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Sample cnp Co C1 C2 
Td Tm D 
(K) (K) (m2s-1) 

20Bi 1 v% 0.01 0.064 0.0096 0.918 1173 930 1.1x108 

20Bi 2 v% 0.02 0.064 0.0096 0.918 1173 930 1.1x108 

14Bi 2 v% 0.02 0.043 0.0096 0.918 1118 930 1.1x108 

10Bi 2 v% 0.02 0.03 0.0096 0.918 1073 930 1.1x108 
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NANOPARTICLE-STABILIZED IMMISCIBLE 
ALLOYS 

2 
One embodiment of the methods of making the solid 

immiscible alloy materials comprises: forming a single
phase liquid solution comprising the first inorganic material 
and the second inorganic material at a temperature above the CROSS-REFERENCE TO RELATED 

APPLICATIONS 

The present application is a divisional of U.S. patent 
application Ser. No. 13/669,636 that was filed Nov. 6, 2012, 
the entire contents of which are hereby incorporated herein 
by reference. 

5 liquid miscibility gap for the immiscible alloy; introducing 
solid nanoparticles comprising a thermally stable material 
into the single-phase liquid solution while it is at a tempera
ture above the liquid miscibility gap; cooling the liquid 
solution through the liquid miscibility gap, whereby the 

REFERENCE TO GOVERNMENT RIGHTS 

10 
nanoparticles form a coating on liquid droplets of the 
minority phase that forms in a liquid matrix of the majority 
phase; and cooling the resulting material to a temperature 
below the solidus temperature, whereby the solid immiscible 
alloy material forms. 

This invention was made with government support under 
70NANB10H003 awarded by the National Institute of Stan
dards and Technology. The government has certain rights in 
the invention. 

The first and second inorganic materials may comprise 
15 metals, metalloids or other high-temperature materials. The 

nanoparticles are thermally stable in the first and second 
inorganic materials and may be, for example, ceramics. 

BACKGROUND 
Other principal features and advantages of the invention 

will become apparent to those skilled in the art upon review 
20 of the following drawings, the detailed description, and the 

appended claims. Immiscible alloys with a miscibility gap in the liquid state 
are scientifically important and can offer unusual properties 
that may be useful for a wide range of applications, such as 
bearings, electrical contacts and switches, superconductors, 
and Giant Magnetoresistive (GMR) materials. However, it is 25 

challenging to effectively control the diffusional and collid
ing growth of immiscible minority droplets in an immiscible 
alloy during cooling in order to obtain a uniform dispersion 

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the invention will hereafter be 
described with reference to the accompanying drawings, 
wherein like numerals denote like elements. 

of micrometer-sized or nanometer-sized minority phases in 
the alloy liquids and/or in the solids. 

FIG. lA. Phase diagram for immiscible alloy Al-Bi with 
miscibility gap (L1 +L2 region). FIG. 18. Schematic of the 
structure evolution during cooling in the absence of stabi-

30 lizing nanoparticles. FIG. lC. Growth control of droplets by 
nanoparticles during cooling of the immiscible alloy. For an immiscible alloy, above the miscibility gap the 

alloy components are completely miscible as a single solu
tion. If this single phase liquid is cooled down into the 
miscibility gap, the single phase liquid becomes unstable, 
nucleating and then separating into two liquid phases with 35 

distinct properties. The diffusion coefficient in alloy liquids 
is generally very high and, thus, after nucleation, the minor-

FIGS. 2A-2F show the distribution of the Bi phase in 
solidifiedAl-Bi alloys. SEM images ofa pureA120Bi alloy 
(FIG. 2A) and an Al20Bi alloy with 2 vol. % TiC0 7 N0 3 

nanoparticles (FIGS. 2B and 2C) cooled at cooling rate of 1 
K/s. Bi diameter (FIG. 2D) and Bi area fraction (FIG. 2E) 
measured at different distances from the bottom of the 
sample. FIG. 2F. Bi diameter and area fraction measured at 
different distances from the center of the Al20Bi alloy with 

ity liquid droplets can grow very rapidly to become large 
droplets, which are prone to coagulation (colliding growth) 
and segregation. 40 2 vol. % TiC0 _7 N0 _3 nanoparticles. 

Conventional techniques for forming two-phase alloys 
utilize a rapid cooling rate to reduce the time for the 
diffusional and colliding growth of the minority liquid 
phases. Unfortunately, a high temperature gradient during 
rapid cooling generally induces severe thermo-capillary 45 

forces that push the droplets to the hotter region, making 
uniform dispersion and colliding growth control of the 
minority droplets extremely difficult to achieve. Moreover, 
the use of high cooling rates restricts the size and complexity 
of the fabricated products, severely limiting their penetration 50 

into technical applications. 

SUMMARY 

FIG. 3A. SEM image of a representative Bi droplet with 
TiC0 _7N0 _3 nanoparticle coating. FIG. 3B Zoom-in of the 
squared area in FIG. 3A. FIG. 3C. Schematic of the inter
facial energy as a function of the nanoparticle position 
relative to the liquid-liquid interface. FIG. 3D. Bi droplet 
size as a function of y=S/Cnp under lK/s cooling. FIG. 3E. 
Bi droplet size as a function of cooling rate for Al-20Bi-2 
vol. % TiC0 _7 N0 _3 . 

FIG. 4A. SEM image of a Bi droplet cluster. FIG. 4B. 
zoom-in of the squared area in FIG. 4A. FIG. 4C. Schematic 
of the capillary pressure in the liquid film between two 
colliding nanoparticle-coated droplets. FIG. 4D. EDS of the 
interface region between two Bi droplets. 

Immiscible alloy materials and methods for fabricating 
the immiscible alloy materials are provided. 

