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Controlling phase growth during solidification is essential to obtain desirable structures and properties in metallic materials by
casting. However, only limited ways are available for controlling the growth of phases during solidification. Here, we report a
general approach to control the growth of phase domains during solidification by adsorption of nanoparticles on the growing
interface. The effectiveness of the approach is demonstrated in an Sn—Al alloy. With nanoparticle-enabled growth control, the size
of the primary Al phase is reduced substantially and the dendrite growth is restricted. This work potentially provides an effective

way to control the structure of alloys during solidification.
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Solidification processing is a basic, simple and eco-
nomical way to obtain various metallic materials and
parts.[1-7] It is well known that the properties of mate-
rials are dictated by their microstructures. Thus, con-
trolling the microstructure evolution during solidifica-
tion is essential. If we can control the microstructure
of as-cast materials to the extent we want, the costly
and time-consuming heat treatment (solution heat treat-
ment, precipitation treatment, etc.), and plastic defor-
mation processing (rolling, extrusion, forging, etc.) can
be minimized or even eliminated. Furthermore, in many
situations, we would only use the as-solidified materi-
als, such as in welding and soldering. The properties
of materials in these applications cannot be improved
by post-solidification plastic deformation processing.
Therefore, our ability to control the as-solidified struc-
ture determines the properties available in these mate-
rials. Moreover, controlling the microstructure during
solidification is also important for the solidification pro-
cessing itself. For example, a globular primary phase is
a prerequisite for semisolid processing [8,9]; the refined
intermetallic phase is required for avoiding hot tearing
during casting of the alloys with a wide solidification
range.[10] Effective microstructure refinement during

solidification also brings many direct and indirect ben-
efits for wrought alloys, such as the possibility of faster
production rates.[11]

However, to control the microstructure of materi-
als during solidification is difficult. The key challenge
for microstructure control during solidification is the fast
phase growth, as schematically shown in Figure 1(a).
Due to the high diffusion coefficient in liquid metal
and the high supersaturation encountered in most alloys,
the growth speed of the solidification front is very
fast, from micrometer per second to millimeter per
second.

To control the microstructure of materials during
solidification, the commonly used way is to adjust the
cooling rate. By increasing the cooling rate, a fine
microstructure can be achieved.[12,13] However, due
to the growth speed significantly increasing with an
increase in the cooling rate, to get fine microstructure,
thousands to millions of kelvin per second is needed.[14]
The size of the as-solidified sample and the processing
window time are severely restricted to micrometers (at
least in one dimension) and milliseconds, respectively,
substantially restricting the size and complexity of the
products.
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Figure 1. Schematic of the strategy to control phase growth
by nanoparticles during solidification. (a) After the initial
nucleation of the primary phase from liquid, the initially nucle-
ated grains/phase domains grow rapidly and release latent heat,
preventing the nucleation of new grains/phase domains. This
results in a course structure. (b) In contrast, with uniform dis-
persed nanoparticles in the liquid, after initial nucleation, the
nanoparticles rapidly adsorb on the surface of the nucleated
phase and restrict their growth, enabling continuous nucle-
ation in the whole period of cooling. Finally, a much fine
microstructure can be achieved.

Another widely used way to control the structure of
materials during solidification is using a grain refiner to
nucleate more grains at the beginning of the solidifica-
tion. By increasing the number of grains in the solidified
material, the size of the grain is reduced. However, the
grain-refining efficiency (number of grains per num-
ber of inoculant particles) by inoculant particles is very
low; usually only less than 1% of the added particles
successfully nucleate grains; and the grain-refining effi-
ciency decreases rapidly with an increase in the number
of added particles.[11,15,16] The limited grain-refining
efficiency achievable by inoculation is mainly due to
the fast crystal growth from the nuclei formed early.[15]
The fast growth of the grains nucleated first will release
heat and increase the temperature of the surrounding
melt immediately. Consequently, the inoculant particles
in the surrounding melt do not have a chance to nucle-
ate new grains, due to a lack of sufficient undercool-
ing. Thus, the spontaneous nucleation of high-density
grains is usually not practical. The minimum grain size
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achievable in engineering alloys by inoculation can only
down to tens of micrometers in common solidification
practice.[17] Thus, the key to control the microstructure
during solidification is to slowdown the growth of the
phases.

