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Grain Refinement of Alloys in Fusion-Based Additive
Manufacturing Processes

DUYAO ZHANG, ARVIND PRASAD, MICHAEL J. BERMINGHAM,
CARMELO J. TODARO, MICHAEL J. BENOIT, MITESH N. PATEL, DONG QIU,
DAVID H. STJOHN, MA QIAN, and MARK A. EASTON

One of the less desirable aspects of fusion-based additive manufacturing is the propensity for
coarse columnar grain structures crossing build layers to form. This paper initially attempts to
explain the reason for the formation of columnar grain structures in terms of the high thermal
gradients typically observed during solidification and the alloy compositions that are typically
used which promote epitaxial growth. Successful approaches to the grain refinement of titanium
alloys using alloying elements that produce constitutional supercooling are discussed along with
the difficulty with nucleant additions. Much of the grain-refining technology already used in
aluminium casting is shown to also be applicable to additive manufacturing, although the
novelty of the effective use of nanoparticles as nucleants is highlighted. It is also shown that for
other alloy systems for which there is a lack of grain-refining technology using chemical means,
mechanical means, such as ultrasonic treatment, can be effective across a wide range of alloys.
Finally, consideration is given to the difficulties and the possible solutions of producing parts
layer by layer. In particular, the importance of understanding nucleation in solidification
conditions characterized by high cooling rates and thermal gradients; the importance of melt
dynamics; and how previous layers could provide possibilities for refinement of the subsequent
layer are highlighted.
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I. INTRODUCTION

METAL fusion additive manufacturing (AM) is
currently revolutionizing manufacturing across multiple
industries, particularly for aerospace, automotive, and
biomedical applications. While metal AM offers greater
design flexibility and shorter lead times and enables a
higher level of product customization similar to that of
polymer-based AM processes, metal AM has additional
challenges, one of which is controlling the grain struc-
ture during solidification.[1] Despite the process varia-
tions associated with metal AM (e.g., feed material:

wire/powder; power source: laser/electron beam/electric
arc), the solidification process shares several common
features, i.e., high thermal gradient (G), high cooling
rate, and complex thermal cycles that can induce partial
re-melting of the deposited materials. A high thermal
gradient and a high cooling rate usually result in
epitaxial growth, and local re-melting of the previously
deposited material can eliminate the potential equiaxed
grains that have formed in the top part of melt pool.
Accordingly, columnar grains are frequently observed in
as-fabricated components, which may suffer from hot
tearing, solute segregation, and anisotropic mechanical
properties.[2] It is not straightforward and often not
practical to alter the grain structure of the AM
component by thermo-mechanical processing, hence
the best solution is to promote the formation of fine,
equiaxed grains during solidification.
It is well recognized that the columnar to equiaxed

transition (CET) occurs during the initial transient stage
of solidification when potent nucleants are present in the
melt, and the amount of constitutional supercooling
(DTCS) exceeds the critical undercooling for nucleation
(DTn).

[3] The concept of constitutional supercooling
(CS) was first applied to CET by Winegard and
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Chalmers in 1954.[4] The CET can be promoted by
adding solute and/or inoculants and controlling the
solidification parameters. Effective solute usually has a
high growth restriction factor (Q) equal to mC0(k � 1),
where m is the slope of the liquidus line, C0 is the solute
concentration in the bulk alloy, and k is the partition
coefficient. Along with the effect of solute, the number
density of activated nucleant particles determines the
grain morphology and the grain size. A well-established
CS zone is an essential condition to activate the potent
nucleant particles and trigger waves of heterogeneous
nucleation ahead of the solidification front. A larger
Q-value enables more rapid development of the CS zone
ahead of the solidification front.[5] Nucleation occurs in
the CS zone when potent nucleant particles (i.e., low
DTn) are present, which usually have excellent crystal-
lographic matching with the host metal matrix.[6] It is
also worth mentioning that the difference in solidifica-
tion conditions between conventional casting and metal
AM will affect the role of solute and inoculants when
triggering a heterogeneous nucleation event. The solid-
ification conditions during AM and the role of variables
in understanding grain refinement in AM will be
elaborated in Section II.

CET models have been developed and refined over the
past decades. For example, Hunt[7] developed an ana-
lytical dendritic growth model based on the potential for
equiaxed grains to nucleate in the CS zone ahead of the
columnar front in order to predict the CET. Then,
Gäumann et al.[8] added non-equilibrium effects to
Hunt’s model and extended its application to rapid
solidification. Further developments of CET models
incorporate the nucleation-free zone (NFZ), which is a
region generated by CS in front of the solid/liquid (S/L)
interface that has insufficient supercooling for nucle-
ation to occur. Thus, a key strategy for grain refinement
is to reduce the size of the NFZ, which has been
recognized by St John et al.[3] Ma et al.[9], Shu et al.[10],
and Du and Li.[11]

Several models have been developed to determine the
potency of the nucleant particles. The free growth
model[12] developed by Greer et al. is commonly used to
determine the potency of particles.[13–15] Zhang et al.
further considered the importance of crystallographic
matching by applying their edge-to-edge matching
model to explain the effectiveness of grain refiners and
have successfully applied this to Al and Mg
alloys.[6,16–18] More recently, Fan et al.[19] explained
the growth of grains by elucidating the mechanisms of
heterogeneous nucleation by epitaxial growth from
substrates. St John et al.[3] developed the Interdepen-
dence Model to predict the possibility of nucleation
events occurring while the pre-existing grain grows, by
considering the effects of inoculating particles and solute
in one relationship. The grain size dgs can be expressed
as

dgs ¼ xcs þ xdl þ xsd; ½1�

where xcs is the amount of growth of a grain to gener-
ate CS, xdl is the distance in front of the S/L interface
to the maximum CS, and xsd is the average distance

between the end of the diffusion field and the next
most potent (largest) particle in the melt. Typically,
the NFZ is characterized as the sum of xcs þ xdl. Fur-
thermore, it has been shown,

dgs ¼
DzDTn

vQ
þ 4:6D

v

C�
l � C0

C�
l 1� kð Þ

� �
þ xsd; ½2�

where D is the diffusion rate of the solute in the liquid, z
is the proportion of CS that needs to be regenerated
after each nucleation event to trigger the next event, v
the initial growth velocity, and C�

l is the composition of
the liquid at the S/L interface. The model shows that
alloy composition is critically important. The most
effective solute elements have a high Q value and a low
D value, which establishes that the undercooling needed
to trigger nucleation events and facilitates their sur-
vival.[20] Moreover, the presence of potent nucleating
substrates, through the term DTn, and their number
density through the term xsd are influential as they
provide heterogeneous nucleation sites in the CS zone.
The Interdependence Model has been widely validated
in a number of alloys such as Al, Mg, and Ti and for
different solidification conditions such as ultrasonic
treatment.[21–24] However, there are limited reports of
incorporating the model with AM solidification condi-
tions.[25,26] In addition, the interaction of multiple
thermal cycles during AM makes the solidification
process more complex than conventional solidification
processing.
Significant grain refinement has been obtained in

many cast alloy systems through the combined effects of
solute and inoculants, using the current understanding
of the underlying mechanisms which promote equiaxed
grain morphologies.[21] This strategy has been extended
to grain refinement of AM metals (e.g., Al and Ti
alloys), and recent progress will be reviewed in Sec-
tion III. In addition to solute and inoculants, the
process conditions of metal AM, such as the scanning
parameters (e.g., power, spot size, hatch spacing, scan-
ning rate, etc.), can be manipulated to change the
thermal gradient (G) and the solidification speed (V) in
order to promote CET.[27,28] It is important to note that
V is sometimes denoted as R, as the growth rate of the
S/L interface, which is the microstructure response to
the isotherm velocity or pull rate. While there is an
important difference between the two,[29] in this paper,
we are not differentiating the two as they are closely
linked. Recent results show that CET can be achieved in
some alloys by decreasing G in the liquid region and
increasing V without adding alloying elements.[30,31]