FIG. 5. TEM image of TiC0 _7 N0 _3 nanoparticle at Bi and 
55 Al interface in an Al-Bi alloy. The wetting angle of 128° 

was measured from the triple junction. 
FIG. 6. Schematic of a theoretical model for nanoparticle

induced diffusional growth control. 
FIG. 7 is a table showing the parameters used to calculate 

60 knp and f. 

In one embodiment, the immiscible alloy material com
prises an immiscible alloy comprising a majority phase 
comprising a continuous matrix of a first inorganic material; 
and a minority phase comprising a plurality of particles of a 
second inorganic material dispersed in the majority phase, 
wherein the minority phase particles have an average diam
eter of no greater than about 20 µm; and nanoparticles 
comprise a thermally stable material coating the surfaces of 
the dispersed minority phase particles, wherein the nano- 65 

particles have an average diameter of no greater than about 
250 nm. 

FIG. 8 is a table showing the parameters used for the 
theoretical calculation of Bi size. 

DETAILED DESCRIPTION 

Solid immiscible alloys and methods for making the solid 
immiscible alloys are provided. The microstructure of the 
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immiscible alloys is characterized by a minority phase 
comprising a plurality of particles of an inorganic material 
dispersed in a majority phase comprising a continuous 
matrix of another inorganic material. The distribution of the 
minority phase particles in immiscible alloys made using the 5 

present methods can be highly uniform, in contrast to the 
non-uniform distribution of the minority phase particles in 
immiscible alloys fabricated using conventional methods, in 
which gravity induces a significant amount of particle sedi
mentation and/or thermocapillary forces induce segregation 10 

before the solidification of the alloy. The present methods 
utilize nanoparticles to control both collisional growth (via 
coalescence) and diffusional growth of the minority phase 
particles in the matrix during the formation of the alloy 
microstructure. As a result, the size of the minority phase 15 

particles can be carefully controlled during alloy formation. 
Immiscible alloys have a phase diagram characterized by 

the presence of a liquid miscibility gap in which two liquid 
phases do not mix due their low solubilities in one another. 
In the miscibility gap, the majority phase forms a continuous 20 

liquid phase and the minority phase forms liquid droplets 
dispersed in the majority phase. By way of illustration, FIG. 
lA shows the phase diagram for Al-Bi. In this phase 
diagram, the miscibility gap is the region labeled (L1 +L2 ). 

Above the miscibility gap, the alloy components are mis- 25 

cible and form a single-phase liquid solution. When this 
single-phase liquid solution is cooled down into the misci
bility gap, it becomes unstable and separates into two 
separate phases. 

Immiscible alloys can be composed of a variety of high- 30 

temperature and low-temperature inorganic materials. As 
used herein, the phrase high-temperature inorganic material 
refers to an inorganic material that has a melting point of at 
least about 100° C. More typically, the high-temperature 
inorganic materials have a melting point of at least about 35 

300° C. This includes inorganic materials having melting 
points of at least 500° C. and at least 1000° C. 

High-temperature inorganic materials include metals, 
metal alloys (including alloys of metal and metalloid ele
ments), intermetallic compounds (i.e., compounds formed of 40 

two or more metals) and ceramics, including both oxide and 
non-oxide ceramics (e.g., carbides, nitrides, borides and 
silicides ). Suitable alloys include binary and ternary and 
other, higher multicomponent alloys. The majority phase of 
the immiscible alloys can be ( or can comprise), for example, 45 

metals, such as aluminum, copper, gallium, zinc, iron or 
nickel. The minority phase can be ( or can comprise) such 
elements as bismuth, lead, silver, cadmium or silicon. Thus, 
the immiscible alloy can be an aluminum-based alloy, such 
as Al-Bi, Al-Pb, Al-In or Al-Si, in which aluminum 50 

forms the majority phase. The amount of minority phase in 
the alloys can vary over a broad range. For example, the 
minority phase may account for one, or even less than one, 
weight percent (wt. %) of the alloy or only a few weight 
percent. However, in some alloys, the minority phase may 55 

account for up to 10 wt.%, up to 20 wt.%, up to 30 wt.%, 
or more of the alloy. 

The stabilizing nanoparticles are composed of thermally 
stable inorganic materials. As used herein, the phrase ther
mally stable material refers to a material that remains a solid 60 

at a temperature above the miscibility gap of the immiscible 
alloy in which it is dispersed. The thermally stable material 
can be, for example, a ceramic, a metal, a metal alloy or an 
intermetallic. Suitable ceramics include oxides, carbides, 
borides, nitrides and silicides. Specific examples include 65 

TiCN, SiC, TiB2 , ZrO2 , and Al2O3 . In order to provide a 
diffusion control coating at the interface between the major-

4 
ity and minority phases, it is desirable that the material 
selected for the nanoparticles have sufficient wettability in 
the material of both alloy phases. Thus, the thermally stable 
material may be selected such it has a wetting angle of 
around 90° (such as from 20°-160°) on the liquid phase of 
each material in the presence of the other liquid material. 
This includes embodiments in which the thermally stable 
material is selected such that it has a wetting angle of about 
100° on the liquid phase of each material in the presence of 
the other liquid material. 

As used herein, the term nanoparticle refers to a particle 
whose smallest cross-sectional dimension is no greater than 
1000 nm. A typical nanoparticle in the present materials will 
have a smallest cross-sectional dimension of no greater than 
about 500 nm and more typically, no greater than about 150 
nm. Moreover, although nanoparticles having a smallest 
cross-sectional dimension at the larger end of the size range 
may be present, the distribution of nanoparticles in the alloy 
material has a significantly lower average smallest dimen
sion (as determined from the smallest cross-sectional dimen
sion for each nanoparticle in the distribution). Thus, in some 
embodiments, the distribution of nanoparticles in the alloy 
material has an average smallest dimension of no greater 
than about 250 nm. This includes embodiments in which the 
distribution ofnanoparticles has an average smallest dimen
sion of no greater than about 200 nm, an average smallest 
dimension of no greater than about 150 nm, or an average 
smallest dimension of no greater than about 100 nm. For 
example, in some embodiments the average smallest dimen
sion for the nanoparticles in the distribution is in the range 
from about 10 to about 100 nm. In some embodiments, for 
example in embodiments in which the nanoparticles are 
spherical or substantially spherical, the largest dimensions 
of the nanoparticles ( or the average largest dimension for the 
distribution of nanoparticles) also fall within the ranges cited 
above. 