Adsorption of nano-sized precipitates on the sur-
face of a growing phase is an interesting and effective
way to modify the structure of materials during solid-
ification. The adsorbed nano-sized precipitates on the
surface of the growing phase can modify both the size
and morphology of the phase. For example, strontium
can modify the morphology and size of silicon phase
in ALl-Si alloy by precipitation of strontium cluster on
the surface of the silicon phase during solidification.[18]
However, this method is only occasionally successfully
used in a few alloys with specific compositions, due to
the difficulty to get fine precipitates.[19]

Recently, we developed an approach to rapidly con-
trol the phase domain growth through blocking diffu-
sion by densely packed nanoparticles on the growing
interface.[20] In this paper, we will show that, in addi-
tion to blocking diffusion, the growth of solid-phase
domains during solidification can be controlled through
modifying the temperature and/or solute concentration
field, increasing the free energy of the growing phase,
and pinning down the growth front by adsorption of
nanoparticles on the growing interface. A dense coating
of nanoparticles on the growing interface is not needed
for controlling the growth of solid-phase domains.
Figure 1(b) schematically shows our approach to control
the growth of solid-phase domains during solidifica-
tion by using thermal and chemical stable nanoparticles.
The thermally and chemically stable nanoparticles are
incorporated and dispersed uniformly in molten metal.
Driven by the reduction of total interfacial energy, dur-
ing solidification, the nanoparticles rapidly adsorb on
the surface of the nucleated phase to restrict the further
growth of the phase. The effective growth restriction will
allow other nearby nuclei to survive and enable continu-
ous nucleation in the whole period of solidification.[20]
With the fast and effective growth control, the fine
microstructure can be obtained in as-cast materials at
a low cooling rate. The effectiveness of this strategy
is demonstrated in a simple Sn—6.8Al (wt.%) eutectic
alloy.

The Sn—6.8Al alloy was selected as a model sys-
tem to study the growth of the primary phase due to the
simplicity of this alloy, as shown in Figure S1(a).[21]
Since the eutectic point is very close to Sn, the pri-
mary Al phase dominates the Al phase, which facilities
the study of the primary Al phase. The TiCy7Ny3 par-
ticles with an average diameter of about 80 nm (from
Sigma-Aldrich, shown in Figure S1(b)) were selected for
this study because of their good thermal and chemical
stability in Al-Sn alloy melt, good lattice match with
aluminum (indicating a low interfacial energy between
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nanoparticle and aluminum), smaller particle size and
availability from the market.[20]

The Sn—6.8Al alloy melt was prepared by melt-
ing commercial pure tin (99.9%, Alfa Aesar) and alu-
minum (99.5%, AA1350) in an alumina crucible using
an electrical resistance furnace. TiCy 7Ny 3 nanoparticles
(shown in Figure S1(b), with a diameter of less than
150 nm and an average diameter of about 80 nm, from
Sigma-Aldrich), were fed and dispersed into the molten
metal by an ultrasonic cavitation-based method.[22,23]
After ultrasonic processing, the crucible was taken out
of the furnace. The Sn—6.8Al melt with nanoparticles
was cooled down inside the crucible in air. For com-
parison, the pure Sn—6.8Al alloy was also prepared
under the same conditions (except no nanoparticles).
We measured the cooling rate by inserting thermocou-
ples inside the melt during cooling. The cooling rate
before solidification is about 1 K/s. To get various high
cooling rates, we cast the melt into a wedge copper
mold. The cooling rates at different locations are cal-
culated from the thickness of the sample based on an
empirical equation.[24] After solidification, the mor-
phology and size of the primary Al phase were studied
by FESEM (field-emission scanning electron micro-
scopes, Zeiss LEO 1530) by using an SE2 detector.
The structure of the Al phase was studied by elec-
tron backscattering diffraction (EBSD). The nanoparticle
distribution was investigated by FESEM by using an
in-lens detector. More details of experimental proce-
dures are described in Supplementary Section 1 and
Figure S2.

