate description of the atomic
interaction across the nucleating interface between the
nucleus (or matrix) and particle. Recently, Fan!®®>"
developed an analytical epitaxial model (Figure 5(g)),
which shows that (a) a pseudomorphous solid (PS) layer
exists between the grain matrix and nucleant particle,
and (b) the misfit dislocation decreases the elastic strain
energy in the PS layer. From these nucleation models, it
can be concluded that the nucleant particles should meet
geometrical requirements to enable grain nucleation.
Meanwhile, the nucleation barrier must be offset
through a favorable atomic configuration at the
matrix/particle interface. Misfit dislocation is one such
configuration. Furthermore, these nucleant particles
contribute to grain refinement by enhancing grain
nucleation.

B. Solute-Restricted Grain Growth

Three alloy parameters have been widely used to
analyze the effects of CS on as-cast microstructures.
These parameters are the supercooling parameter (P),
growth restriction factor (Q), and freezing range (AT).
For linear phase diagrams, P, Q, and AT values can be
calculated using the approach shown in Figure 6.°7 P is
the equilibrium freezing range of an alloy,®” and
designated as P = mc,(k—1)/k, where m, ¢,, and k
represent the liquidus gradient, initial concentration of
bulk liquid, and equilibrium partition coefficient, respec-
tively. Meanwhile, Q = mc,(k—1) was originally derived
by Maxwell and Hellawell (equal to 1/X in Reference
37) from the approximation of a diffusion equation for
spherical precipitates. Hellawell ez al.[®"-%* correlated Q
with the amount of CS available during solidification.
Johnsson er al.,"® Lee et al.P¥ Bermingham et al
and Liu e al.?” calculated the Q values of major solute
elements in liquid Al, Mg, Ti, and Zn, respectively.
Their calculations revealed that Ti, Zr, B, and Ag
generate large Q values of approximately 33 for Al, 13.6
for Mg, 130 for Ti, and 19.1 K for liquid Zn. However,
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Easton and StJohn!®¥ found that it was actually the P
value that reasonably characterized the amount of CS.
Thereafter, many new theories>®*%! were established
to explain grain growth, grain size, and CS in grain
refinement. These theories are primarily based on the 6%
value in cast/wrought alloys. Abdel-Reihim er all
correlated AT with the time delay necessary for the
nucleant particles to become effective. The longer the
time delay, the more nucleant particles that function as
crystallization centers.[*®

Tiller and colleagues'®”! derived the solute distribution
profile in front of the S/L interface using Eq. [3].

CL = Co[l + (1 — k)k " exp(—vx/Dy)] 3]

where Dy, v, and Cy represent the diffusion coefficient,
growth velocity, and distribution of solute concentra-
tion ahead of the S/L interface, respectively. When a
solid grain grows continuously, a solute build-up zone
will form in front of the S/L interface because of
solute rejection.!*!*8) StJohn er al.®! explained the rela-
tionship between CS and solidification pathway along
grain growth, as demonstrated in Figures 7(a) through
(¢). The CS zone develops when the slope of the actual
temperature in front of the S/L interface is smaller
than that of the equilibrium liquidus temperature.[*"!
From a mathematic point of view, the CS zone can
form if the criterion required to develop a CS zone sat-
isfies the following equation!®!-¢8!:

G/V< —mco(k—1)/kD or GD/V < —mc,(k—1)/k = P
[4]

Otherwise, there is no CS zone formed in the built-up
solute field. During the solidification process at a lower
cooling rate, the length of the CS zone should be
considered, because it affects the growth of both
growing grains and subsequently formed grains. For
dendritic or cellular growth, Eq. [4] is usually used to
evaluate the interfacial instability.’®” As the ratio of
temperature gradient to growth velocity (G/V)
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Fig. 5—Schematic illustration of various models proposed for the heterogeneous nucleation on different nucleant particles (or substrates): (a)
Turnbull’s patch model, nucleation initiates on a flat particle;® (b) Fletcher’s convex particle model, embryo 2 nucleates on particle 3 in liquid
metal 1:5% (¢) the concave particle model, nucleation occurs on a concave particle:® (d) Sundquist’s adsorption model, nucleation starts from
an adsorbed layer of atoms on a flat particle;>™ (¢) Maxwell-Hellawell’s model, combining the spherical-cap model and the wetting on a faceted
particle:?” (f) the solid-wettable spherical particle model, a uniform layer of condensed liquid film/drop forms on a wettable spherical particle;*”!
(g1)—(g3) Fan’s epitaxial model (see details in the text), nucleation begins from an epitaxial growth of a pseudomorphic atomic layer on the po-
tent nucleant particles.’*! (Reprinted with permission from Ref. [47,58]).

decreases, the planar interface transitions into cellular, Solute accumulation will, in turn, influence the size of
followed by dendritic.!”’” Most recently, StJohn the NFZ. Figures 8(a) and (b) show the composition
et al"" advanced understanding of the role of CS in and temperature profiles during solute accumulation.
grain formation. According to their theory, CS facili- Meanwhile, when temperature fluctuations occur
tates the formation of a nucleation-free zone (NFZ) because of convection, the CS zone resists the effects
around each nucleated and growing grain. Interaction of of convection. Any additional nucleation within the CS
the diffusion fields results in the accumulation of the zone stagnates provided that the amount of CS (AT,) <
solute between the growing and newly nucleated grains. AT,. This leads to protection of the growing grains from
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remelting, allowing them to grow steadily. Higher Q
values result in better protection, which contributes to a
finer grain size. To obtain a high degree of protection
during solidification, it is feasible to manipulate the
boundary of the CS zone, alloy chemistry, temperature
gradient, and thermal and/or compositional convec-
tion.’"! For CS-related solidification in grain refine-
ment, it seems difficult to separate nucleation completely
from growth; these processes may actually happen
simultaneously in some circumstances. Wang and
co-workers investigated the effects of solute on the
thermodynamic driving force (AG,) for nucleation in
grain refinement of Al alloys."” Using CALPHAD-
based thermodynamic modeling, they defined AG,, and
calculated the AG,, values of seven binary Al-X alloys
(Figures 9(a) and (b)), where X represents four peritec-
tic-forming solute elements, i.e., Ti, V, Nb, and Zr, and
three eutectic-forming solute elements, i.e., Cu, Mg, and
Si. AG, occupies part of AG. At a given small
undercooling, increasing solute concentration causes a
decrease of AG,. Compared with the eutectic-forming
solute elements, addition of peritectic-forming solute
elements (particularly Ti) produces a higher initial
nucleation rate because of the larger AG, values.!'”!
Meanwhile, Ti displays the largest Q value among all
solute elements in the binary Al-X alloys. Thus, it
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considerably restricts the grain growth and promotes
subsequent nucleation within the CS zone. However, it
remains unclear whether such thermodynamic discrep-
ancy between peritectic- and eutectic-forming solute
elements exists in other grain refining alloys.