Additionally, adoption of physical processes (e.g., ultra-
sonic treatment) has also shown remarkable grain
refinement in metal AM and will be discussed in
Section IV.
The purpose of this review is to understand the

solidification conditions and the relationships between
the solidification microstructure and grain refinement
mechanisms for metal AM. The outstanding challenges
to achieving uniform grain refinement throughout addi-
tively manufactured components are also discussed.
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II. SOLIDIFICATION CONDITIONS IN AM

As previously mentioned, AM is a generic name for a
number of different layer-by-layer manufacturing pro-
cesses which are all characterized by small melt pools,
high cooling rates, and high thermal gradients in the
melt.[32,33] This is confirmed both via experiments[34–46]

as well as simulations[47–50] in a number of alloy systems.
For instance, the cooling rates during powder bed fusion
(PBF) processing of TiC/AlSi10Mg nanocomposites
were determined to be in the order of 106 K/s and
thermal gradients were as high as 21.4 9 106 K/m.[51]

Bermingham et al.[26] have reported cooling rates of
1-6 9 102 K/s with a thermal gradient during solidifi-
cation of the order of 1-5 9 105 K/m for Ti-6Al-4V
alloy processed by wire-arc AM (WAAM). Note that
other AM processes might produce lower cooling rates
and gradients, although they are still considered high
compared to most casting processes.

It is a general observation in solidification processing
that increasing the cooling rates decreases the grain size.
This is true for AM processes also as summarized by
Gorsse et al.[52] and Murr.[53] However, given the nature
of AM processes with the simultaneous presence of high
thermal gradients and cooling rates, understanding the
mechanism of grain refinement in AM processes man-
dates grain size measurements to be made with quan-
tifiable thermal gradients and cooling rates. This has
been reported by Xu et al.[24] and Sun et al.[54] where
higher cooling rates decreased the equiaxed grain size
and higher thermal gradients had the opposite effect.
Although the experiments were conducted with low
cooling rates (of the order of 1 K/s), these results offer
an important insight for understanding grain nucleation
and its subsequent effect on the final grain size. Xu et al.
explained their results on the basis of ‘inhibited’ and
‘active’ nucleation zones (discussed in detail later in this
article) surrounding the growing grain, which are not
different from the NFZ and CS-induced nucleation
defined in the Interdependence Model.

Additionally, experimentally based research has
shown that interesting microstructures are possible due
to the solidification conditions present during the AM
processes.[26,55] In the classical theory of growth kinetics,
the G/V ratio defines the morphology of the growing
solid. A large G/V value indicates the propensity for a
planar solidification front to exist, while decreasing the
G/V value changes the growth mode from planar to
dendritic and further changes the grain morphology
from columnar to equiaxed. The relatively high positive
thermal gradient present in the AM processes and the
slow velocity of the S/L interface in the early stages of
solidification constrains the interface to grow with a
columnar morphology in most cases.[56–58] It must be
noted that AM processes may produce a fine
microstructure, due to high G 9 V values, although
with a columnar morphology. For example, Harrison
et al.[55] reported columnar dendrites with an arm
spacing of 1 lm in Hastelloy produced by laser powder
bed fusion (L-PBF, often known as selective laser
melting (SLM)). However, a challenge for AM processes
is to produce a large portion of fine equiaxed grains.

Recent results from experiments have shown encourag-
ing results where a large area of fine equiaxed grains
have been reported.[26,59] Numerical simulations have
also shown similar possibilities where CET is favored
when the thermal gradient is reduced.[57]

A. Manipulating the Solidification Conditions Using G-V
Diagrams

Conventional solidification theory suggests that
equiaxed grains grow in a region where G is negative.[60]

Thus, CET necessarily requires that an undercooled
region be present ahead of the growing columnar grains
for equiaxed grains to nucleate and grow. While
columnar growth necessitates the presence of a positive
G ahead of the S/L interface, the role of V in producing
a solute diffusion field must also be recognized. Given
that the interface growth rates control the morphology
and the microstructure[61] of the solidifying system, a
plot of G-V offers a useful guide for engineering the final
microstructure.
The CET models result in G-V plots as originally

developed by Hunt.[62] In turn, G-V plots can be used to
identify processing conditions to enhance or reduce CET
(e.g., Figure 1). The common feature in these plots is the
boundary demarcating the equiaxed from the columnar
grains and the G and V conditions required to achieve
equiaxed grains. As such, the G-V plots are useful for
AM processes as well, but one of the limitations of the
diagrams is that the inherent mechanisms of CET
remains unknown. For instance, G-V plots are often
created for a given inoculant density.[62] It is now
understood that the inoculant size determines the
undercooling required for triggering a nucleation
event[12,63] and that a large fraction of the inoculants
remain unused. Nevertheless, G-V diagrams are used to

Fig. 1—Schematic of the G-V plot adapted from Ref. [64]. The
original plot was developed for a Ni-based superalloy based on
numerical simulation of a laser melting process. u represents the
extent of CET as proposed by Hunt[62]: u> 49 pct, fully equiaxed
grains and u< 0.66 pct, fully columnar structure. ‘A’ and ‘B’ trace
changes in the local thermal conditions during solidification as
described in the text. ‘Cst’ in the figure is a constant which is a
function of the alloy solidification range, alloy phase diagram, and
nuclei density.
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manipulate the processing conditions to engineer the
desired microstructure and to study the CET in a
number of alloys.[39,56,64,65]

G-V plots which have been developed for AM
processes can be categorized under two groups—ones
that use numerically calculated V (in G-V plots),[58,65,66]

and the ones which approximate the S/L interface
velocity using the scan speed of the energy source.[39]

Given that the S/L interface velocity controls the
microstructure, it seems prudent to use S/L interface
velocity in such plots wherever possible,[64,66] especially
since the actual S/L interface growth rate may be
spatially and temporally different in a given AM
process.[57,58] Figure 1 shows the G-V plot using the
numerically evaluated S/L interface velocity for
CMSX-4 Ni superalloy for the laser metal forming
process.[64] Curves A and B in the plot show the change
in G and V during solidification leading to the CET for
two different conditions. The formation of equiaxed
grains at low G and high V is clearly seen in the plot.

B. Modification of the Interdependence Model to AM

One of the factors that has been often considered as
an important reason for the prevalence of columnar
grains is the very high G experienced in AM processes
compared to traditional manufacturing processes. A
recent study by some of the authors has taken a more
systematic approach to understanding the effect of
solidification conditions in AM, by considering the
analogous laser surface re-melting of a number of Al-Cu
alloys grain refined without and with Al3Ti1B grain
refiner additions.[67] While this study over-simplifies AM
by considering only a single re-melted laser track, it
provided insights into the difference between casting
processes and AM (Figure 2).