The nanoparticles may have a wide range of morpholo
gies. For example, the nanoparticles may be spherical or 
substantially spherical, elongated ( e.g., nanorods or 
nanowires), disc-shaped, or sheet-shaped (e.g., in the form 
of thin flakes). 

The concentration of nanoparticles in the immiscible alloy 
should be sufficient to provide a continuous or substantially 
continuous coating over the surfaces of the minority phase 
particles. Although an excess of nanoparticles can be used, 
any excess should be minimized to avoid unnecessary 
expense and/or a negative impact on alloy properties. In 
some embodiments of the alloy materials, the nanoparticles 
account for no greater than about 10 vol. % of the alloy 
material, based on the total volume of the majority phase, the 
minority phase and the nanoparticles. This includes embodi
ments in which the nanoparticles account for no greater than 
about 5 vol. % (e.g., from about 0.1 to about 5 vol. %, 
including from about 1 to about 5 vol. % ). 

FIG. lB illustrates the formation of an immiscible alloy in 
the absence of stabilizing nanoparticles. As shown in panel 
(a), above the miscibility gap, the material exists as a 
single-phase liquid solution 102 (represented by a star in the 
phase diagram of FIG. lA). However, as the temperature of 
the system is lowered along the solid vertical line in the 
phase diagram, nucleation begins (panel (b )) and the inor
ganic materials of the alloy separate into a continuous 
majority matrix phase 104 in which droplets of a discon
tinuous minority phase 106 are dispersed. These droplets 
continue to grow in size (panel (c)) via diffusional growth, 
where the droplet growth rate is controlled by the rate at 
which the minority phase material diffuses through the 



US 10,640,850 B2 
5 

majority phase material. Eventually, the droplets begin to 
grow through collisional growth (panel (d)), whereby the 
droplets collide and coalesce into larger droplets 108. Unim
peded, these growth processes occur very rapidly and result 
in the formation of relatively large droplets that tend to 
undergo sedimentation, such that the density of the minority 
phase of the immiscible alloys is significantly greater at the 
bottom of the alloy sample. 

FIG. lC illustrates the use of nanoparticles as collisional 
and diffusional growth control agents during the alloy solidi
fication process. Again, initially the material exists as a 
single-phase liquid solution 202 (panel (a)). However, in the 
present methods, the stabilizing nanoparticles 203 are added 
to the solution while it is above the miscibility gap. When 
the material is cooled into the miscibility gap, droplets of the 
minority phase 206 begin to separate from the inorganic 
material of the majority phase matrix 204 (panel (b )). Now, 
however, the nanoparticles spontaneously assemble at the 
interfaces between the growing minority phase droplets and 
the majority phase matrix material to form a coating 207 on 
the droplets, as depicted in panel ( c ). As a result, diffusional 
transport is restricted, or even completely blocked, and 
droplet 206 size is reduced relative to the droplet size in the 
absence of the nanoparticle coating. Moreover, as shown in 
panel ( d), nanoparticle coating 207 also serves as a barrier 
against droplet coalescence by introducing a capillary pres
sure in the liquid film between approaching nanoparticle
coated droplets, thereby further restricting the size of drop
lets 206. 

Using the present methods, droplet size can be controlled 
such that it remains below the size at which gravitational and 
thermocapillary forces become significant and create a non
uniform distribution. This is the case even for slow cooling 
rates. In fact, the present methods can be carried out at 
cooling rates much lower than those used in rapid cooling 
techniques, which are typically on the order of hundreds of 
K/s. For example, in some embodiments of the methods, 
cooling is carried out at a rate of no greater than 500 K/s. 
This includes embodiments in which cooling is carried out 
at a rate of no greater than 100 K/s, further includes 
embodiments in which cooling is carried out at a rate of no 
greater than 10 K/s, still further includes embodiments in 
which cooling is carried out at a rate of no greater than 2 K/s 
and still further includes embodiments in which cooling is 
carried out at a rate of no greater than 1 K/s. The use of such 
low cooling rates is advantageous because it reduces the 
thermocapillary forces experienced by the minority phase 
droplets relative to those experienced by droplets at higher 
cooling rates. In addition, the low cooling rate enables the 
fabrication oflarger and complex product by regular casting 
for wide production. 

Notably, even when the present methods are carried out 
by adding the nanoparticles to the system in the miscibility 
gap (i.e., at a temperature at which the alloy exists as two 
distinct phases), the nanoparticles provide a more uniform 
distribution of the minority phase particles in the majority 
phase matrix relative to that provided by larger particles, 
such as particles having an average diameter of 1 µm or 
greater. This may be attributed to the formation by the 
nanoparticles of a more uniform and continuous coating on 
the minority phase droplets and, therefore, a more effective 
barrier against droplet coalescence. 

6 
minority phase particles, it is desirable to maintain a minor
ity phase droplet size that is small enough to avoid signifi
cant droplet sedimentation on the time scale of the alloy 
solidification process. In some embodiments of the immis-

5 cible alloys, the average diameter of the distribution of 
minority phase particles is no greater than about 11 µm and 
no more than 1 % of the minority phase particles have a 
diameter larger than 20 µm. This includes embodiments in 
which the average diameter of the distribution of minority 

10 phase particles is no greater than about 10 µm and no more 
than 1 % of the minority phase particles have a diameter 
larger than 15 µm and further includes embodiments in 
which the average diameter of the distribution of minority 
phase particles is no greater than about 4 µm and no more 

15 than 1 % of the minority phase particles have a diameter 
larger than 6 µm. For example, the average diameter of the 
distribution of minority phase particles may lie in the range 
from about 2 µm to about 10 µm. Because the particles may 
not be perfectly spherical or symmetric, the diameter of a 

20 particle may be measured as its longest cross-sectional 
dimension. 