IV. CURRENT THEORIES OF GRAIN REFINE-
MENT

Over the past six decades, extensive work has been
conducted to investigate mechanisms of grain refine-
ment and develop new grain refiners. New scientific
knowledge and experimental results have been obtained
from grain refinement of Al, Mg, Ti, Fe, Cu, Zn, and
their alloys. However, there is still no consensus on the
mechanisms of grain refinement. This is mainly attrib-
uted to three reasons: (1) grain refinement is affected by
both melting and casting conditions; (2) impurities are
always difficult to avoid; and (3) unknown physical and
chemical interactions exist in metal melts. Regardless of
the theories proposed to explain grain refinement,
multiple basic questions must be addressed, including:
What are the requirements of particles to act as
nucleation sites for cast metals? How can the particles
be activated as effective nucleation sites? How does the
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Fig. 7—Schematic illustration of constitutional supercooling (CS) vs. solidification pathway in an alloy with initial composition Co:® (a) evolu-
tion of solute concentration (Cy*) at the solid/liquid interface from initial state (10) to steady state (¢3); (b) a typical binary phase diagram
demonstrating the freezing range from 70 to 73; (c) the evolution of CS-zone from 71 to 73 at a flat temperature gradient during continuous grain
growth. The slight curvature of Th_,1/2/3 in (¢) is based on an assumption of equiaxed grain growth, in which the growing grains are a bit hot-
ter than surrounding liquid due to latent heat.”! (Reprinted with permission from Ref. [2]).

nucleus of cast metals nucleate on the activated parti-
cles? Which factors, i.e., solute segregation, convection,
and cooling rate, play dominant roles in restricting grain
growth? What kind of grain refiners have high efficacy?
What is the role of lattice matching between nucleant
particles and metal matrix? Many theories have been
established to answer these questions. Some typical
theories are summarized in Table I. The current theories
can be concisely divided into four categories: (1)
peritectic-related theories, (2) the hypernucleation the-
ory, (3) inert nucleant theories, and (4) CS-driven
theories. These four categories of theories are defined
and discussed critically below.

In peritectic-related theories, nucleation initiates on
the properitectic particle and further undergoes a
peritectic-like reaction. Normally, the properitectic par-
ticles form in situ prior to peritectic reaction. Peritectic
reactions have been widely used to prepare cast met-
als?®¥ and functional materials.’? Based on the solid-
ification of Sb, Ag, and Cu alloys, Asato et al. first
conceptualized the peritectic reaction theory. Then, this
theory was extended to describe grain refinement of Al
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alloys bf/ ALTIY? and ALZr/ALND."*7 Similarly,
Emley”®’ also used peritectics to explain the grain
refinement of Mg-Zr alloys. Peritectic reaction is very
common in binary alloy systems such as Al-Ti, Cu-Co,
Zn-Ag, Fe-Ni, and Mg-Zr alloys. As a result, the
peritectic reaction theory and its application to grain
refinement possess much scientific and technological
importance, althou%h its roles in grain refinement are
still under debate. Both the peritectic hulk the-
ory!’®7! and duplex nucleation theory™**" differ some-
what from the peritectic reaction theory; however, the
essence of these two theories is also based on peritectic
reaction. Theoretical discrepancies between the peritec-
tic reaction, peritectic hulk, and duplex nucleation
theories and their associated applications are listed in
Table I.

The hypernucleatlon theory was firstly proposed by
Jones and Pearson'®!! while investigating grain refine-
ment of o-Al. After calculating the individual activities
of Ti in Al melts and TiB, particles, Jones and Pearson
speculated that the segregating Ti atoms at the TiB,/
melt interface formed a layer of Al-Ti pseudo-crystals

METALLURGICAL AND MATERIALS TRANSACTIONS A



G

Composition, C (Wt. %)

Te

Ta

Temperature, T (K)

Distance, x (um)

Fig. 8—Schematic graphs showing (@) the composition profile and
(b) the CS zone boundary between, and in front of, the newly nucle-
ated grains, which are resulted from solute accumulation. Additional
nucleation between these grains is not feasible while AT < AT,,.
(Reprinted with permission from Ref. [71]).

on TiB,. Such pseudo-crystals help to release the elastic
strain energy through misfit dislocations. Thus, «-Al
grains are able to nucleate on these pseudo-crystals at
very small undercooling. Similarly, Fant®***! developed
an epitaxial nucleation theory, in which nucleation
begins from epitaxial growth of a pseudomorphic
atomic layer on a particle. Details of Fan’s epitaxial
nucleation theory and associated experimental valida-
tion have already been given in Section ITI-A. This
epitaxial nucleation theory is similar to the hypernucle-
ation theory.

In the inert nucleant theories, nucleation starts on an
inert particle through heterogeneous nucleation. Differ-
ent from the properitectic particle, there is no reaction
between the inert nucleant particle and matrix grain
during nucleation, although both involve heterogeneous
nucleation. In other words, inert nucleant particles and
properitectic particles serve as inert and reactive nucle-
ation sites, respectively. Regarding the inert nucleant
theories of grain refinement, the boride/carbide and
lattice matching theories are the two most common. In
the boride/carbide theory,*!'*! grain refiners are directly
added to a metal melt to achieve grain refinement. These
grain refiners were selected without much crystallo-
graphic consideration, but with a preference for ther-
modynamic stability!®®* For instance, Mg-Al alloy was
refined using C,Clg and C¢Cls"® and AZ31 and AZ61
alloys were refined by Al,C; and SiC.**! The lattice
matching theory, i.e., the E2EM matching model, is a
more convenient approach to predict new grain refiners
from first principles than the boride/carbide theory. The
lattice matching theory hypothesizes that the nucleation
in grain refinement can be promoted through good
crystallographic matching, because good lattice match-
ing lowers the nucleation barrier.®” Regarding its
application, the lattice matching theory has been
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Fig. 9—(a) Definition of the thermodynamic driving force (AG,) for
nucleation of solid grain from liquid metal; (b) Calculated AG, val-
ues of seven peritectic- or eutectic-forming solute elements in the Al
alloy systems at a given small Q value (~1K), plotted against under-
coolings."! AG,, values of solid grains with concentrations x. and
Xs, nucleating from liquid metal with concentrations x;, are WS and
W’S’, respectively. U;V; (or U,V,) represents the Gibbs free energy
chanffre per mole (AG) at concentration x; (or x,) at equilibrium
state.!”) (Reprinted with permission from Ref. [19]).

experimentally validated for Mg-Al alloys, which can
be refined by ALY.,® AIN®® and Al/Fe-enriched
particles.®”!  Additionally, Mg-14Li-1Al alloys were
refined by TiB, and ALTi.P® In these experimental
systems, good lattice matching exhibited between the
alloy matrix and nucleant particles. Despite this, not all
types of particles that match well with their counterpart
metal matrix definitely display efficient grain refinement.

The CS-driven theories explain grain refinement based
on the h?lgothesis of CS-driven nucleation on effective
particles.">%! These theories have experienced two
periods of development: the solute paradigm and the
interdependence theory. The solute paradigm theory
elaborates the effect of solute on grain refinement from
two perspectives: (1) the growth of grains can be
restricted by the segregating solute at their S/L
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Table 1.