While it is clear that having enough solute (i.e., high
enough Q-value) is critically important to achieve an
equiaxed grain morphology in AM alloys,[26,68] this
work[67] showed that in laser surface re-melted alloys
varying the alloy composition has much weaker effect
on the final grain size than that in cast alloys. Using the
Interdependence Model to interpret the results, it was
found that this was due to a much reduced length of the
diffusion zone in front of the S/L interface, often known
as the NFZ due to the high growth velocities from the
high cooling rates.
It was also shown that the number of grains that were

nucleated on the added nucleant particles increased
dramatically from less than 0.1 pct of the particles
activating nucleation to 27 pct indicating a substantial
number of lower potency nucleant particles that are
effective in solidification conditions similar to AM.
Particle size distributions typically show a larger frac-
tion of particles of smaller size.[63] In a given AM
process, the presence of deep thermal undercooling,
although of short length, allows activation of smaller
inoculants which require higher undercooling.[12,63] This
large undercooling has the potential to enhance the
CET, since a larger fraction of the available inoculants
may be triggered. This suggests a much greater contri-
bution of thermal undercooling to facilitate nucleation
on less favorable grains.[29]

This means that while at lower V, the solute is a
dominant player in providing the required undercool-
ing[5]; it is the thermal undercooling that acts as a
nucleation multiplier at high V and high G. With shorter
NFZ at high V and steep G, the role of solute is
restricted. This implies that alloys of two different
compositions with the same inoculant chemistry and of
similar size distribution would be expected to trigger an
equally large number of equiaxed nucleation events.

Fig. 2—(a) Al-Cu alloys grain refined by a 3 wt pct Al3Ti1B addition in the as-cast state and after laser surface re-melting (at 600, 800, 1000,
and 1200 mm/min scan speed with 2 kW laser power), showing two predominant changes to the grain size. One is the reduction in the intercept
which is typically understood as an increase in the number of particles available for nucleation. The other is the reduction in the gradient which
is understood to be due to the reduction in the nucleation-free zone and in this case due to the reduction in the diffusion length of the solute. (b)
Schematic showing the changes in the thermal fields in front of a grain for both, AM and casting processes. The NFZs for AM and casting are
compared. Note schematic is not to scale. Reprinted from Ref. [67] with permission from Elsevier.
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However, it appears that the situation is more
complicated than this. One of the features in the work
of Bermingham et al.[26] is the effect of recalescence on
G, which in turn affects the solidification rate.[69,70]

Recalescence and its effect on the solidification rate has
been experimentally observed and reported recently via
in situ synchrotron experiments.[71] It is to be noted that
recalescence is likely in the case of a high number of
equiaxed grain nucleation events and subsequent
growth. Experimental results from Bermingham
et al.[26] indicate that there exists a positive correlation
between the presence of recalescence and the number of
equiaxed grains formed. While the work reported a drop
in the thermal gradient with consequent increase in
equiaxed nucleation events, further experimental vali-
dation would be useful. In addition, modeling efforts to
further understand the role of recalescence would be
valuable.

To model AM processes effectively, solidification
models must also incorporate non-equilibrium solidifi-
cation conditions, where high interfacial growth rates
may result in solute trapping, thereby modifying the
partition coefficient and the alloy liquidus slope.
Extremely high cooling rates (> 100 K/s) are expected
in AM processes where the non-equilibrium effects may
become active.

In summary, to generate a fine equiaxed grain
structure during AM processes, the solidification condi-
tions present in AM processes require manipulation of a
combination of thermal gradient, cooling rate, alloy
composition, and grain refiners (chemistry, inoculant
number density, and size distribution). The following
sections discuss the role of alloy chemistry and the use of
external fields to modify these factors to achieve the goal
of obtaining an equiaxed grain structure.

III. GRAIN REFINEMENT BY ALLOYING
ADDITIONS

A. Titanium Alloys

The Ti system is perhaps the most suited for and,
therefore, widely studied alloy system for AM on the
basis of its high material cost and the difficulties
associated with conventional processing (such as
machining and casting). Unlike other alloy systems
where there is usually a clear distinction between
foundry and wrought alloys, all commercial Ti alloys
developed for casting have chemical compositions based
on wrought alloys, of which Ti-6Al-4V is used in around
90 pct of casting applications.[72] Consequently,
Ti-6Al-4V is also the pre-eminent alloy for AM. Despite
containing 10 wt pct solute, Ti-6Al-4V behaves much
like a pure metal during solidification with a narrow
freezing range and, thus, has good properties for
solidification processing (e.g., good fluidity, low suscep-
tibility to hot tearing and other solidification defects

etc.). This is because Al and V solute both have high
solid solubility (low Q-value) and do not readily
partition into the liquid*.[73] Consequently, cast and
additively manufactured Ti-6Al-4V both have a coarse
prior b-Ti grain size similar to pure Ti.
The suitability of Ti-6Al-4V for melt processing,

combined with the fact that this alloy derives most of its
desirable structural properties from solid solution
strengthening and the morphology of the a+ b phases
that form, has stifled innovation in new alloy develop-
ment for solidification processing. Nevertheless, there
have been efforts to develop grain refiners for this and
other Ti alloys where fine equiaxed grain sizes are
desired. To the authors’ best knowledge, the earliest
such report was in 1970 when Samsonov et al.[74] added
various elements to pure Ti sponge. The results revealed
that some elements including La, Y, Ni, and Co are
considerably more effective grain refiners than others.
Little was known at the time about the mechanisms for
this refinement, but subsequent research has provided
substantial insights and it is likely that both solute and
nucleant particle refinement effects are at play. These
same principles are transferable to AM, and here, we
briefly summarize the advances made in chemical grain
refinement of Ti alloys produced by AM.
Grain refinement of AM Ti alloys has so far mainly

focused on alloy design incorporating solutes that
generate CS (i.e., high Q-value solutes). Table I shows
a shortlist of calculated and experimentally determined
growth restriction factors for various solutes in Ti (for
the full list interested readers are referred else-
where[73,75]). It is worth noting that this is a calculated
list based on binary phase diagram information and
does not consider ternary reactions.
Boron is among the most powerful growth restricting

solutes in the Ti system and has been investigated as a
grain refiner during AM. The high potency of boron
means that small additions (i.e., < 0.5-1 wt pct) have
strong refinement effects, which makes mixing and
alloying of powders for AM achievable. Boron not only
refines the b-Ti grain size, but also refines the a-lath size
and produces more equiaxed a-grains. Consequently,
boron has been used to refine the grain size in Ti alloys
produced by WAAM[81,82] and laser-directed energy
deposition (L-DED, often known as laser metal depo-
sition (LMD)).[83–87] Other growth restricting solutes
including carbon,[80] tungsten,[79] silicon,[88] copper,[68]

nickel[89], and chromium[26] have also proven to be
effective in b-Ti grain refinement during AM. Broadly
speaking, the effectiveness of solutes in refining b-Ti
grains during AM is in line with their growth restriction
factor. Figure 3 shows some examples of refinement of
Ti alloys produced by AM through alloy design with
high Q-solutes.
An ongoing challenge in forming equiaxed grains

during AM of Ti alloys is the current lack of available
potent nucleant particles. It is often reported that
columnar grain width decreases when high Q-solutes
are added during AM, but the CET fails to occur. To
date, there has been little insight into what foreign
particles can catalyze heterogenous nucleation of b-Ti
grains at small DTn. It is known that Ti alloys naturally