The morphology of the primary Al phase in Sn
matrix was studied by SEM. To show the Al phase
clearly, we use ion milling to preferentially remove Sn
from the surface of the SEM samples. Figure 2(a) shows
that the primary Al phase grows to a huge dendrite-like
structure in pure Sn—6.8 Al during solidification at a cool-
ing rate of about 1 K/s. In contrast, the huge dendrite-
like structure is absent in the sample with 2 vol% of
TiCN nanoparticles prepared under the same conditions.
The primary Al forms a cluster-like structure, uniformly
distributed in the Sn matrix, as shown in Figure 2(d).
The size of the Al cluster in Sn—6.8Al1 + 2vol% TiCN
nanoparticles sample is much smaller than the size of
the huge dendrite in pure Sn—6.8Al. The connected
arms are clearly observed in the pure Sn—6.8Al sam-
ple, as shown in Figure 2(b). However, the Al phase
domains in cluster-like structure in Sn—6.8Al + 2 vol%
TiCN nanoparticles sample are separated. To confirm
that the separated Al phase domains in the cluster are
not dendrite arms of a huge grain connected somewhere
inside the sample, we investigated the structure of the
Al phases by EBSD. The EBSD can detect the orien-
tation of the atomic lattice. The different atomic lattice
orientations are shown in different colors in the EBSD
image. Therefore, the dendrite arms of a single grain
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should show the same color in the EBSD image. Thus,
we can use the EBSD image to check whether the Al
phases in the cluster-like structure are parts of a huge
grain. Figure 2(f) shows the EBSD image of the Al clus-
ter marked by a black square in Figure 2(e). The different
color of the each part in the cluster confirms that they are
separated individual grains. In contrast, the main part of
the dendrite-like structure in the pure alloy shows the
same color, indicating that they are parts of one big grain,
as shown in Figure 2(c). Interestingly, we also find that
two branches of the dendrite-like structure show differ-
ent colors. This indicates that the floating Al phases in
liquid metal are prone to coagulate.

To understand the role of nanoparticles on growth
of the primary Al phase, the distribution of nanopar-
ticles was studied by SEM using an in-lens detector.
Figure 2(g) shows the SEM image of the Al-Sn inter-
face region. The nanoparticles are clearly seen in the
interface region. Most of the nanoparticles are on the
surface of the Al phase; the nanoparticles are only occa-
sionally found inside the Al phase, as marked by a
white circle in Figure 2(g). The nanoparticle coating
on the Al phase is not fully complete and dense. The
surface of the Al phase with high density of nanopar-
ticles is concave, whereas the areca with low density
of nanoparticles is convex. This indicates that nanopar-
ticles influence the growth of the Al phase during
solidification. The energy-dispersive X-ray spectroscopy
(EDS) spectrum of the nanoparticles region shows the
strong Ti peak, indicating that the nanoparticles we
observed are the nanoparticles we put in, as shown in
Figure 2(h).

The effects of cooling rate of up to 1000 K/s on the
morphology of the Al phase and on the formation of
nanoparticles coating on the surface of the Al phase were
also studied. With incorporation of nanoparticles, the
size of the Al phase is substantially refined, as shown in
Figure 3. Furthermore, the morphology of the Al phase
changes from dendrite structure in pure alloy to nearly
spherical particles in samples with nanoparticles.