The Current Representative Theories on the Grain Refinement of Cast Metals

Theory

Mechanism

Application

Peritectic-related peritectic reaction

theories

peritectic hulk

duplex nucleation

Hyper-nucleation

theory
Inert nucleant boride/carbide
theories theory

lattice matching

a-Al nucleates on Al;Ti through

peritectic reaction
Al(l)+ Al Ti—> o-Al(s)l7>3%
Mg nucleates on Zr
particle via peritectic reaction
Mg(l) + a-Zr—o-Mg(s)"®
boride shell retards the
dissolution of Al3Ti to
promote nucleation of
a-Al by peritectic reaction!”®!
a thin layer of Al;Ti over TiB,
act as nucleation site for
o-Al undergoing peritectic
reaction!®
segregating Ti atoms at
TiB,/melt interface enhances
the nucleation of o-Al on
pseudo-crystals®!!
o-Al nucleates on AlB,,
TiB,, and (AL Ti)BM* !
Mg nucleates on either Al4;C; or
other compounds containing
Al, C, andOF***!

nucleation can be enhanced by
the good lattice matching
between nucleant Particle
and metal matrix>”

Al alloys refined by Al-Ti master alloy

Al/Mn)/Si-free Mg alloys refined by Zr’®!

partially verified by experiment,

opposite to Mayes ef al.” result’’”!

convinced by Schumacher et al.>®

similar to Fan’s epitaxial model and
experimental results!>5->")

pure Al refined by Al-Ti-C and
AI-Ti-B master alloys

1. Mg-Al alloy refined by C,Clg and

C4Clg,™

2. AZ31 and AZ61 alloy refined by

Al-ALC5-SiCl*

1. Mg-Al alloys refined by Al,Y,B

3. Mg-Al alloys refined by AIN,®!

4. Mg-Al alloys refined by Al/ Fe-rich

particles,[87]

CS-driven theories* solute paradigm

interdependence
theory

both potent nucleants and
segregating solutes are
essential to generate
grain refinement!

gain size depends on (a) a
nucleation-free zone and

2. Mg-14Li-1Al alloy refined by TiB,
and AL Ti®

1. Al alloys refined by Al-Ti-B master
alloy,l'¥)

2. Mg-Alg-Mn) alloys refined by SiC

13,63] and ALB3

3. Grain refinement of steel by Jackson",

4. Titanium alloys refined by native

particles and Si/B/Be solutes>>**!]

validated in the Al and Mg alloys
refined by TiB,

(b) an interparticle spacing!?

*CS represents constitutional supercooling. Compared with the solute paradigm, the interdependence theory developed a rigorous physical

background, linking grain formation and nucleant selection together.

interfaces, and (2) the CS generated by growing grains
induces new nucleations on other nucleant particles once
a critical AT, is reached.!**¢% These potent nucleant
particles pre-exist in the CS zone. However, Men and
Fan'® concluded that new nucleations only appear on
the particles outside the CS zone (part of diffusion
zone). In 1972, Jakson ' had already realized that both
solute and particles are essential in the grain refinement
of steels. However, he did not describe how the solute
accumulation affects grain nucleation and/or growth. In
1993, Johnsson!" first proposed the solute paradigm in
Al alloys. This paradigm was further developed b;/
Easton and StJohn using an empirical Q-value model.[*”!
The Q value was defined in Section I1I-B. According to
the solute paradigm theory, the as-cast grain size can be
semi-quantified as a linear function of 1/Q. Even as a
phenomenological theory, validation and application of
the solute paradigm were convincing in some
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experimental reports, such as Mg-Al(-Mn) alloys refined
by SiC,®3 Al alloys refined b;/ Al-Ti-B master alloy,!"?
Ti alloys refined by Si/B/Be,’*?%?!I and Mg refined by
Zr.”Y Along the lines of the solute paradigm, StJohn
et al®! developed an interdependence theory to reveal
the physical background between grain formation and
nucleant selection. This is a recent breakthrough in grain
refinement. The interdependence theory assumes that
grain formation results from the interdependence effect
between nucleation and growth, which act in concert
within an alloy chemistry environment. The final grain
size mainly depends on (a) a NFZ where nucleation
stagnates, and (b) an additional distance to the nearest
most effective particle.’”) Mathematical expression of
these two components will be addressed in Section V.
Through controlling alloy chemistry and/or growth rate,
the NFZ can be minimized so as to promote grain
refinement.>’"! All the theories in Table I have been
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successfully used to explain some experimental results
and observed phenomena. However, it is still difficult to
use any single theory to explain all experimental results.
Moreover, some new grain refiners developed based on
these theories do not always produce efficient refining
results. Thus, there must still be some other unknown
factors that also contribute to grain refinement.

V. MODELING OF GRAIN REFINEMENT FOR
CAST METALS

Grain refinement in cast metals is subject to many
complex factors like nucleation, particle size, size
distribution, particle morphology, solute and thermal
fields, undercooling, holding time, casting temperature,
convection, and capillarity effects. A number of models
have been developed to describe/predict the microstruc-
tural evolution in grain refinement. Generally, modeling
of grain refinement at the microscopic scale can be
classified into two categories: i.e., deterministic and
probabilistic approaches. This paper only reviews mod-
eling of the inoculation-induced grain refinement of cast
metals; other issues like the solid-state process and
external fields are not considered. The major assump-
tions used in deterministic and probabilistic modeling
are listed in Table II. The deterministic approach
proposes that the number of grains nucleating in the
bulk metal li%uid is a function of undercool-
ing.[#6:37:39:5192°941 By pression  of this  function s
deduced from experimental parameters; i.e., the cooling
curve and grain density. The probabilistic approach is
based on interfacial energy minimization, where com-
plex variations (such as the size distribution of nucleant
particles and the impingement of adjacent grains) are
treated as a random function.!'%-19271041061" Hwever,
such functions do not include the anisotropy of inter-
facial energy. To obtain accurate description/prediction,
both deterministic and probabilistic models are often
combined in applications.

A. Deterministic Modeling

Some predictive models to interpret the deterministic
nature of grain formation have been formulated.
Maxwell and Hellawell originally developed a simple
model (denoted the M-H model) to explain the grain

refinement in the binary peritectic alloy systems Al-Ti,
Al-Zr, and Al-Cr.®” The M-H model incorporates and
quantifies the ability of specific parameters to decrease
grain size. These parameters consist of alloy constitu-
tion, substrate activity, wetting angle, cooling rate, and
latent heat. Some characteristic parameters of the M-H
model are shown in Figure 10. At the initial stage of
nucleation in an isothermal melt before recalescence, the
nucleation rate increases as temperature lowers (see
Figure 10(a)). Before the nucleation rate drops obvi-
ously, it is assumed in this model that the grains in a
recalescent melt grow with a spherical shape.’”! Such
spherical growth is actually treated in an immediate and
continuous diffusion-controlled manner. After recales-
cence starts, the nucleation rate will lower due to the
decrease of undercooling. Meanwhile, recalescence also
suppresses activation of the nucleant particles available
in a system. Using an invariant size approximation, the
radius of a spherical grain (R) is given by Eq. [5],

R = Jg(Dy1)"/? 5]