*During the solid transformation from bfi b+ a, segregation of Al
and V does occur, however, in the liquid segregation is limited.
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contain a population of ‘native’ particles that are
capable of seeding equiaxed grains under appropriate
conditions (i.e., in supercooled melts),[73,90], but the
identification of these particles remains unknown. Ted-
man-Jones and co-workers investigated if these particles
originate during Ti sponge production, in particular the
metal salts used during the Kroll or similar processes,
and found that Na and Cl impurity compounds
enhanced the nucleation rate of b-Ti grains.[91] Although
the exact particle responsible for nucleating b-Ti grains
was not identified, it lays the groundwork for future
research to successfully isolate and then intentionally

alloy these particles with Ti for the purposes of grain
size and morphology control during AM (i.e., reducing
the xsd term of the Interdependence Model).
Other particles that have been used to nucleate b-Ti

grains include W,[92] Mo,[92] Nb,[92] TiN,[93] La2O3
[26],

and even unmelted Ti particles.[90,94,95] These can largely
be grouped as either being transient or stable, where
transient particles such as unmelted Ti, Mo, W, or Nb
powders can temporarily survive in the melt pool long
enough for solidification to occur, but are subject to
dissolution over extended periods in contact with the
melt pool, as shown in Figure 4. Such particles have

Fig. 3—(a) Refinement of b-Ti grains during L-DED with tungsten addition, reprinted from Ref. [79]; (b) Refinement of b-Ti grains during
WAAM with carbon addition, reprinted from Ref. [80]; (c) Refinement of b-Ti grains during L-DED with boron addition, adapted from Ref.
[83]; (d) The effect of growth restricting solute on the grain size of Ti alloy produced by AM (increasing Q causes significant reduction in grain
size).[26,80,81,83,86,88] Relative grain size is expressed as a fraction of 1 which represents the base unrefined alloy, such as Ti-6Al-4V. (e, f) Polarized
optical microscopy images showing the equiaxed grains of as-printed Ti-3.5Cu and Ti-6.5Cu alloys produced by L-DED, reprinted from Ref.
[68] with authorship permission.
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been exploited for grain size control in WAAM and
L-DED processes, but are sensitive to the processing
conditions that determine whether or not the particles
melt or dissolve, in which case they are unavailable to
nucleate grains.

Peritectic forming elements N, O, and C have been
used to refine the grain size in cast Ti alloys as far back
as the 1980s.[96,97] The mechanism for peritectic grain
refinement involves firstly the nucleation of pro-peritec-
tic particles (e.g., TiN) that then nucleate the b-Ti phase.
This principle was latter used by Qiu et al.,[93] who
achieved refined equiaxed grains through the addition of
ZrN to a b-Ti alloy which later decomposed in the melt
to form TiN that nucleated the b-Ti phase. Although the
solute components of these additions may also provide
grain refinement through the growth restriction mech-
anism (refer to Table I), similar studies in other alloy
systems have shown that the predominant refinement

can be attributed to nucleation on the pro-peritectic
phase.[98] The downside to this method of grain refine-
ment is that no peritectic reactions occur in Ti at trace
compositions, and hence, large mass fractions of usually
embrittling alloy elements are required (e.g., as in the
case of O, N and C). The peritectic reaction between Ti
and La has been exploited to produce equiaxed a-Ti
grains during L-PBF of a Ti-2La alloy.[99]

Rare earth elements and their oxides have also been
reported as promising grain refiners for b-Ti for a
number of decades and have recently been applied to
AM. La2O3 particles were used by Bermingham et al. to
promote the CET and achieve a grain size reduction of
85 pct compared to Ti-6Al-4V.[26] Ce2O3 and Y2O3

particles are also reported to refine the grain size of
laser-re-melted Ti welds.[100] A benefit of rare earth
oxides is that they are among the few particles that may
be stable in liquid Ti, an essential requirement for any

Fig. 4—Nucleant particles can substantially refine the grain size of titanium alloys produced by AM. (a, b) The grain size in WAAM is reduced
by an order of magnitude with the addition of W particles (note images are at different magnifications)[92]; (c) Fine equiaxed grains nucleate on
unmelted powder particles during L-DED[94]; (d, e) Nb particles nucleate b-Ti grains during WAAM[92]; (f) La2O3 particles refine the grain size
of Ti alloys during WAAM.[26] All figures are reprinted with permission from Elsevier.
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nucleating particle. La, Y and other rare earths have
been reported to refine the grain size in welds, which
have comparable solidification conditions to some AM
processes.[100–103] Although some of these rare earth
elements are also growth restricting in the Ti system (see
Table I), it is likely that they scavenge oxygen to form
oxide particles within the molten Ti pool, which may be
responsible for nucleating b-Ti.

The identification of new potent nucleant particles is
essential for controlling the grain size and morphology
during AM of Ti alloys. Several studies have shown that
it is possible to produce equiaxed grains during AM;
however, an ongoing challenge is to ensure completely
homogenous microstructures. Often mixed columnar
and equiaxed structures are reported. Complete elimi-
nation of columnar grains during AM (preventing
epitaxial growth) will require highly potent nucleant
particles to be discovered. Of course, the addition of
grain refiners must not impair other alloy properties
which is something that will require ongoing work.

B. Aluminum Alloys

Research into AM of Al alloys has been somewhat
limited compared to other alloy systems, despite their
use in numerous applications in the automotive, aero-
space, and consumer goods industries.[104–107] For
example, a recent review of metal AM revealed that
only 15.6 pct of research articles are published since year
2007 that are focussed on Al, compared to 34.8 pct and
36.3 pct for steels and Ti alloys, respectively.[108]

Furthermore, a number of factors complicate AM of
Al alloys, including, but not limited to oxides on the
surface of the powders, poor flowability of the powder,
low absorptivity of Al alloys to wavelengths character-
istic of some laser sources, and high material thermal
conductivity.[109] The low absorptivity and high thermal
conductivity necessitate the use of high energy inputs in
order to melt the powder, which can further complicate
the process by leading to the preferential vaporization of
high vapor pressure alloying elements such as Zn and
Mg.[110–115]

The current literature on AM of Al alloys can broadly
be grouped into two groups of alloys. The first group is
the high Si content Al-Si casting alloys, which offer good
fluidity and low levels of solidification shrinkage.[115,116]

Of these alloys, Al10SiMg has been the most widely
studied and has been shown to have similar or higher
strength properties compared to cast samples of the
same alloy.[117,118] However, it is known that Si contents
above 2 to 3 wt pct can increase the grain size in
traditional castings[119] despite their high Q-value (-
Table II). So AM of the Al-Si alloys often results in a
columnar grain structure oriented parallel to the build
direction.[117,120] Consequently, as-deposited Al-Si alloys
often display anisotropy in their mechanical proper-
ties.[117] The second group of alloys are the precipita-
tion-strengthened Al alloys, such as the 2xxx
(Al-Cu-Mg), 6xxx (Al-Mg-Si), and 7xxx (Al-Zn-Cu-Mg)
alloys, typically used as wrought alloys. However, these
alloys tend to have lower Q-values (Table II), necessi-
tating the use of grain-refining master alloys and also