The solid immiscible alloys can have a highly uniform 
minority phase particle distribution. That is, the spatial 
distribution/density of minority phase particles in the alloy 

25 may be highly homogeneous when measured as a function 
of both the depth and width through the alloy sample, where 
depth and width represent two perpendicular dimensions 
extending through the sample. This is illustrated in FIGS. 
2B-2F, as described in detail in the Example section. The 

30 uniformity of the minority phase particle distribution can be 
measured by the average diameter of the minority phase 
particles measured along the depth and width of the alloy 
and/or by the area fraction of the minority phase particles 
measured along the depth and width of the alloy. For 

35 example, in some embodiments of the immiscible alloys, the 
area fraction of the minority phase particles varies by no 
more than about ±5%, and in some embodiments no more 
than about ±3%, when measured along both the depth and 
the width dimensions of the sample with measurements 

40 taken at cross-sectional intervals of, for example, about 2 
mm. This includes embodiments in which the area fraction 
of the minority phase particles varies by no more than about 
±2%, as well as embodiments in which it varies by no more 
than about ±1 %, when measured along both the depth and 

45 the width of the sample with measurements taken at cross
sectional intervals of, for example, about 2 mm. Similarly, in 
some embodiments of the immiscible alloys, the average 
diameter of the minority phase particles varies by no more 
than about ±3 µm when measured along both the depth and 

50 the width of the sample with measurements taken at cross
sectional intervals of, for example, about 2 mm. This 
includes embodiments in which the average diameter of the 
minority phase particles varies by no more than about ±2 
µm, as well as embodiments in which it varies by no more 

55 than about ±1 µm, or by no more than about ±0.5 µm, when 
measured along both the depth and the width of the sample 
with measurements taken at cross-sectional intervals of, for 
example, about 2 mm. These uniform minority phase par
ticle distributions can be maintained even over the dimen-

60 sions of large alloy samples, including those with depth and 
width dimensions of at least 10 mm, at least 20 mm, at least 
50 mm or at least 100 mm. 

The size of the minority particles in the immiscible alloy 
will depend on a number of factors, including the size and 
concentration of the nanoparticles and the concentration of 65 

the minority phase material in the alloy. In order to achieve 

EXAMPLE 

In this example, Al-Bi alloys were used as a model 
system for immiscible alloys to demonstrate the effective-a solid alloy with a highly uniform spatial distribution of 
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ness of the present methods. The density difference between 
Al and Bi is very large (3.6:1), making it one of the most 
difficult immiscible alloys to process. This example shows 
that, by using thermally stable TiC0 _7 N0 _3 nanoparticles (-80 
nm), a uniform distribution of micron-sized minority Bi 5 

phase particles in an Al matrix can be formed using a cooling 
rate as low as about 1 K/s and a Bi concentration as high as 
20 wt. % in the immiscible Al-Bi alloys. 

Materials and Methods: 

8 
Structure characterization: After solidification, the distri

bution of the minority Bi phase was studied by FESEM 
(field-emission scanning electron microscope, Zeiss LEO 
1530) using backscattering electron imaging. The area frac
tion and average size of the Bi phase were calculated from 
the backscattering images using the software Image J. The 

Melt preparation and nanoparticle dispersion: an Al-Bi 
melt was prepared by melting commercial pure aluminum 
(99.5%, AA1350) and bismuth (99.9%, Alfa Aesar) in an 
alumina crucible using an electrical resistance furnace. 
TiC0 _7N0 _3 nanoparticles with a diameter ofless than 150 nm 
and an average diameter of about 80 nm were fed and 15 

dispersed into the molten metal by an ultrasonic cavitation 
based method as described in Y. Yang, J. Lan, X. C. Li, 
Study on bulk aluminum matrix nano-composite fabricated 

nanoparticle distribution and bonding with the matrix were 
investigated by FESEM and high resolution transmission 
electron microscopy (HRTEM, FEI Titan Aberration-cor-

lO rected (S)TEM). Due to a preferential etching of Bi by both 
electropolishing and ion milling, the samples for HRTEM 
were cut by a focused ion beam mill (FIB, Zeiss 1500 XB 
CrossBeam Workstation) to reduce the preferential etching. 

Sample preparation procedure for nanoparticle distribu-
tion study: Interfacial assembly of the TiCN nanoparticles in 
the solidified samples was studied by FESEM. The samples 
were cleaned by low angle ion milling for 2 hours with 
milling parameters of 4 kv voltage, 4 mA current, 15° 

20 milling angle, and 360° stage rocking angle. After ion 
milling, only embedded TiCN nanoparticles remained on the 
sample, which was confirmed by electron energy-dispersive 
X-ray spectroscopy (EDS). 