In Eq [5], )\,s = f(S) and S = Z(C]L - CA) /
(Crs — Crp), where S, D, t, Ca, Cy, and Cig are the
growth parameter, the diffusion coefficient of solute in
the liquid, the growth time, the solute concentration of
bulk liquid, the solute concentration of liquid at the S/L
interface, and the solute concentration of solid at the S/
L interface, respectively.®”) These parameters are
schematically illustrated in Figure 10(b). In peritectic
alloy systems, the growth of spherical grains obeys a
function of melt undercooling (AT) below the temper-
ature for peritectic reaction (Tperitectic)- 1f k& defines the
equilibrium distribution coefficient (constant) and m =
(Teq - TA]) / CA, then CIL = CA — AT/m and C]s =
kCyr. AT is the undercooling relative to Tperiectic- When
considering growth at small undercooling, the thermal
undercooling (AT,) and kinetic undercooling (AT,) are
neglected in the M-H model. However, the CS (AT,)
and curvature undercooling (AT,) have to be taken into
account because of their obvious influence on grain
refinement. Normally, AT arises from solute accumu-
lation in front of an advancing S/L interface. For
instance, AT is ~2.5 x10 —°/R™' in Al Thus, the
equilibrium temperature of a spherical grain with a
radius of 1 um will be depressed by ~0.25 deg.®” At

Table II.  The representative Deterministic- and Probabilistic Models and Their Respective Fundamental Assumptions
Model Category Micro-segregation Growth kinetics CcS TS
Maxwell-Hellawell®”! deterministic no diffusion-limited spherical growth no yes
Easton-StJohn!¢% deterministic yes CS-driven
Qian et alP? deterministic yes spherical growth + planar growth yes no
Greer et al ] deterministic yes spherical growth yes no
StJohn et al?! deterministic yes CS-driven + NFZ yes no
Martorano-Biscuola!!°” probabilistic no instantaneous nucleation no yes
Rappaz-Gandin!'®¥ probabilistic no dendrite tip restricted no
Wang ef al.l'% probabilistic yes dendrite fragmentation yes yes
Yao et all'% probabilistic yes CS-driven yes no

CS, TS, and NFZ are designated to be constitutional supercooling, thermal supercooling, and nucleation freezing zone, respectively.
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Fig. 10—Schematic illustration showing (@) the formation of cooling curve and (b) the parametric definition of the M-H model. (Reprinted with

permission from Ref. [37]).

such undercooling, the nucleation rates will change
appreciably. While ignoring AT, and AT, S can be
rewritten. The term S defined by Maxwell and Hellawell
to describe grain growth during peritectic solidification
was further derived as

—2(AT — AT,)/m

S =k 1)(Ca — (AT AT,)jmi]

[6]

where m is the liquidus slope and AT, represents
curvature undercooling. AT, should not be neglected
when small grains nucleate and grow at small under-
cooling. Using the M-H model, Maxwell and Hellawell
further investigated the individual contributions of
particle activity, cooling rate, alloy system, and nucleant
size. The M-H model indicates that at a given small
cooling rate, the efficiency of a grain refiner mainly
depends on wetting angle and CS. Beyond a critical ratio
of grains to nucleant particles, further dddltlon of grain
refiner only leads to marginal grain refinement.*”) More
quantitative experimental data are required to validate
the M-H model, although it has some value in predicting
the grain refinement of cast alloys.

CS is also named constitutional undercooling in some
circumstances. Chalmers®? proposed a CS-driven
nucleation model based on the assumption that CS
helps to trigger nucleation on the nucleant particles
available in metal melts. At a negligible temperature
gradient, the CS-driven nucleation mechanism has been
recognized as a dominant mechanism in the presence of
a grain refiner. Based on the CS-driven nucleation
mechanism, Easton and StJohn!®¥ derived an equation
(termed the E-S model) to calculate the relative grain
size (RGS). RGS is also defined as the solid fraction (f;,)
at which the amount of CS (AT, reaches the critical
undercooling required for nucleation (AT,,).

(k1)
mm:m:1-0-$ﬁ) [7]
fsn = ATn/Q [8]

4766—VOLUME 48A, OCTOBER 2017

in which ¢, represents the overall solute concentration,
and Q = mco(k— 1) is the growth restriction factor
(see Section III-B).[**! To some extent, this early E-S
model reflects the contribution of solute additions to
the resulting RGS. Coincidently, various experimental
data identified a nearly linear relationship between the
as- CdSt dverage grain size (dy) and 1/Q in binary Al
alloys."®%3 However, f., and dys are not exactly equiv-
alent, although they agree w1th each other from a fun-
damental perspective. Considering the combined
contributions from solute segregation and nucleant
particles, Easton and StJohn® then developed a
semi-empirical modified equation to relate d,, and 1/Q.

1 b - AT,
dgs = —— 9
s=UN. T T 0 1]

In Eq. [9], Ny and b" are the volume density of
nucleant particles and a fitting coefficient, respectively.
Eq. [9] can be applied on the conditions that (a) grains
nucleate at small undercooling, (b) the amount of grain
growth must become sufficient to initiate nucleation on
other effective nucleants, and (c) the curvature under-
cooling is ignored. Easton e al. ®* concluded that the
intercept of Eq. [9] and b” are related to the potency of
grain refiners and number of active nucleant particles,
respectively. Eq. [9] has been validated for Al castings
inoculated with Al-Ti-B master alloys. The early E-S
model has two limitations: (1) the kinetic factors that
affect solidification are not incorporated, and (2) an
actual measured fitting coefficient is required. Despite
these limitations, it still is a practical analytical model
that prov1des reasonable explana‘uons for gram refine-
ment in some cast Al alloys B4 Ti alloys,” Mg
alloys,” and Zn alloys.”

Further, Qian er alP® proposed a model to
describe the CS-driven nucleation and formation on
a number of nucleant particles in an actual 3-D
metal melt. This model has a rigorous physical basis,
as shown in Figure 11(a) and (b). Figure 11(a)
illustrates the nucleation of a grain on a nucleant
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Fig. 11—(a, b) An illustration of the CS-driven nucleation on single and substantial potent nucleants respectively, with reprint permission from
Ref. [96]; (¢, d) Two key components (i.e., nucleation-free zone and interparticle spacing) used in the interdependence theory to predict grain

size, with reprint permission from Ref. [2].

particle in the CS zone. During its progressive
growth, it induces a CS zone ahead of the advancing
S/L interface. Once the grain grows over a critical
length res (res D-AT,/(vQ)) to meet AT, = AT,
the next nucleation occurs on another nucleant i
located at distance a; from the S/L interface. In an
actual 3-D metal melt, a number of effective nucleant
particles are located around a growing grain, leading
to a wave of new nucleations. A cross-sectional view
of such 3-D nucleation events in the radial directions
is depicted in Figure 11(b). dy value of the grains
involved is written as

dos = Za,+D AT,/(v- Q) [10]
ll

in which N is the total number of nucleating grains
surrounding growing grains; D is the solute diffusion
coefficient; AT, is the critical undercooling for nucle-
ation; v is growth velocity, and a; 1s the distance from the
advancing S/L interface.”® For growing S/L interfaces
with curvatures from small to infinite, Eq. [10] has been
theoretically verlﬁed to be apphcable to both spherical
and planar growth.”! Qian er al.’s model established a
fundamental basis for CS-driven grain formation.
Moreover, from a theoretical aspect, it again confirms
that dy varies linearly with 1/Q.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Recently, StJohn er al.” made substantial progress in
the development of deterministic modeling. Their new
model, termed the interdependence theory, was also
proposed along the line of CS-driven nucleation.””) The
influence of thermal undercooling had not previously
been considered because of the very small cooling rate
(=1 K/sPN. According to interdependence theory, s
mainly incorporates three factors: the critical rddlus
(xes) that a grain must reach to achieve AT, for
subsequent nucleations, the length of the diffusion field
(x,), and the average interparticle spacing (xs). As a
simplified version of the interdependence theory,
Figure 11(c) clearly demonstrates these three factors
that together define dj;.