Table I. List of Growth Restriction Factors (Q Values) for Solutes in the Ti System

Element m k Concentration (Wt Pct) Q* References

Al � 1.7 fi 1 up to 20 pct fi 0 [76]

V � 2 fi 1 up to 12 pct fi 0 [77]

Sn � 0.8 0.92 up to 35 pct 0.06 [77,78]

Nb 3.4 1.08 up to 25 pct 0.27 [77,78]

Zr � 2.3 0.86 up to 55 pct 0.34 [77,78]

Mo 6.5 1.08 up to 30 pct 0.52 [77,78]

Cr � 8.1 0.76 up to 15 pct 1.5 [75]

Fe � 18 0.82 up to 5 pct 3.2 [75]

La � 5.7 0.43 up to 21 pct 3.3 [77]

Nd � 4.6 0.27 up to 12 pct 3.4 [77]

Ce � 6.1 0.19 up to 4 pct 4.9 [77]

Er � 6.6 0.15 up to 3 pct 5.6 [77]

Y � 6.7 0.08 up to 45 pct 6.2 [77]

Cu � 10.6 0.39 up to 18 pct 6.5 [75]

Pd � 23.9 0.7 up to 5 pct 7.2 [77]

Mn � 15.3 0.5 up to 4 pct 7.7 [77]

Ta 16.5 1.48 up to 30 pct 8.0 [77]

O 27.6 1.37 up to 1.5 pct 10.8 [75]

Sc � 18.8 0.39 up to 14 pct 11.4 [77]

Ni � 23.8 0.40 up to 5 pct 14.3 [75]

Co � 24.1 0.20 up to 5.5 pct 19.2 [77]

Si � 32.5 0.35 up to 4 pct 21.7 [75]

W 15.1 2.50 up to 4 pct 22.7 [79]

C � 55 fi 0 up to 0.5 pct 55 [80]

B � 65 fi 0 up to 1.6 pct 65 [77]

Be � 86 0.19 up to 8 pct 72 [77]

*The Q-values are shown for 1 wt pct solute, but will vary on actual alloy composition.
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they tend to have a large solidification temperature
range at the final stages of solidification making them
more susceptible to hot tearing (cracking) during solid-
ification.[106,115,116,121,122] Moreover, AM of the precip-
itation-hardened alloy series often leads to variable
compositions through the height of the deposited
material, due to preferential evaporation of Zn and
Mg. Nevertheless, these alloy series are of interest for
AM, as the strength of the deposited material can be
significantly increased using a simple aging heat treat-
ment. A number of approaches have been undertaken to
improve the processability of Al alloys in AM and to
control the microstructure and resultant properties of
the deposited material. In particular, methods to achieve
grain refinement by modifying the alloy composition
have been adopted from the well-established casting
literature.

The most common grain refinement method in casting
is the addition of an Al-Ti-B master alloy to the melt, in
which the Ti content is usually above the TiB2 stoichio-
metric ratio of 2.2:1 (wt pct). This provides TiB2

inoculant particles, which are believed to contain an
intermediate Al3Ti layer to facilitate nucleation, as well
as Ti solute, which has an extremely high relative Q
value in Al alloys.[98,123] Given the success of Al-Ti-B
grain refiners in achieving grain refinement in castings,
they have been added to Al alloys in AM processes and
substantial grain refinement has been reported. Effective
grain refinement of Al10SiMg produced by L-PBF was
noted by decorating the powder particle surface with
nanoscale TiB2 particles (5.6 wt pct) as seen in
Figures 5(a) and (b).[124] Carluccio et al.[125] added
0.33 wt pct Al5TiB grain refiner to Al-7Si and 6061
alloys, which were then subjected to laser re-melting.
Significant grain refinement was noted for all scan
speeds studied; at the lowest scan speed, the average
grain size decreased from around 33 lm to 5 lm for
6061 and from 30 lm to under 10 lm for Al-7Si. Wang
et al.[126] used L-PBF for in situ fabrication of a TiB2/
Al-3.5Cu-1.5Mg-Si composite by blending 5 vol. pct
TiB2 powder particles with the base alloy, and an order
of magnitude decrease in the grain size was reported
with the TiB2 additions, from 23 lm to 2.5 lm. Wen
et al.[127] added 3 wt pct TiB2 to 2024 in a laser solid
forming process and achieved equiaxed microstructure
having a grain size range of 20-35 lm with increased
mechanical performance of components compared to
long columnar grains with width ranging from 60 lm to

1.6 mm in 2024 without the grain refiner. Most recently,
LaB6 has also been shown to be an effective nucleant
particle during L-PBF of Al10SiMg, as shown in
Figures 5(c) and (d).[128]

The addition of Zr has also proven to be effective in
refining the as-deposited microstructure of Al alloys in
AM. During solidification, Al3Zr particles first form in
the melt. As the melt pool continues to cool, the Al3Zr
particles provide heterogeneous nucleation sites for the
primary a-Al phase[133] and what is sometimes called the
peritectic reaction and transformation occurs.[98] The
addition of Zr powder has been shown to produce an
equiaxed microstructure for L-PBF of Al-Cu-Mg
alloys.[121,122] The as-deposited microstructure was
observed to transform from one consisting of equiaxed
grains at the melt pool boundary and columnar grains
growing toward the center of the melt pool to one
consisting of a homogeneous distribution of equiaxed
grains 1 to 2 lm in size.[121] Furthermore, it was noted
by Zhang et al.[122] that the amount of equiaxed grains
depended on the scan speed, with a fully equiaxed
structure observed for a scan speed of 5 m/min, but a
heterogeneous microstructure of equiaxed and columnar
grains when the scan speed was 15 m/min. Martin
et al.[106] also used Zr additions to transform the L-PBF
as-deposited microstructure of 7075 and 6061 alloys
from columnar to equiaxed, by decorating the powder
particle surfaces with ZrH2 nanoparticles (Figures 5(e)
and (f)). It is worth noting at this point that in the cases
where Zr additions altered the microstructure from
columnar to equiaxed grains, hot tearing was also
effectively eliminated. Grain refinement has been
achieved with pre-alloyed Al-Mg-Zr powder, in which
the microstructure is again characterized by fine
equiaxed grains at the melt pool boundary and coarser
columnar grains growing into the melt pool.[134,135] The
Al3Zr particles were observed at the center of the
equiaxed grains, but were absent in the columnar grain
region. It should also be noted that the extent of grain
refinement depends on the amount of Zr addition; Yang
et al.[136] noted epitaxial growth of columnar grains over
~ 20 layers in an Al-Mg-Zr alloy with only 0.21 wt pct
Zr.
Grain refinement has also been achieved through the

addition of Sc, particularly for the Al-Mg alloys. Similar
to Zr, Al3Sc particles in the melt pool provide hetero-
geneous nucleation sites for the primary Al. An addi-
tional benefit of using Sc additions in AM processes is

Table II. List of Some AM Al Alloys with the Q Values, Based on the Composition Given in References

Alloy, Composition in Wt Pct Q (Approx.), K References

AlSi10Mg, (Al-10Si-0.32Mg-0.03Cu) 60 [124]

AlSi10Mg/TiB2, (Al-9.81Si-0.32Mg-0.02Cu-0.01Mn-3.84Ti-1.8B) 91.9 [124]