Even though the Al phase tends to form more
branched dendrite structure in pure alloy with an increase
in the cooling rate from 20 K /s to 1000 K/s, the nanopar-
ticles still effectively modified the Al phase to nearly
spherical particles at 1000 K/s, as shown in Figure 3(d)
and 3(e). This indicates that nanoparticles can quickly
adsorb on the surface of the growing Al phase to con-
trol the growth of the primary Al phase. We also found
that some Al phases in samples with nanoparticles are
much larger than the average value. A careful analysis
shows that these larger Al phases are free of nanopar-
ticle coating. The morphology and size of the larger Al
phase are comparable to those in pure alloy, as shown
in Figure 3(f). This further confirms that the adsorption
of nanoparticles on the growing interface is essential for
the modification of the primary Al phase.
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Figure 2. The morphology and structure of the Al phase and distribution of nanoparticles. (a—f) The morphology and structure of
the Al phase in Sn—6.8Al with 0 (a—) and 2 vol.% of TiCy 7Ng 3 nanoparticles (d—f). Dark phases in (a), (b), (d) and (e) are Al,
taken by an SE2 detector; (c) and (f) are EBSD images (different color indicates different grains). (g) SEM image of the interface
region between primary aluminum and tin matrix in Sn—6.8Al with 2 vol.% of the TiCN nanoparticles sample, showing distribution
of nanoparticles (NPs). The white circle highlights one nanoparticle inside the Al phase. To see nanoparticles clear, the image is
taken by in-lens detector. (e¢) EDS spectrum of the particles in (g).

The origin of the modification of Al phase domains
by adsorbed nanoparticles was investigated. The con-
cave surface of the primary Al phase associated with
nanoparticle coating (in Figure 2(g)) implies that the
TiCN nanoparticles restrict the growth of the primary Al
phase during solidification. The growth restriction may
result from the modification of both thermodynamics and
kinetics of the Al phase growth by TiCN nanoparticles.
Several possible mechanisms of growth restriction are
discussed below.

The first mechanism is the modification of the tem-
perature and/or solute concentration fields around the
solidification front by nanoparticles. When nanoparticles
approach the solidification front, the nanoparticles may
affect the local temperature and/or solute concentration
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fields, which influence the growth of the Al phase, as
shown in Figure 4(a). The lower thermal conductivity of
the nanoparticles inhibits the removal of the latent heat
from the solidification front and therefore restricts the
growth of the phase; the nanoparticles can also block
the solute diffusion away from the solidification front,
thereby restricting the phase growth.[25]

The second mechanism is blocking of diffusion and
attachment of atoms to the surface of the growing phase
by the adsorbed nanoparticles. When nanoparticles touch
the solidification front and adsorb on the solid—liquid
interface, the nanoparticles will block the transporta-
tion of the atoms to the solidification front.[20] Thus,
the growth of the phases at the area with nanoparti-
cles adsorption is stopped, as schematically shown in



Mater. Res. Lett., 2015

Figure 3.
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The morphology and size of the primary Al phase and distribution of nanoparticles in fast cooled samples. (a) The

SEM image of pure Sn—6.8Al cooled at 20 K/s; (b,c) SEM images of Sn—6.8Al with 2 vol.% TiCN nanoparticles at low (b) and
high (c) magnifications cooled at 20 K/s; (d) The SEM image of pure Sn—6.8Al cooled at 1000 K/s; (¢) SEM images of Sn—6.8Al
with 2 vol.% TiCN nanoparticles cooled at 1000 K/s. (f) The size of primary Al phase versus cooling rate. Since the distribution
of nanoparticles and the size of the Al phase in the sample cooled at 1 K/s are uniform, there is no data point for less NPs region

in (f).

Figure 4(b). Figure 4(e) shows a direct evidence of the
growth restriction by adsorption of nanoparticles on the
primary Al surface. The nanoparticle-free part of the
surface of the Al phase is flat. However, the area with
adsorbed nanoparticles exhibits an indent, as shown in
Figure 4(e). This clearly demonstrates the growth restric-
tion by nanoparticles, highly possible due to the blocking
of diffusion of Al atoms to the solidification front by the
adsorbed nanoparticles.

The third possible mechanism is increasing the free
energy of the growing phase by nanoparticles capture.
When nanoparticles are incorporated into the grow-
ing phase through nanoparticle capture, the free energy
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of the growing phase usually increases due to the
nanoparticle-induced distortion in the growing phase.
This will lower the driving force for the phase growth
and therefore slow down the phase growth, as schemati-
cally shown in Figure 4(c).