dos = X, + Xes + F'sd [11]
in which x}, = D“;’ST”, Xeg = 8L C(IC}Q and ryq =
46D C( S 77~ Eq. [11] can thus be rewritten as

D-z-AT, 46-D C;—C
d — n . l 0 12
€ vQ * v C;‘-(l—k)+r5(jl 12

Stlohn et al’s model established a mathematical
description to relate grain formation and nucleant
selection in grain refinement. The first two terms in
Eq. [11] and [12] constitute a NFZ, as shown by the
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shaded area in Figure ll(d) The NFZ determines the
minimum d, available in a grain- reﬁnrng system at an
infinite particle density (i.e., xes &~ 0).1”! In accordance
with its experimental validation, the interdependence
theory clearly elucidates mechanisms of grain refine-
ment. Meanwhile, the interdependence theory also
reveals directions for future research to develop other
efficient grain refiners. It should be mentioned that
factors such as geometry and crystallography are not
considered in these CS-driven models. However, they
uncovered a semi-quantitative relationship between
grain formation and nucleant selection for the first
time. Other determ1n1st1c modeling approaches have
also been proposed.[**%7) Men and Fan'® found that
1n Al-Zn and Al-Si alloys s linearly varies with (1/ o)

Most deterministic models such as those recently
developed by Maxwell er al..2”) Easton et al 63.94] Greer
et al.,***' Qian et al.,”® and StJohn et al..”! confirmed
the convent1ona1 lmear relationship between dgs and 1/
Q. These models were dlSO £ spenmentdlly validated for
cast ALP! Mg P4 50,91 21 and  Zn
alloys.l*”: 98.99] An approach that decreases NFZ will
facilitate grain refinement.

B. Probabilistic Modeling

In the probabilistic models, the nucleation undercool-
ings required for equiaxed grains follow either a normal
or a log-normal distribution, and have been successfully
applred by Martorano and Biscuola,!! Nastac
et al 'Y and Yao et al!" Martorano and Biscuola
proposed a probabilistic model (denoted the M-B
model) to predict the columnar-to-equiaxed transition
during steady-state solidification. Actually, the M-B
model is an extension of the classical model developed
by Hunt.'"%! In the M-B model, five basic assumptions
are made, including (1) linear temperature gradient, (2)
spherical growth, (3) potent nucleant particles, (4)
instantaneous nucleation, and (5) Gaussian distribution
of undercoolings."”” As shown in Figure 12(a), the
velocity (V) of isotherms depends on the growing
columnar front, leading to different undercoolings
ahead the columnar front. Then, equiaxed grains
nucleate and grow to a radius R, at a radial velocity
V. Profiles of the volume fraction of equiaxed grains
(¢g) and temperature are illustrated in Figure 12(b),
showing the distributions of liquidus temperature (7),
nucleation temperatures (7), and undercoolings (ATy)
on different nucleant particles (i and i + 1), and the
columnar front undercooling (AT,.). Considering an
equiaxed grain at a given location, it requires an
undercooling of ATy when nucleating at time 7y. When
t > tn, AT at this locatron is greater than ATy and R, is
then expressed as'!

t

AT
AAT™
Rg(ATN,AT):/ngt: / g AT

lg ATN (13]

4 NN
VG(m+1) (A7™ ATR)
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Fig 12—(a) Columnar grains grow at a velocity of V, and equiaxed
grains nucleate at a velocity of V, within the thermal undercoohng
boundary layer;'° (p) the volume fraction (g,) of equiaxed grains
and the temperature (7), showing the influence of liquidus tempera-
ture, nucleation temperature and undercooling on various nucleant
particles.'®” (Reprinted with permission from Ref. [100]).

When ignoring the impingement of equiaxed grains,
at the local undercooling (AT), the volume fraction of
the equiaxed grains that nucleate between ATy and ATy
+ dATy is given by Eq. [14].
dn

4
:gnRz(ATN,AT) dATN

4 53
dsg5:§nRg(ATN,AT)dn AT~

[14]

Provided that all equiaxed grains nucleating within an
undercooling range of 0 < ATy < AT are accounted for,
then the extended volume fract1on (eqe) of equiaxed
grains is calculated as follows!'*%:

AT

4 dn
agE(AT):/gnRz(ATN,AT)dATNdATN [15]
0

Using the Avrami correction, the total volume frac-
tion of equiaxed grains at AT can be quantified as
follows:

6g(AT) = 1 — exp(—e&.e(AT)) [16]

Furthermore, the growth maps for columnar and
equiaxed grains can be constructed. The M-B model
implies that the distribution of nucleation undercoolings
in a unidirectional steady-state solidification system
strongly af’fects the fields of columnar and equiaxed
growth.!'°
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According to the Gaussian distribution, the under-
coolings needed to activate heterogeneous nucleations
on potent particles are mathematically expressed as

follows®"):
dn nr 1 ATN — ATN :
= exp|—=z | —————— [17]
d(ATy) 2n-AT, 2 AT,

where n, ny, AT,, and ATN denote the number of
active nucleant particles, the total number of nucleant
particles available in a system, the standard deviation
of undercooling, and the average undercooling to gen-
erate nucleation, respectively. During columnar and
equiaxed grain growth, the boundary curve in growth
maps (see Figure 12) is interpreted using Eq. [18]

oo ] 0.66 1

P T 3m+1) In(1 — ghlock) ™" AT, /ATNV 21
pi/m 3
/ L (ATx mtl oo L[ AT -1 2
/ y/m P173 AT, /ATy

where the volume fraction of equiaxed grains (£P°) is
arbitrarily selected as 0.49; Vis the relative growth velocity
of the columnar front, and the constant m depends on the
specific alloy system. Computer simulation using the M-B
model shows that increasing the distribution of nucleation
undercooling will not facilitate equiaxed growth if both
and AT, are greater than unity. However, the equiaxed
growth can be enhanced when both Vand AT, are smaller
than unity. Such behavior was confirmed by a stochastic
model, which indicated that widening the distribution of
nucleation undercooling could transform the columnar
grain structures by 50 pct.'”) When assuming instanta-
neous nucleation conditions, predictions of the colum-
nar-to-equiaxed transitions should be evaluated carefully.