6061, (Al-0.65Si-0.86Mg-0.1Mn-0.55Fe-0.3Cu-0.03Zn-0.15Cr-0.02Ti) 13.8 [125]

6061/TiBor�, (Al-0.65Si-0.8Mg-0.1Mn-0.61Fe-0.28Cu-0.03Zn-0.14Cr-0.34Ti-0.06B) 42.3 [125]

7075, (Al-5.4Zn-2.25Mg-1.54Cu-0.19Cr-0.17Fe-0.13Si-0.02Mn) 13 [106]

Al-Mn-Mg-Sc, (Al-4.52Mn-1.32Mg-0.79Sc-0.74Zr-0.05Si-0.07Fe) 5.7 [132]

The m(k �1) values for the alloying elements were obtained from previous work Easton 2005.[129–131] Sc has little or no growth restricting ability
in Al-based alloys, so its contribution was assumed to be negligible. The contribution of the elements to Q was limited to their solubility in liquid Al
just prior to solidification.
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that higher levels of Sc solid solubility are possible due
to the rapid solidification rates, which leads to the
precipitation of coherent nanoscale Al3Sc strengthening
particles upon subsequent heat treatment.[137] The addi-
tion of Sc leads to a microstructure characterized by fine
equiaxed grains at the melt pool boundaries and
columnar grains growing toward the center of the melt
pool.[138] However, the proportion of the microstructure
characterized by equiaxed grains has also been found to
depend on the processing conditions. For example,
Yang et al.[136] found that the volume fraction of
equiaxed grains increased when the build platform was
heated to 200 �C compared to 35 �C, and the fraction of
equiaxed grains further increased to 100 pct as the
volumetric energy density increased. Figure 5(g) dis-
plays the as-deposited microstructure without Sc, while
Figure 5(h) reveals a homogeneous equiaxed morphol-
ogy when a Sc-modified alloy was deposited on a 200 �C
build plate. A similar effect of base plate heating was
observed by Shi et al.,[139] but a fully equiaxed
microstructure was not observed. Zhou et al.[140] found
a similar grain refinement effect in Al-6Zn-2Mg with
1 wt pct (Sc+Zr) additions, where equiaxed grains
exist at the re-melt boundary and columnar grains

extend toward the center of the melt pool. It was
proposed that the equiaxed grains exist only at the
re-melt boundary where the peak temperature remains
below 800 �C and the Al3Sc particles are stable. When
the temperature exceeds 800 �C in the melt pool and
Al3Sc particles are not stable, there is columnar growth.
However, a consideration of Table II also shows that
the current Sc-containing alloys tend to have a low
Q-value indicating that while they have potent nuclei the
alloys do not generate a lot of CS, which consequently
means that columnar growth is more likely especially at
higher thermal gradients. Nevertheless, the grain refine-
ment observed at the re-melt boundary was found to
prevent hot tears in the deposited material.
In a similar manner to using an Al-Si filler wire to

weld crack-susceptible 7xxx alloys,[141] Montero-Sistiaga
et al.[115] blended up to 4 wt pct Si powder with
pre-alloyed 7075 powder to eliminate cracking in
L-PBF. While hot tearing was completely eliminated
with the addition of 3 wt pct Si, a corresponding change
in the microstructure was also noted. Coarse columnar
grains were aligned along the build direction in the
baseline 7075 alloy (Figure 5(i)). However, the columnar
grains became more refined with Si additions, and

Fig. 5—Grain refinement of Al alloys by solute and particle addition in L-PBF. Electron backscatter diffraction (EBSD) maps of (a) Al10SiMg,
(b) TiB2/Al10SiMg,[124] (c) Al10SiMg, (d) LaB6/Al10SiMg,[128] (e) Al7075, (f) Zr/Al7075,[106] (g) Al-Mg-Zr, (h) Sc/Al-Mg-Zr,[136] (i) Al7075, and
(j) Si/Al7075.[115] Note the difference in scale bars between the examples. (e, f) are reprinted with permission from Springer Nature and the
others are reprinted with permissions from Elsevier.
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clusters of equiaxed grains were eventually observed to
disrupt the columnar grains (Figure 5(j)).

At the present time, opportunities still abound to
translate grain refinement knowledge from casting to
AM. There is a possibility of further investigating the
role of peritectic elements and the role of eutectic growth
restricting elements as well.

C. Other Alloy Systems

There are a number of other alloy systems that have
been studied in AM, particularly Fe-based, Ni-based,
and Co-based alloys. Grains of columnar morphology
are also typical in these alloy systems (Figure 6).
These alloy systems have not been extensively studied

for grain refinement during AM, but there have been a
few successful attempts in introducing inoculants to

Fig. 6—Examples of columnar grain structures in (a) 316L steel by WAAM,[142] (b) AerMet100 steel by L-DED,[143] (c) IN718 alloy by electron
beam powder bed fusion (EB-PBF),[58] (d) IN625 by L-PBF,[144] (e, f) Co-Cr-Mo alloy by EB-PBF at different heights of as-built rod: (e) bottom
and (f) top of part.[145] All figures are reprinted with permissions from Elsevier.
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stainless steels and Ni-based superalloys.[146–149] For
example, AlMangour et al.[146,147] added 15 pct vol of
TiC nanocrystalline into H13 steel fabricated using
L-PBF with different scanning strategies. The results
showed that elongated columnar grains are dominated
along the building direction, but a ‘‘cross-hatching’’
scanning strategy (i.e., the scanning direction is altered
90 deg between consecutive layers) was shown to reduce
the grain texture and thus minimize the anisotropic
properties. Li et al.[148] produced 316L stainless steel
with the addition of 3 wt pct submicron-sized V8C7

particles by L-PBF and found that the austenite phase
grains can been refined as in situ formed VCx nanocrys-
talline particles act as nucleation sites and have the
further effect of pinning grain boundaries. For Ni-based
superalloys, Ho et al.[149] investigated the microstructure
evolution of eutectic WC-W2C inoculants in IN718
produced by L-PBF. The results suggested that eutectic
WC-W2C inoculants can provide heterogeneous nucle-
ation sites for grain formation and thus small grains
nucleate along the surface of the inoculants. Overall,
introducing inoculants to the above alloys can refine
grains to a certain extent and more investigation is
needed. However, it seems that other approaches are
needed to grain refine such alloys. One approach to
promote grain refinement is to use mechanical tech-
niques or process control, which can be applied across
all alloy systems.

IV. GRAIN REFINEMENT BY MECHANICAL
APPROACHES OR PROCESS VARIATIONS

Although grain-refining master alloys are widely used
for solidification control, inoculant particles tend to
accumulate and may become entrapped as inclusion
defects in metallic components.[150] The use of external
fields during solidification is an emerging alternative
approach for microstructure control, which achieves
grain refinement without the addition of chemical
refiners. The literature on external fields for solidifica-
tion processing largely deals with application to con-
ventional casting processes.[151–159] In the casting
industry, the widespread adoption of external fields
has been hindered by difficulties in treating large
volumes of liquid metal. However, an entire additively
manufactured part can in principle be effectively treated
since the melt pool volume is quite small (generally
~ 0.1-1.0 mm in width).