The fourth mechanism is growth front pinning by
nanoparticles through the Gibbs—Thomson effect. The
molar free energy increase due to the interface curvature
is known as the Gibbs—Thomson effect. The molar free
energy increase depends on the radius of the curvature of
the interface [26]:

29V

AG, = =,
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Figure 4. Mechanisms of growth restriction by nanoparticles. (a) Modifying temperature and/or solute concentration fields, (b)
blocking diffusion, (c) increasing energy of growing phase, (d) step pining by the Gibbs—Thomson effect, (¢) The SEM image of
the concave surface of Al phase around nanoparticles, (f) The SEM image of curved surface between two nanoparticles.

where AG,, is the molar free energy increase, y is the
interfacial energy of the interface, r is the radius of
curvature of the interface, and V,, is the molar volume of
the phase. When multiple separated nanoparticles adsorb
on the solidification front, the Al phase can only grow
through the space between the nanoparticles to form a
curvature with a much smaller radius, which results in
an increase in AG,,. If the distance between the adsorbed
nanoparticles is less than a critical value, the growth
of the Al phase stops at current undercooling and/or
supersaturation, as schematically shown in Figure 4(d).
The curved interface between the two nanoparticles
in Figure 4(e) shows the evidence of growth front
pinning by nanoparticles through the Gibbs—Thomson
effect.

The above discussions show that the nanoparticles
can restrict the growth of the primary Al phase by several
mechanisms through modifications of both thermody-
namics and kinetics of the phase growth. This indicates
that the nanoparticles are very effective in controlling
the growth of solid phases. However, to quantify the
growth restriction effect enabled by each mechanism is
a challenge, and will be studied in the future.

Nanoparticles can work as a grain refiner to refine
the grain size by nucleation of more grains. A previous
study has shown that TiCN nanoparticles could refine
the Al phase due to the good lattice match between
TiCN and Al.[27] Thus, inoculation of the Al phase
by TiCN nanoparticles is another possible contribution

48

to the modification of the Al phase in the Sn matrix
we observed. To roughly estimate the contribution of
the inoculation on the size and morphology of the pri-
mary Al phase, we incorporated and dispersed 0.2 vol%
of TiCN nanoparticles into the Sn—6.8Al melt. This
amount of nanoparticles is enough for inoculation,[27]
but not enough for the growth restriction of the primary
Al phase. As discussed in Supplementary Information
Section 2 and Figure S3, the TiCN nanoparticles can
work as a nucleation agent to moderately refine the pri-
mary Al phase, but the primary Al phases still show large
dendrite arms. This indicates that inoculation alone can-
not achieve the size and morphology modification shown
in Figures 2 and 3. The growth restriction by nanoparti-
cles should be the major contribution to the substantially
modified structure in the Sn—6.8Al + 2vol.% TiCN
nanoparticles sample.

The adsorption of nanoparticles on the solidifica-
tion front is essential for nanoparticle-enabled growth
control. The driving force for the adsorption of nanopar-
ticles to the solid-liquid interface is the reduction of the
total interfacial energy of the system resulting from the
reduction of interfacial area between the growing phase
and liquid matrix due to the presence of particles at the
growing interface.[20] However, to quantify the driving
force for adsorption is extremely hard due to the lack
of interfacial energy data from open literatures,[28—32]
and the difficulty to accurately measure the interfacial
energies of the nanoparticle—solid metal interface and
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nanoparticle-liquid metal interface. Extensive effort is
needed in the future.

In summary, with incorporation and dispersion of
2vol% of TiCN nanoparticles into the Sn—6.8Al alloy,
the size and morphology of the primary Al phase are
substantially modified during solidification. The mod-
ification of the primary Al phase is mainly attributed
to the adsorption of nanoparticles on the solidification
front. The growth of the primary Al phase is restricted
by the nanoparticles’ adsorption through several mecha-
nisms simultaneously. The results reported in this work
potentially provide a general and effective way to con-
trol the phase growth during solidification processing of
metals and alloys.
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