Using a 2-D cellular automata approach,'® Rappaz
and Gandin proposed a model (denoted the R-G model) to
reveal the evolution of grain structure during solidification.
The R-G model is based on the following assumptions: (a)
the nucleant particles at the mold wall and in the bulk liquid
are dispersed according to two different distribution
functions, (b) the dendrite tip growth, preferential crystal-
lographic orientation, and mechanical impingement of
adjacent grains are considered, (c) the temperature gradi-
ent in the bulk liquid is uniformly distributed, (d) for the
isothermal solidification process, CS (AT.) dominates
rather than AT,, AT, or AT,.[1%

1/3

]dATN

[18]

*

/ F

where  is the supersaturation coefficient; ¢* is the
solute concentration at the dendrite tip; ¢, is the over-
all solute concentration in the liquid metal; R is the
dendrite tip radius; D is the diffusion coefficient; o is
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a parameter close to unity; G, is solute gradient, and
G is thermal gradient. G can be ignored during equilib-
rium solidification."® The relationship between under-
cooling and supersaturation can be expressed by
Egs. [21] and [22]

AT = mc, {1 T—all—% a)(ll — k)} [21]
L(t) = / WAT()]d! 2]

N

where L(7) is the half-diagonal that limits the size and
shape of dendritic grains and v[AT(#)] is the growth
velocity in the preferential direction. v[AT(#')] can be
calculated  using  the Kurz-Giovanola—Trivedi
model.'%) To simulate the nucleation and growth of
grains, a time-stepping cellular automaton (CA) was
introduced into the R-G model, as shown in
Figure 13(a). The predicted grain structure of Al-7 wt
pct-Si is presented in Figure 13(b). The advantages of
the R-G model include the following: (a) the final
computer-predicted microstructures can be directly
compared with real microstructures; (b) unlike the finite
element method and finite difference method, the R-G
model combined with the CA algorithm provides
realistic computation times. However, parameters of
the 2-D crystal growth and a uniform temperature
gradient are needed to achieve accurate solutions. Yao
et al" proposed a predictive approach named the
cellular automaton-finite control volume method
(CAFVM) to illustrate the formation and morphology
of grains under different conditions, i.e., with and
without grain refiners, for Al alloys. Compared with
the R-G model, the CAFVM incorporates the solute
effect and extra potential nucleants. As a case study, the
CAFVM was used to investigate the grain refinement of
commercial-purity (CP) Al by Ti. Yao er al’s!'"%
computed results based on the CAFVM algorithm
verified that both nucleants and undercooling (=AT),)
play essential roles in grain refinement of CP Al In
addition, Wang ez al.'° developed a model to describe
grain refinement of single-phase solid-solution alloys
based on dendrite fragmentation instead of pure
CS-driven nucleation.

VI. NUCLEATION CRYSTALLOGRAPHY OF
GRAIN REFINEMENT

The interfacial energy (y) at the nucleating interface is
the controlling factor of heterogeneous nucleation in
grain refinement.®? y is associated with a few fac-
tors, 324197 including the chemical and physical
nature of nucleant particles, the electrostatic potential
between particle and matrix, and the nucleation crys-
tallography across the nucleating interface. Therefore, it
is impossible to describe y using a simple expression.
However, Turnbull and Vonnegut theorized that the
lattice matching (or structural matching) between
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Fig. 13—(a) An illustration of the grain-growth of one cellular automaton (CA);"'* (») final grain structure predicted using the two-dimensional

CA.U" (Reprinted with permission from Ref. [104]).

particle and matrix stron%lgl contributes to enhancing
heterogeneous nucleation.'%! They predicted that the
order of nucleation potency is proportional to the
inverse of lattice misfit.'®" Meanwhile, some other
investigators have also tried to correlate crystallographic
matchin% (CM) with  heterogeneous  nucle-
ation [129348.7485.86.88.109 Generally, nucleation potency
can be evaluated by calculating CM values at the
particle/matrix nucleating interface. The better the
crystallogra]phic matching, the higher the nucleation
potency. 1o

The term nucleation crystallogra{)h]y first appeared in
a publication by Qiu and Zhang,*' followed by Liu
et al.*® on the study of grain refinement of cast Zn.
Nucleation crystallography focuses on the role of
crystallography between the nucleant particle and metal
matrix in grain refinement. Nucleation crystallography
addresses crystallographic features like interfacial struc-
ture, crystallographic matching, interface orientation,
and orientation relationships (ORs).** In 1975, Johnson
et al™" had already recognized that when forming a
critical nucleus during solid—solid nucleation, the ORs
correspond to a facet nucleating interface with low y.
Several representative geometrical models to calculate
CM values have been developed, as introduced in
Section II-C. Among these models, the E2EM model
has proven to be useful for investigating the ORs
between the two phases involved in grain refine-
ment.[2% A schematic illustration of the E2EM model
is provided in Figure 14. The fundamental basis of the
E2EM model is that the minimization of y is likely
obtained through appropriate interfacial CM. This
model facilitates the study of nucleation crystallography
from first principles using crystallographic data; i.e.,
crystal structure, lattice parameters, and atomic
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Exact atomic matching

B roy

Fig. 14—Schematic illustration of edge-to-edge matching (E2EM)
model, indicating evaluation of crystallographic matching based on
the interatomic spacing misfit and the interplanar spacing mismatch.

positions. Over the past two decades, the E2EM model
has been successfully used to predict nucleant particles
for cast metals, such as AIl3Ti/AlsZr/ALNDb for
ALIZ374 ALCO/AIN/ALY/ZnO for Mg, 7861121131
TiB,/Mg,,Y 5 for ﬁ—Li,[ 8.109] AﬁZn3/CuZn4/Mg2Zn for
Zn, 10498 5 AL,O5 for ALTi,' and NbO/CeS/TiN/
Ce,0;/TiC for 6-Fe.l''4

From an atomic perspective, heterogeneous nucle-
ation initiates from atom-by-atom stacking on the
naturally exposed crystallographic planes of nucleant
particles. Thus, the naturally exposed crystallographic
plane serves as the real nucleating plane, rather than the
arbitrarily predicted matching planes.’® 1t is difficult to
control the naturally exposed plane of nucleant particles
in grain refinement. The properitectic particles formed
in situ have a great probability of exposing a favorable
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Table III.

Crystallographic Matching at the Matrix/Particle Interface in Some Grain Refining Systems That Were Recently

Developed

M/P matching”  Crystal Structure Information (nm)

OR: [uvwiv [/ [ v’ wle, (hk D [| (k> Do fr (pet)™™ i (%)

Mg [ ALYS! M: hep, a = 0.3262, ¢ = 0.5302 [2110] // [121], (0110) // (404), (0111) // (311) 0.1 0.1/3.5
P: fce, a = 0.7861 - ~
Mg / MgO!'” M: hep, a = 0.3168, ¢ = 0.5235 [1210] // [011], (0002) // (111) 5.46 6.57

P: fcc, a = 0.4234
M: fce, a = 0.4049
P: tetragonal, a = 0.3841, ¢ = 0.8609
M: fee, a = 0.4049
P: tetragonal, a = 0.4007, ¢ = 1.7286

Al | ALNb4

Al | AlyZr U

[101] // 021
[101] // [110],[110] // [401], (114) J/ (111)

], [0T1] // [110],(111) // (112) 0.73/5.43 1.78
I

1.05/1.99 1.34

Zn | AgZn*™  M: hep, @ = 0.26649, ¢ = 0.49468  [2113] // [1210], (1011) // (0111), (1011) // (0002) 0.48 2.35/5.81
P: hep, a = 028231, ¢ = 0.44407

Zn [ Mg,Zn® M: hep, @ = 0.26649, ¢ = 0.49468  [1120] // [1120], (1100) // (0002), (0002) // (1100) <6 <10
P: hep, a = 0.5223, ¢ = 0.85684

Li [ Mg YU M: bee, a = 0.351 [T11] // [111], (110) // (330) 1.32 6.45

P: bee, a = 1.126

ALTi | o-ALO;!"™ M: tetragonal, @ = 0.3846, ¢=0.8594 [110] // [1100], (004) // (1123), (112) // (1123) 6.28 <10

P: trigonal, a = 0.4759, ¢=1.2991
M: bee, a = 0.293
P: fce, a = 0.417

5-Fe | NbO!4

[100] // [110], (020) // (220) or (01T) // (002) 0.7

0.7/0.7

"M and P refer to matrix and particle.