by ultrasonic dispersion of nano-sized SiC particles in 
molten aluminum alloy. Mater. Sci. Eng. A, 380, 378-383 
(2004). A resistance heating furnace was used to heat the 
Al-Bi melt in an alumina crucible with a diameter of 36 
mm. An inert gas protection system was used to protect the 
melt and nanoparticles from oxidation by injecting argon 
through two nozzles. A nanoparticle feeding system was 25 

used to feed nanoparticles into the melt. In this study, a 
double-capsulate feeding method was used. Nanoparticles 
were wrapped with 0.0127 mm thin Al foil (alloy 1000), and 
then the Al foil was rolled into a rod shape with a diameter 
of about 6 mm (making the first capsule). The Al foil rod, 30 

containing the nanoparticles, was wrapped again with 
another thin Al foil (alloy 1100) with dimensions of 355.6 
mmx152.4 mmx0.0254 mm (making the second capsule). 
The second Al foil made the nanoparticles discharge into the 
melt gradually, resulting from a gradual melting of the 35 

thicker wall of the capsule. The ultrasonic processing system 
included an ultrasonic probe, booster, and transducer. The 
ultrasonic probe, made of niobium alloy C103 with a diam
eter of 12.7 mm and a length of 175 mm, was attached to the 
booster (Sonicator 3000, Misonix Inc.), which was mounted 40 

in the transducer working under a frequency of 20 kHz and 
a maximum 600 W power output. When the Al-Bi alloy 
was melted in the alumina crucible at 973 K, the tip of the 
niobium ultrasonic probe was inserted to a depth of about 6 
mm into the melt. Ultrasonic vibration with a frequency of 45 

20 kHz and a peak-to-peak amplitude of 50 µm was gener
ated from the transducer. Then the preheated nanoparticles 
(at 423 K for one hour) were added into the melt with the 
double-capsulate feeding method during ultrasonic process
ing. Each double-capsulate could carry about 1 vol. % of 50 

nanoparticles into the melt. It took 15 minutes to disperse the 
nanoparticles released from one capsulate by the ultrasonic 
processing. After feeding and dispersing the nanoparticles at 
973 K, the ultrasonic probe was lifted out of the melt. Then 
the melt was heated to 1183 K ( above the miscibility gap for 55 

this composition). To make sure the nanoparticles were well 
dispersed before cooling, the melt was treated again by 
ultrasonic processing for 15 minutes at 1183 K. 

Solidification and cooling rate measurement: After ultra
sonic processing, the ultrasonic probe was lifted out of the 60 

melt. Then the crucible was taken out of the furnace. The 

Wetting angle determination: To determine the wetting 
angle of TiCN nanoparticles with Bi in the environment of 
Al a TEM sample was cut from the boundary between Bi and 
Al by FIB and the triple junction formed by the TiCN 
nanoparticle, Bi and Al was observed by HRTEM. The 
wetting angle of TiCN nanoparticles with Bi in the envi-
ronment of Al, before completed solidification, was esti
mated from the geometry of the triple junction, as shown in 
FIG. 5. 

The dispersion and size of the Bi phase particles in the 
solidified samples was analyzed. FIG. 2A shows the back
scattering scanning electron microscope (SEM) images 
taken from the bottom part of the solidified monolithic Al-20 
wt.% Bi (hereafter Al-20Bi) alloy. As expected, the Bi phase 
settled down to the bottom, forming a thick layer of Bi with 
about 12 vol. % of precipitated Al phase. The thickness of 
the Bi layer on the bottom is about 2.5 mm, accounting for 
about 90% of the total Bi in the sample. This illustrates that 
the Bi in the monolithic Al-20Bi alloy segregates severely 
during solidification. However, when ultrasonic processing 
was used to disperse 2 vol. % TiC0 _7 N0 _3 nanoparticles into 
the Al-20Bi alloy, no sedimentation was observed, as shown 
in the SEM images of FIGS. 2B and 2C. The distribution of 
the Bi phase in the pure alloy and in samples with 1.0 and 
2.0 vol. % of TiC0 _7N0 _3 nanoparticles versus the distance 
from the bottom of the samples was also analyzed, as shown 
in FIGS. 2D and 2E for average diameters and area fractions, 
respectively. With the incorporation of only 1.0 vol. % of 
TiC0 _7N0 _3 nanoparticles, the distribution of Bi was 
improved dramatically. With 2.0 vol.% ofTiC0 _7N0 _3 nano
particles, both the size and area fraction of Bi were very 
uniform throughout the sample. The average size of Bi 
droplets was about 7.5 µm. To check if the thermocapillary 
force induced non-uniformity, the distribution of Bi phase 
particles from the center to the outside, along the horizontal 
(width) direction in the Al-20Bi alloy sample with 2 vol. % 
TiC0 _7N0 _3 nanoparticles, was analyzed. The results, as 
shown in FIG. 2F, demonstrated that the Bi phase was 
distributed uniformly along the horizontal direction, indi
cating that the thermocapillary force induced little pushing 
of Bi droplets to the center. The uniform distribution of 

Al-Bi melt with nanoparticles was cooled down inside the 
crucible in air. For comparison, the pure Al-Bi alloy was 
also prepared under the same conditions without nanopar
ticles. The cooling rate was measured by inserting a ther
mocouple inside the melt during cooling. The cooling rate 
before solidification was about 1 K/s. 

65 micrometer-sized Bi droplets was observed throughout the 
samples oftheAl-20Bi alloy with 2 vol.% TiC0 _7N0 _3 , which 
were produced under a slow cooling rate of lK/s. 
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for pure Al-20Bi, which is two orders of magnitude larger 
than the experimental value of7.5 µm for Al-20Bi-2 vol.% 
TiCN. This clearly indicates that it would be impossible to 
obtain micrometer-sized Bi droplets at a low cooling rate 

To study the interfacial assembly of the nanoparticles, the 
distribution of the TiCN nanoparticles in the solidified 
samples was investigated by FESEM. As shown in FIGS. 3A 
and 3B, the nanoparticles form a thin layer coating on a 
representative Bi droplet. 

The stability of the solid nanoparticles assembled at the 
liquid/liquid interface was determined by the Brownian 
motion energy and the energy needed to remove the particles 
from the interface to the bulk liquid phases. The energy 
needed to remove a particle from the interface to the bulk 
liquid phases is 

5 (about 1 K/s) for pure Al-20Bi alloy without effective 
control of diffusional growth. Thus, the nanoparticles greatly 
reduced the diffusional growth of the Bi droplets during 
cooling/solidification. 