Only a few studies have applied external fields during
AM. In contrast, external fields have been used during
welding by many techniques including high-intensity
ultrasound,[160–164] energy source oscillation[165–169] and
energy source pulsing.[166,170–175] In each case, the
applied external field vigorously agitates the solid front
to enhance nucleation or substantially increase the
number of crystallites during solidification. In this
regard, the use of external fields stands out as a
significant opportunity for microstructure control dur-
ing AM without changing alloy chemistry.

The application of high-intensity ultrasound (vibra-
tions exceeding the range of human hearing, i.e.,

> 20 kHz) during solidification of metals and alloys
introduces an alternating sound pressure to the melt,
which can initiate acoustic cavitation (the formation,
growth and implosive collapse of bubbles). Cavitation
can trigger grain refinement by dendrite fragmentation
and/or enhanced nucleation. Both mechanisms have
been critically reviewed previously[176,177] and will not be
further discussed herein. Coupling ultrasonic vibration
to the melt pool during AM is a major challenge,
although inspiration can be drawn from welding studies.
Vibrating the workpiece (either longitudinal or trans-

verse to the travel direction of the heat source) at a
frequency of 19 to 20 kHz can promote grain refinement
in small melt pools of welds.[160–162,164] From the per-
spective of AM, grain refinement by this technique was
demonstrated by Todaro et al.[178] (Figure 7). By embed-
ding a vibrating ultrasound sonotrode (20 kHz fre-
quency, 30 lm amplitude) in the build plate of a
L-DED system, coarse columnar grains were effectively
replaced by fine equiaxed grains with reduced crystallo-
graphic texture in both Ti-based alloy Ti-6Al-4V
(Figures 7(a) and (b)) and Ni-based alloy Inconel 625
(Figures 7(c) and (d)).[178] Similar results were obtained in
independent experiments using Al-based alloy Al-10Si
fabricated by L-DEDwith ultrasound.[179] It is noted that
this approach does not allow the workpiece to be clamped
down as required to avoid distortion of metallic build
plates, which could be an important practical consider-
ation when additively manufacturing large parts.
Alternatively, ultrasonic grain refinement may occur

during AM by directly inserting an ultrasound sono-
trode into the melt pool. This method permits the AM
build plate to be clamped. This approach was first
demonstrated by Yuan et al.[163] during arc welding of
Mg-based alloys AZ31 and AZ91 using a 0.5 mm
diameter tungsten ultrasound sonotrode vibrated with
a frequency of 20 kHz. Figure 8 shows an example of an
ultrasonically treated Mg-based alloy AZ31 weld
(Figure 8(a)), where full transition from columnar
grains (Figure 8(b)) to equiaxed grains (Figure 8(c))
occurred by the application of ultrasound. The
notable findings of Yuan et al.[163] include the following:
(1) increasing the ultrasonic amplitude from 14 lm to
28 lm reduced the grain size, (2) the higher solute-con-
taining alloy (AZ91) welds exhibited finer grains both
with and without ultrasound, and (3) increasing the
growth velocity v decreased the grain size both with and
without ultrasound. Using the Interdependence Model
(Eq. [2]), increasing the ultrasonic amplitude activates a
larger proportion of nucleant particles[180] (possibly by
reducing xsd

[181]), while increasing both the growth
velocity v and growth restriction factor Q reduces the
size of the NFZ xnfz. These effects contribute to a finer
grain size dgs according to the Interdependence Model.
Ultrasonic grain refinement should be easily imple-

mentable in L-DED and WAAM processes. The appli-
cation of the technique to PBF processes is challenging
since vibration is expected to disrupt the layer of powder
after recoating. Regardless, the advantage of controlling
the grain structure of additively manufactured parts
without modifying alloy chemistry[178] may trigger
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Fig. 7—Grain refinement by high-intensity ultrasound during AM by L-DED. (a, b) EBSD images of prior b-Ti grains in Ti-6Al-4V samples (a)
without and (b) with ultrasound; (c, d) EBSD images of c-Ni grains in Inconel 625 samples (c) without and (d) with ultrasound. Reprinted from
Ref. [178] under the terms of the Creative Commons Attribution 4.0 International (CC BY 4.0) license.

Fig. 8—Grain refinement of Mg-based alloy AZ31 welds by high-intensity ultrasound. (a) A weld treated with ultrasound by pushing an
ultrasound sonotrode into the melt pool; (b, c) Polarized light microscopy images of samples (b) without and (c) with ultrasound (frequency: 20
kHz, ultrasound amplitude: 26.44 lm). Coarse columnar grains are converted to fine (46 lm) equiaxed grains with the application of ultrasound.
Reprinted from Ref. [163] with permission from Elsevier.
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interest in the development of strategies for incorporat-
ing ultrasound into AM systems.

Oscillating the heat source in a controlled manner
may also stimulate grain refinement during AM, as the
technique has in welding. The energy source can be
oscillated by exerting an alternating electric field near
the energy source. Oscillation during welding generally
occurs at frequencies of ~ 20 Hz and amplitudes of ~ 1
to 2 mm in either transverse, circular, or longitudinal
patterns.[165] Figures 9(a) and (b) show grain refinement
in Mg-based alloy AZ31 welds by transverse oscilla-
tion.[169] Comparing to Figure 8 (grain refinement of the
same alloy by ultrasound), it is revealed that the
grain-refining potency of ultrasound and oscillation
are similar.

Yuan et al.[169] investigated the mechanism of grain
refinement in transverse oscillated Mg-based alloy welds
using the overlapping welding method (as described in
Reference [182]) and cooling curve analyses. The results
revealed that arc oscillation reheats the S/L interface
during solidification, thereby promoting fragmentation
of dendrite arms. Additionally, melt stirring by induced
flows contributes to a lowered G, ensuring the survival
and growth of the dendrite fragments into equiaxed
grains. The grain refinement mechanism of oscillation is
summarized in Figures 9(c) and (d).[169] The results of
Yuan et al.[169] are consistent with the numerical
simulations of an independent study, which suggested
that dendrite fragmentation is the major mechanism for
oscillation-driven grain refinement of Ni-based alloy
welds.[167]

To the authors’ knowledge, only two studies have
reported oscillating the heat source during AM,
although the structural changes appeared to be

negligible.[183,184] Clearly, gaps in achieving grain refine-
ment during AM by heat source oscillation can provide
opportunities for further research.
Alternatively, the energy source may be manipulated

to produce grain refinement by pulsing from high energy
to low energy at regular intervals (typically at a
frequency between 6 and 20 Hz), as proven during
welding of Al-, Fe- and Ti-based alloys.[166,170] In terms
of AM, there has been some application of beam pulsing
(including tungsten arc (5-25 Hz),[171] plasma arc
(70 Hz),[174,175] and laser beam (10 Hz)[173]) to titanium
alloy Ti-6Al4V, but in each case the technique showed
little influence on the prior b-Ti grain size.[171,173–175]

Similar results have been reported for Ni-based alloy
fabricated by pulsed (6.25-50 Hz) L-DED.[185] On the
other hand, in a different study focused on EB-PBF of
Ni-based superalloy Inconel 718, pulsing the beam in
combination with a novel spot melting strategy pro-
moted the CET.[58,186] Hence, it is likely that opportu-
nities exist for grain refinement by heat source pulsing,
provided certain conditions are met.