“f. and f; are designated as interatomic misfit and interplanar mismatch, respectively.

crystallographic plane. Preferred ORs often exist in
peritectic alloys. After exploring grain refinement of Al
by an AI-Ti-B master alloy, Davies e al''” concluded
that properitectic AlsTi particles act as the actual
nucleation sites and a preferential OR existed between
Al3Ti and Al. Liquid metal atoms stack on the properi-
tectic particles via either peritectic reaction or peritectic
nucleation.”*** This process can be accelerated using
an epitaxial atomic configuration. Greninger!''® inves-
tigated the OR in a peritectic Cu-Zn alloy system. His
X-ray study of the peritectic reaction in a Cu-Zn system
confirmed that the ORs are related to the properitectic
phase. Marcantonio er alP' also studied the OR
between properitectic particles and a metal matrix using
X-rays, finding that the nucleation undercooling
increased with lattice misfit (up to 9 pct).

In 1885, Curie''” proposed that under the equilib-
rium conditions for the transformation between solid
and liquid, crystals will adjust their morphologies to
possess minimum surface energies. In other words, the
morphology of growing crystals in the equilibrium state
should have minimum surface energy. It is well
acknowledged that the formation of nuclei will be
facilitated if structural matching between particles and
nuclei is achieved.!'%! Likewise, to minimize the inter-
facial energy between a solid and liquid, the crystallo-
graphic features of a nucleant particle and metal matrix
should fulfill the Curie criterion. Close-packed and
near-close-packed crystallographic planes are normally
considered to satisfy the Curie criterion. For example,
Al3Ti and Zr were found to be potent grain refiners for
Al and Mg, respectively. Extensive work on nucleation
crystallography has been carried out using the Al/Al;Ti
and Mg/Zr nucleating systems.*!''®! The coherent
Kurdjumov—Sachs OR has been observed for the
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nucleation of B(BCC) on o(FCC) in Cu-Sn alloys!''
and for the nucleation of austenite on primary ferrite in
steels."?” Schaffer er al!''"™ investigated the role of
engulfed and pushed TiB, particles in the grain refine-
ment of Al, proving that the ORs with low interfacial
energy cause engulfment. In the case of Al-Ti alloys,
experiments verified that a preferred OR exists between
AL;Ti and ALPY

Normally, the accurate ORs between nucleant parti-
cles and a metal matrix can be determined using
selected-area electron diffraction (SAED),*>* conver-
gent-beam Kikuchi line diffraction
(CBKLD),[!>74.75:98.121] electron  backscattering
diffraction (EBSD).*87#731121 Transmission electron
microscopy (TEM) analysis of the ORs between nucle-
ant particles (TiC) and a metal matrix (x-Al) was
performed by Nagli¢ and colleagues.!'*?! Reference 122
indicated that nucleation occurs on the {111}~ plane
so that the {111}, and {111}, ,, planes are in parallel.
Cissé et al'"*¥ observed epitaxial growth of a-Al on TiC.
The OR between TiC and «-Al is roughly expressed as
[001]1;c//[001], 5;  (001)5ic//(001), 5, Using  the
backscattering electron (BSE) mode in scanning electron
microscopy (SEM), Qian ez al.!'** revealed that effective
Zr nucleant particles were surrounded by the Mg
matrix. Thereafter, Saha!'*! used TEM to accurately
determine the ORs between Zr and Mg, which were
(0001)z,//(0001) g (1010)Zr//(1010)Mg)' This suggests
that Mg grains were initiated from the basal (0001)
plane and prismatic (1010) plane of Zr. Through
atom-by-atom stacking, Mg atoms initiated from the
(0001),, planes of Zr particles during heterogeneous
nucleation. The ORs associated with such specific planes
ensure a low interfacial energy between nucleant
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Fig. 15—Cast Zn alloys were grain refined by different grain refiners. The measured grain sizes (d) of Zn Alloys plotted against different (a) Ag
(from Ref. [48]), (b) Cu (from Ref. [10]), (¢) Mg (from Ref. [98]), and (d) Al additions (from Ref. [129]). (Reproduced with permissions from the

International Union of Crystallography!'®” and Ref. [48, 98, 129]).

particles and the metal matrix, resulting in a low
nucleation barrier. The crystallographic matching and
associated ORs of typical efficient nucleating systems are
summarized in Table ITI. These efficient nucleating sys-
tems have been recently used for the grain refinement
£ AL N 17851 7 148981 15 T A1 i 021 5
5-Fe."" Overall, nucleation crystallography can provide
guidance to establish a database of effective nucleant
particles through crystallographic calculations. Further-
more, a new data-driven approach may be proposed to
design grain refiners for specific cast metals/alloys.

GRAIN REFINEMENT OF CAST ZINC AND
ITS ALLOYS

VIIL

The present grain refiners and associated theo-
ries/models have mainly focused on light metallic
materials, including Al, Mg, Ti, and their alloys. Cast
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Zn and its alloys have attractive properties such as low
melting temperature, high corrosion resistance, and
recyclability. As favored engineering materials, they
are widely used in transportation, electronics, and
mining industries.?”! However, the coarse grains of cast
Zn products usually limit thelr application because they
fail to meet the requirements of un1form1ty, strength,
and ductility.*®] There have been few graln refiners
developed for cast Zn. Therefore, the grain refinement
of cast Zn should be investigated further. Currently,
there is little work exclusively on the grain refinement of
cast Zn and its alloys. Pollard e a/.!"*® studied the grain
refinement of Zn-Al alloys (containing 7 to 24 wt pct Al)
by Ti. They attributed the effective grain refinement of
o-Al to the presence of some small cubic particles, which
served as heterogeneous nucleation sites. Electron probe
microanalysis (EPMA) indicated that the cubic partlcles
were actually AlsTi,Zn with a = 3.99 + 0.04 A2 Ap

approximate calculation showed that the number
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Fig. 16—(a) SEM image of one AgZn;/Zn nucleating pair and the corresponding EBSD patterns from (b) AgZns and (¢) Zn. (d1)—(d4) Stereo-
graphic projection showing statistical analysis of the experimentally determined OR in () and (c). (Reprinted with permission from Ref. [48]).

densitgf of AlsTi,Zn nucleant particles was of the order
of 10°/cc. In fact, this approach only refines the Al
matrix instead of the Zn matrix.