Assuming a Langmuir adsorption model for nanoparticles 

where r is the radius of the particle, a is the interfacial 
energy between the two liquids, 8 is the contact angle, 
measured through the liquid 1 on the solid particle in the 
environment of liquid 2, and sign '+' refers to particle 
removal into the bulk liquid 2 phase, while sign'-' refers to 
the removal of the particle into the bulk liquid 1 phase. (See, 
G. Kaptay, On the equation of the maximum capillary 
pressure induced by solid particles to stabilize emulsions 
and foams and on the emulsion stability diagrams. Colloids 
Surf, A, 282, 387-401 (2006).) The Brownian motion energy 
(Eb) is 

10 to assemble on the surface of a droplet, a theoretical model 
was constructed to study the remarkable diffusional growth 
control of Bi droplets by TiCN nanoparticles. In the model, 
f is defined as the diffusional blocking efficiency by the 
nanoparticle coating, Cnp as the concentration of nanopar-

15 ticles, and tnp as the characteristic time (time ~onstant) _for 
full nanoparticle coverage on the droplets. tnp 1s a funct10n 
of the size, density and volume percentage ofnanoparticles, 
nanoparticle stacking factor, nanoparticle adsorption effi
ciency, and melt temperature. Cnp and tnp can be related by 

20 a constant knp as 

Eb=kT/2, (2) 25 

where k is Boltzmann constant (1.3806503x 10-23 m2 kg s-2 

K- 1
) and Tis the absolute temperature of the liquids. In the 

system of Al-Bi alloy with TiCN particles, the average 
nanoparticle radius, r, is about 40 nm, interfacial energy a 30 
between Al and Bi liquid is about 16 mN/m at 1173 K, and 
T is about 1173 K. The wetting angle was experimentally 
estimated to be about 128°. Thus, the energy (llG) needed to 
remove the nanoparticle from the interface to the bulk liquid 
phases was estimated to be about lxl0-17 J, which is more 

35 
than 3 orders of magnitude higher than the Brownian motion 
energy Eb, 8x10-21 J, of the particles at 1173 K. This 
indicates that a deep interfacial energy well effectively traps 
the TiCN nanoparticles at the interfacial region between the 

-1 -1 1 
tnp = knp . Cnp = knpCnp 

When tnp<< t, 

R " ✓ 2DStnp + 2( 1 - f)Dst 
D S 

- · - +2(1-f)Dst. 
knp Cnp 

(5) 

(6) 

Constant ~P and f were estimated experimentally by 
casting the Al-20Bi-2 vol.% TiCN melt to a copper wedge 
mold to cool the alloy melt at different cooling rates. The knp 
and f were determined to be approximately 11340 s- 1 and 
0.99987, respectively. The tnp for Al-20Bi-2 vol. % TiCN 
can be estimated as about 4.4.0 ms. The short tnp shows that 
the nanoparticles can rapidly wrap up the droplets within a 
few milliseconds. The remarkably high diffusion blocking 
efficiency, f, confirms that the nanoparticle coating is effec-

Bi and Al phases, as shown schematically in FIG. 3C. 40 tive to control diffusional growth. 
The diffusional growth of the Bi droplets with and without 

the nanoparticle coating was also investigated. A detailed 
description of the theoretical model used to investigate 
diffusional growth is provided in the appendix section, 
below. For convenience, a summarized description is pre- 45 
sented in the following discussion. 

Assuming the Bi droplets nucleate and grow only by 
diffusional transport of Bi, the diameter of Bi can be 
determined by 

(3) 50 

where D is the diffusion coefficient, t is cooling time in the 
immiscible region, and S is supersaturation, a temperature 
dependent parameter. (See, J. Alkemper, L. Ratke, Concur
rent Nucleation, Growth and Sedimentation During Solidi-

55 
ficationofAl-BiAlloys. Z. Metallkd., 85, 365-371 (1994).) 
The average S can be calculated by 

1 Co-C1 
S=---, 

2 C2 - Co 

(4) 
60 

Defining y=S/Cnp, the dependence of the Bi droplet size 
on y was experimentally investigated by varying the volume 
percentages of nanoparticles (Cnp) and Bi concentration. 
Using the kn and f experimentally determined from 
Al-20Bi-2 vo( % TiCN samples, the Bi droplet size was 
determined theoretically for the experimentally studied y. 
The theoretical values matched the experimental ones very 
well (FIG. 3D). To show the influence of diffusion blocking 
efficiency on droplet sizes, the Bi droplet diameter was also 
calculated theoretically with f=0 (no nanoparticle and no 
diffusional growth control) and f=l (assuming the nanopar-
ticle coating totally blocked the diffusion). The data show 
that the nanoparticle-enabled diffusional growth control 
obtained the remarkably small Bi droplets (FIG. 3D). 

Furthermore, FIG. 3E shows the dependence of the 
experimental and calculated Bi droplet diameters on cooling 
rates for Al-20Bi alloy. The cooling time was calculated by 
t=(T r T m)/-c, where T d and Tm are the decomposition tem
perature and monotectic temperature, respectively, and -c is 
the cooling rate. Without diffusional control (i.e. f=0), the 
droplet size was large and strongly depended on the cooling 
rate. However, with a nanoparticle enabled diffusional bar
rier (f=0.99987), the droplet size was orders of magnitude 
smaller, and depended little on cooling rates when the 

where C0 is the Bi concentration in the matrix, C1 and C2 are 
the concentrations of Al rich liquid and Bi rich liquid at 
monotectic temperature, respectively. 