V. FUTURE APPROACHES TO FURTHER
IMPROVING GRAIN REFINEMENT IN AM

The main factors of importance arising from this
review are the same factors that are important for all
casting processes[5]: the growth restricting ability of the
alloying elements and impurities; the nucleation potency
of the native or deliberately added nucleant particles;
and the casting conditions. A further factor that needs
to be considered is the thermal properties of the alloy
system such as thermal conductivity and heat capacity.

Fig. 9—Grain refinement of Mg-based alloy AZ31 welds by heat source oscillation. (a, b) Polarized light microscopy images of samples (a)
without and (b) with oscillation (frequency: 1 Hz, amplitude: 2 mm); (c) The columnar grains in (a) are attributed to the small constitutional
supercooling zone formed with a high G; (d) Arc oscillation promotes (i) dendrite grain fragmentation through reheating and (ii) an enlarged
constitutional supercooling zone by reducing G. This ensures the survival and further growth of fragments into the equiaxed grains in (b).
Reprinted from Ref. [169] with permission from Elsevier.
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Recent research[26] shows that these properties affect the
rate of latent heat release (recalescence) and cooling rate
and in turn the thermal gradient during solidification.

The role of solute and the nucleating particles are well
established and are key factors in the determination of
grain size by the Interdependence Model. However, the
actual solidification conditions during AM are compli-
cated and the mechanisms involved need to be simplified
to be able to optimize the process for producing a fine
grain size for individual AM processing routes and alloy
systems. In this section, we consider the individual melt
pool, first quiescently and then dynamically, and finally
within the context of the layer building process.

In the case of the individual melt pool, the main
difference between many commercial solidification pro-
cesses and AM is the very high thermal gradients and
cooling rates. From a theoretical perspective, a number
of factors are becoming clearer. Firstly, the high thermal
gradients reduce the amount of CS in front of the
interface, which increases the propensity to form colum-
nar grains.[187] On the other hand, there appear to be
other effects that refine the microstructure such as the
high growth velocities reducing the size of the NFZ, and
more importantly increasing the amount of thermal
undercooling facilitating nucleation on less potent
particles than would be typically the case for casting
operations.[29,67] These are the factors that affect the G-V

diagrams that are often used to predict grain morpholo-
gies formed during welding and other solidification
processes, and increasingly in AM.
The role of cooling rate and thermal gradient on grain

size has been evaluated by a number of researchers.[24,54]

In particular, Xu et al.[24] characterized a grain growing
in a thermal gradient in which they defined an inhibited
nucleation zone (similar to the NFZ), but also correctly
noted that there will be an inhibited zone at a further
distance from the interface where once again the
undercooling will not be sufficient for nucleation, as
shown in Figures 10(a) and (b). However, given the
progression of the zone through the melt, nucleation will
occur once the region of high undercooling reaches the
nucleating substrates.
This understanding of grain refinement points to

some potential differences in strategy for obtaining a
fine equiaxed grain size in AM. Having sufficient solute
available is still critically important, but once a fine
grain structure is achieved it appears that the role of
solute is less important than the role of the thermal
undercooling and the density of nucleant particles. In
other words, high potency nucleating substrates appear
to be less important than having a high number density
of substrates. This suggests that nanoparticles, which
are generally considered less effective at nucleating a
grain, are more effective nucleants during AM. This has

Fig. 10—(a) Schematic diagram of the influence of the thermal gradient on the nucleation of new grains around one single grain; (b) 2D diagram
of the inhibited nucleation zone (INZ), active nucleation zone (ANZ), and the corresponding boundary around one grain, adapted from Ref.
[24] with permission from Elsevier; (c) A schematic diagram of flow behavior in the molten pool, adapted from Ref. [188] with permission from
Springer Nature.
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already been exploited in some systems (e.g., Martin
et al.[106]). It would also suggest that substrates with less
effective lattice matching may be useful for AM pro-
cesses similar to oxides in high pressure die casting.[19]

As mentioned above, the thermal properties of the melt
and the solid during re-melting and solidification of
layers can have a significant effect on recalescence and
consequently cooling rate and thermal gradient. A better
understanding and quantification of the effect of these
properties will allow better comparison of AM process
methods and optimization of processing parameters to
maximize the number of nucleation events.

Manipulating the conditions in the melt pool is also
critically important, which has been shown by the
success of some mechanical grain refinement methods
such as ultrasonics and arc oscillation, which are
designed to interrupt the fluid dynamics of the melt
pool and generate further grains (Figure 10(c)). In the
case of UST, depending upon the processing parame-
ters, acoustic streaming can reduce the thermal gradient
enhancing nucleation of equiaxed grains.[20] It is also
known that affecting the Marangoni currents by con-
trolling the energy density by moving into keyhole mode
can lead to substantial grain refinement compared to
conduction mode.[189] Understanding the effect of pro-
cess parameters on the melt pool fluid dynamics can
possibly affect grain multiplication through fragmenta-
tion and grain survival as nucleated grains may be swept
into the center of the excessively hot melt pool leading
them to re-melt.

Further complicating the AM process is the highly
dynamic environment in which manufacturing occurs. It
has been noted that in PBF technologies, the powder
particles are rapidly spread across the powder bed, and
that there can be inhomogeneous melting along the laser
track.[71,190] It is unclear how effects such as these may
affect the final grain morphology, but are likely to have
an effect.

Tracks are placed next to each other and layers are
placed on top of the previous layer. While this can lead
to the formation of columnar grains through epitaxial
growth, it could also be a possibility for assisting
refinement, particularly if fragments of the previously
melted layer can be separated from the layer to grow in
the melt. Furthermore, it may be that eutectic particles
or intermetallics that are not normally formed at
temperatures above the primary phase can be available
long enough before melting to contribute to further
nucleation of the primary phase. Clearly, there are a
number of avenues for promoting grain refinement that
are still available for investigation by researchers that
benefit from the highly dynamic conditions in AM.

VI. CONCLUSIONS

AM processes typically lead to columnar grain
structures. This is mainly attributed to the high
thermal gradients reducing or eliminating the CS zone
in front of the interface, and the use of alloys typically
designed for wrought manufacturing with low alloy
contents, or with alloying elements that contribute

little to generating CS. However, very fine equiaxed
grains can be obtained in AM metal alloys. This can be
achieved by choosing alloys with enough solute to
generate sufficient CS, although once a fine grain size is
achieved the role of solute is less pronounced than in
casting. Furthermore, the very high cooling rates
associated with all AM processes can generate a large
amount of thermal undercooling, which in turn can
facilitate much more nucleation on lower potency
substrates. Both of these factors lead to a finer grain
size. Also, the high growth rate leads to a reduction in
the nucleation-free or nucleation-inhibited zone.
Mechanical means of grain refinement such as ultra-
sound can also be very effective. The highly dynamic
track-by-track and layer-by-layer process of AM pro-
vides a number of opportunities for using non-equi-
librium approaches to grain refine alloys.
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ABBREVIATIONS

AM Additive manufacturing
ANZ Active nucleation zone
CET Columnar to equiaxed transition
CS Constitutional supercooling
EB-PBF Electron beam powder bed fusion
EBSD Electron backscatter diffraction
INZ Inhibited nucleation zone
L-DED Laser directed energy deposition
L-PBF Laser powder bed fusion
LMD Laser metal deposition
NFZ Nucleation free zone
PBF Powder bed fusion
SLM Selective laser melting
WAAM Wire arc additive manufacturing
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