Using thermal anal?lsis, metallography, and EPMA,
Leone and co-workers!'?”! investigated the grain refining
mechanism of Zn-Ti and Zn-Ti-Cu alloys. Their exper-
imental results suggested that Zn-Ti-O particles acted as
the heterogeneous nucleation sites in the metal melts.
Considering the results from EPMA and the available
literature, the Zn-Ti-O particles were identified as the
spinel oxide Zn,TiO4. However, the addition of 1 wt pct
Pb into the Zn-Ti-based alloy decreased the grain
refining efficiency.l'* It remains unclear why this
poisoning phenomenon occurred. Moreover, Kurz and
colleagues reported that the Ti-Al-Zn master alloy
refined Zn alloys through enhanced heterogeneous
nucleation by Al;Ti/Zn;Ti.l'"**! However, these reported
grain refiners have low efficacy. Meanwhile, Pb is not
environmentally friendly. Therefore, novel potent grain
refiners still need to be developed.

Recently, Liu et al. carried out a series of systematic
investigations on grain refinement of cast Zn and its
alloys.10-27:48.98.99.1291 Baged on the currently available
grain refinement theories/models developed for Al and
Mg alloys, four new grain refiners (master alloys) were
identified for cast Zn, including Zn-10 wt pct-Ag, Zn-18
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wt pct-Cu, Zn-60 wt pct-Mg, and Zn-6 wt pct-Al
Foundry tests showed that these four grain refiners can
induce considerable grain refinement in cast Zn, as
illustrated in Figure 15. The grain refinement resulting
from addition of either Ag (Figure 15(a)) or Cu
(Figure 15(b)) is attributed to the cooperative contribu-
tions from the segregating solute, which restricts the
grain growth, and the properitectic particles formed
in situ, which enhance heterogencous nucleation. At
high addition levels of solute, formation of coarse
properitectic particles decreased the number of active
nucleant particles, which are resg)onsible for the grain
coarsening of cast Zn alloys.'**! The most effective
grain refiners used in industry are associated with
peritectic-based alloy systems, such as Al-Al;Nb,["#
Al-ALZr," and Mg-ALY. B Specific ORs were repro-
ducibly determined for these peritectic alloys. Similarly,
marked grain refinement was found in the peritectic Zn
alloys Zn-Ag *® and Zn-Cu.'” Ag has a large Q value
in liquid Zn. Meanwhile, reproducible ORs were deter-
mined in the peritectic Zn/AgZn; and Zn/CuZn4 nucle-
ating systems. For instance, a new hcp-hcp OR was
experimentally determined using EBSD, followed by
theoretical validation using the E2EM model. The OR
between a Zn metal matrix and AgZnj nucleant particles

is [1213] agzns /] [1210] 74, (0111) agzns /] (1011)z,,
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(1010) Agzns // (0002)z,. Figure 16(a) depicts a BSE
micrograph of a Zn/AgZn; nucleating pair, while
Figures 16(b) and (c) show corresponding EBSD pat-
terns. To ensure reproducibility, statistical analysis of
this OR was made using stereographic projection, as
shown in Figures 16(d1) through (d4). In addition, the
eutectic-forming solutes Mg and Al can also consider-
ably refine cast Zn alloys.”®?%12%1 MgZn, particles with
a facet morphology were identified to act as heteroge-
neous nucleation sites. The size distribution of MgZn,
particles lies in a narrow range from 1 to 6 um. Using
CBKLD, an accurate OR between MgZn, and Zn was
measured and expressed as

[1120] Mezn22-24deg from [1 120, (ﬁOO)Manz
1.12deg from (0002),, (0002)y5,7,, 1.8deg from (1100),,
23]

The efficient grain refinement of cast Zn caused by
addition of Mg was concluded to arise from the
interdependent contributions from (a) the growth
restriction effect of Mg as a powerful segregating solute,
(b) the MgZn,-enhanced heterogeneous nucleation, and
(c) the suitable geometrical features of the MgZn,
nucleant particles.”® The reason why Al leads to
remarkable grain refinement is being investigated in
detail. Additionally, larger errors arise when evaluating
the Q values of Zn alloys with higher solute content.
This is attributed to the deviation from a linear
dependence on ¢, at higher solute content.l®” Therefore,
a new method for quantitative calculation of the QO
values of multiple-component Zn alloys in which strong
solute—solute interaction occurs is required.

VIII. CONCLUSIONS AND FUTURE WORK

Based on this review, a few important conclusions can
be made to guide the design of effective grain refiners (or
master alloys) for cast metals/alloys. (a) Enough potent
nucleant particles are needed for heterogeneous nucle-
ation. Normally, these nucleant particles (native or
formed in situ) should have a crystallographic relation-
ship with their counterpart metal matrix. In peritec-
tic-based alloys, the properitectic particles usually
ensure that this crystallographic requirement is met.
(b) Nucleant particles should possess suitable geometri-
cal features, including particle size, size distribution, and
morphology. (¢) Grain refiners need to contain powerful
segregating solute elements that have high Q values in
the liquid metal. Such solute elements can provide a
large thermodynamic driving force for nucleation in
grain refinement. Future studies on grain refinement of
cast metals/alloys may focus on the issues below that
involve grain nucleation and growth.

(i) Heterogeneous nucleation starts from atom-by-a-
tom stacking on the naturally exposed crystallo-
graphic plane of nucleant particles. These metallic
atoms come from the liquid metal surrounding
nucleant particles. It is important to determine
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how the solute atoms influence the crystallo-
graphic matching at the nucleating interface. This
issue will be closely associated with the nucleant
selection and nucleation barrier.

(i) Currently, the growth restriction factor (Q value)
is mainly used in binary refining alloy systems,
such as Al, Mg, Ti, and Zn alloys. However, the
accurate calculation of Q values for multiple-com-
ponent alloys still remains a challenge. Novel
thermodynamic calculation methods may reveal
how to minimize the NFZ by controlling alloy
chemistry and/or growth rate. Furthermore, both
particle efficacy and grain refinement may be
improved.

(iii) Quantifying the effect of different solutes on the
AG for nucleation in grain refinement. It has been
recognized that peritectic-forming solute elements
produce larger AG values than the eutectic-form-
ing solute elements in a given alloy system.
However, this situation may be not applicable in
other alloy systems, such as Zn alloys. Thus, more
quantitative calculation of AG values should be
carried out for other alloys, i.e., Mg, Ti, Fe, Cu,
and Zn, to verify this phenomenon.

(iv) Real castings form in a 3-D metal melt scenario.
To accurately interpret the nucleation and growth
of grains in grain refinement, it is probably best to
incorporate CS-related models into simulations
(such as the phase field method), followed by
real-time experimental investigation using syn-
chrotron radiation or other techniques.

(v) From a geometrical perspective, what is the
optimal size range of nucleant particles available
for CS-driven nucleation? This size range can be
controlled to enhance the heterogeneous nucle-
ation on potent particles, further promoting grain
refinement. Modeling on such a topic should
consider the growth velocity, solute diffusion,
interfacial energy, fusion entropy, and Q value.
Both deterministic and probabilistic modeling
ought to be combined in these investigations.

(vi) Recently, large-scale castings have been paid
much attention. Grain refinement of large-scale
castings has seldom been reported. Current the-
ories/models of grain refinement were mainly
developed for small-scale castings. It is currently
unclear if these theories/models can be fully
applied to large-scale castings. Advances in
research on grain refinement of large-scale cast-
ings are required.
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