By using Equation (3), the estimated average Bi droplet 
size through diffusional growth only would be about 821 µm 

65 cooling rate was higher than 50 K/s (corresponding to an 
approximate cooling time t=l03 tnp, shown in FIG. 3E). The 
average Bi droplet sizes depend on the competitive nature 
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between tn and (1-f)t. With a remarkably high diffusion 
blocking efficiency of f=0.99987 in this study, at a cooling 
rate that will yield a cooling time of about 40 s (approxi
mately 6 K/s in Al-20Bi), tnp starts to dictate the Bi particle 
size, effectively eliminating the need for high cooling rates 

5 
demanded by conventional processing methods. 

The effectiveness of nanoparticles at controlling colliding 
growth was also investigated. The SEM images of FIGS. 4A 
and 4B show that the TiCN nanoparticles trapped at the 
surface of Bi droplets can stabilize the Bi droplets against 
coagulation when two Bi droplets collide with each other, 10 

induced by hydrodynamic motions. Even though some Bi 
droplets were pushed against each other during solidifica
tion, their nanoparticle coatings were able to resist the 
coagulation, as shown in FIG. 4A. The SEM image and 
energy dispersive spectroscopy (EDS) analysis of the 15 

boundary region between the two small Bi droplets validated 
that a thin layer of nanoparticle-stabilized Al separated the 
two Bi droplets against coagulation, as shown in FIG. 4D. 
Interestingly, some submicrometer-sized Bi droplets, 
located along the Al grain boundary, were also stabilized by 

20 
nanoparticle coatings. 

Past studies showed that solid particles could stabilize the 
thin liquid film between two droplets. (See, G. Kaptay, On 
the equation of the maximum capillary pressure induced by 
solid particles to stabilize emulsions and foams and on the 
emulsion stability diagrams. Colloids Surf, A, 282, 387-401 25 

(2006) and N. D. Denkov, I. B. Ivanov, P. A. Kralchevsky, 
D. T. Wasan, A Possible Mechanism of Stabilization of 
Emulsions by Solid Particles. J. Colloid Interface Sci., 150, 
589-593 (1992).) The pressure needed to break the thin 
liquid film depends on size and packing of particles, wetting 30 

angle, and liquid/liquid interfacial energy. (See, G. Kaptay, 
On the equation of the maximum capillary pressure induced 
by solid particles to stabilize emulsions and foams and on 
the emulsion stability diagrams. Colloids Surf, A, 282, 
387-401 (2006) and N. D. Denkov, I. B. Ivanov, P. A. 35 
Kralchevsky, D. T. Wasan, A Possible Mechanism of Stabi
lization of Emulsions by Solid Particles. J. Colloid Interface 
Sci., 150, 589-593 (1992).) Here it was assumed that the Bi 
droplets were fully covered by a dense single layer of 
nanoparticles. When two Bi droplets approach close to each 
other, a nanoparticle double layer would form to stabilize the 40 

thin liquid Al film between them. The pressure generated by 
the double layers of closely packed nanoparticles to stabilize 
the thin liquid Al film can be determined by 

2CT 
p = a-(cos0 +z), 

r 

(7) 45 

where r is the radius of the particles, a is the interfacial 
energy between the two liquids, 8 is the contact angle, a and 50 
z are -4.27 and -0.405, respectively, for a closely packed 
double layer when 8>90°. (See, G. Kaptay, On the equation 
of the maximum capillary pressure induced by solid par
ticles to stabilize emulsions and foams and on the emulsion 
stability diagrams. Colloids Surf, A, 282, 387-401 (2006).) 
Using parameters for the Al-Bi-TiCN nanoparticle sys- 55 

tern, the pressure was estimated to be 3.48 MPa in the liquid 
Al film between the approaching Bi droplets, thus effectively 
resisting colliding growth (coagulations), as shown sche
matically in FIG. 4C. 

60 
Appendix: Theoretical Model for 

Nanoparticle-Induced Diffusional Growth Control 

12 
where D is the diffusion coefficient, t is cooling time in the 
immiscible region, and S is supersaturation given by 

Co-Ca 
S=-

Cp-Co 

where Ca is the Bi concentration at the interface between the 
growing Bi droplet and Al matrix, C13 is the Bi concentration 
in the Bi droplets, and C0 is the Bi concentration in the 
matrix. S is a temperature dependent parameter: S is zero 
when the cooling just enters the immiscibility gap; when at 
the monotectic temperature, S can be calculated by 

(A3) 

where C1 and C2 are the concentrations of Al- rich liquid and 
Bi- rich liquid at the monotectic temperature, respectively. 
The average S can thus be calculated by 

(A4) 

The following assumptions were made to simplify the 
study: 

Nanoparticles are uniformly dispersed above the immis
cibility gap; 

Bi droplets nucleate and grow only by diffusional trans
port; 

No coagulation between the Bi droplets occurs; and 

A densely packed single layer of nanoparticles covers the 
Bi droplets. 

Since the supersaturation 

Co-Ca 
S=--«1, 

Cp-Co 

the growth rate of Bi is 

dR 1 
-=D·S·
dt R 

(AS) 

where R is the radius of Bi droplets, t is time, and D is the 
diffusion coefficient of Bi in the liquid Al-20Bi alloy. If a 
constant S is assumed during phase transformation, then 

RdR 
-=DS. 

dt 

(A6) 

Assuming the Bi droplets nucleate and grow only by 
diffusional transport of Bi, the diameter of Bi can be 
determined by 

de;~2V2DSt. (Al) 

If the nanoparticle surface coverage on the Bi droplets is 
65 defined as 8 and the efficiency of the nanoparticle coating to 

block the diffusion growth of droplets is defined as f ( called 
diffusional blocking efficiency hereafter), then 
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RdR 
dt = DS(l - f0). 

The solution of 8 can be written as 
(A7) 

To obtain 8, assume R>>d, a very densely-packed nano
particle layer ( due to various sizes of nanoparticles) with an 
effective packing factor cp, d is the layer thickness for the 
nanoparticle coating. Assuming a Langmuir adsorption 
model, the additional nanoparticle coverage, d8, can be 10 
attributed to those nanoparticles that could arrive at the 
interface within a short period, dt, under Brownian motion. 

By combining Equations (A7) and (A15), 

RdR ( _1_,) 
- = DS · 1 - f + fe'np . 

dt 

(AlS) 

(Al6) 

To simplify the case, d8 represents the accumulative surface 
coverage by these additional nanoparticles during dt. The 
schematic of the model is shown in FIG. 6. The model can 

Assuming constant D and S during the diffusional growth, 
15 it becomes 

then be described as 

(AS) 

where Vnp is the kinetic velocity of nanoparticles at tern-
20 

perature T, Cnp is the concentration of nanoparticles, Ii is 
nanoparticle adsorption efficiency. 

1 

R2 = 2DS · tnp · (1 - e';;,;') + 2DS(l - f)t. 
(Al7) 

A constant S can be assumed to be given by equation 
(A4). 

Defining: 
d0 6vnpCnp 
-=--·(1-0) 
dt cpd 

(A9) 25 

A time constant tnp can be defined as 

5 1 
_

1 
{; cpd1p1 

knp = o✓ 6ksT , 

(Al8) 

30 from Equation (A13), Knp would be a constant. 
cpd (AlOJ Then 

tnp = c5vnpCnp · 

(Al9) 

The Brownian velocity of a single nanoparticle can be 35 

calculated by 

-k-1-c-1 - _l_ 
tnp - np np - knpCnp 

When tnp » t, 

1 2 1 
2mvnp = isT. 

(All) 

Then 

(Al2) 

where m is the mass of nanoparticles, kB is the Boltzmann 
constant, and p is the density of the nanoparticle. Thus, 

5 1 
cpd {; cpd1p1 

1 

tnp = 6vnpCnp = o✓ 6ksT c;,P. 
(Al3) 

From Equation (A13), tnp is a function of the size, density 
and volume percentage ofnanoparticles, nanoparticle stack
ing factor, nanoparticle adsorption efficiency, and melt tem
perature. 

The Equation (A9) becomes 

d0 1 
- = -(1-0). 
dt tnp 

(Al4) 

40 

45 

50 

R" ✓ 2DStnp + 2(1 - f)DSt = 
D s (A20) 
-· - +2(1-f)DSt. 
knp Cnp 

Defining: 

Cnp 
r=s· 

(A21) 

then 

D 
ds; = 2 ky-1 + 2(1 - f)DSt. 

np 

(A22) 

Equation (A22) only considers diffusional growth before 
the monotectic temperature. At and below the monotectic 

55 temperature, small Bi droplets may still form. But those Bi 
droplets formed at and after Tm should not be counted so that 
the experimental data can be compared more accurately with 
the one predicted from Equation (A22). To properly exclude 
the small Bi droplets formed at and below the monotectic 

60 temperature, the Bi droplet size was checked in the mono
tectic alloy with 2 vol. % TiCN sample. Droplets smaller 
than the monotectic ones were excluded from the SEM 
images and only the Bi concentration at the immiscible 
region was considered in the comparison with the calcula-

65 tion in FIG. 3D. 
Experimental determination of knp, tnp and f: To experi

mentally estimate knp and f, theAl-20Bi-2 vol.% TiCN melt 



US 10,640,850 B2 
15 

was cast to a copper wedge mold to cool the alloy melt at 
different cooling rates. The cooling rate was calculated using 

16 
and a minority phase comprising a plurality of particles of a 
second inorganic material dispersed in the majority phase; 
and nanoparticles comprising a thermally stable material 
coating the surfaces of the dispersed minority phase par-

an empirical equation from the thickness of the sample. 
(See, N. H. Pryds, X. Huang, The effect of cooling rate on 
the microstructures formed during solidification of ferritic 
steel. Metal!. Mater. Trans. A, 31A, 3155-3166 (2000).) The 
values for knp and f were calculated from the droplet sizes 
obtained at different cooling rates using equation (A20). The 
parameters used to calculate knp and fare listed in table 1, 
which is presented in FIG. 7. 

5 ticles; the method comprising: 

The calculated knp and f were about 11340 s- 1 and 
0.99987 respectively. Using equation (A19), the calculated 
tnp for Al-20Bi-2 vol. % TiCN was about 4.4.0 ms. 

The parameters used for theoretical calculation of Bi size 
are shown in Table 2, which is presented in FIG. 8. 

The word "illustrative" is used herein to mean serving as 

10 

15 

an example, instance, or illustration. Any aspect or design 
described herein as "illustrative" is not necessarily to be 
construed as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and 20 

unless otherwise specified, "a" or "an" means "one or 
more". Still further, the use of "and" or "or" is intended to 
include "and/or" unless specifically indicated otherwise. 

25 

The foregoing description of illustrative embodiments of 
the invention has been presented for purposes of illustration 
and of description. It is not intended to be exhaustive or to 
limit the invention to the precise form disclosed, and modi
fications and variations are possible in light of the above 
teachings or may be acquired from practice of the invention. 
The embodiments were chosen and described in order to 30 

explain the principles of the invention and as practical 
applications of the invention to enable one skilled in the art 
to utilize the invention in various embodiments and with 
various modifications as suited to the particular use contem
plated. It is intended that the scope of the invention be 35 

defined by the claims appended hereto and their equivalents. 
What is claimed is: 
1. A method of making a solid immiscible alloy material 

comprising: an immiscible alloy having a majority phase 
comprising a continuous matrix of a first inorganic material 

(a) forming a single-phase liquid solution comprising the 
first inorganic material and the second inorganic mate
rial at a temperature above the liquid miscibility gap for 
the immiscible alloy; 

(b) introducing solid nanoparticles comprising a ther
mally stable material into the single-phase liquid solu
tion while it is at a temperature above the liquid 
miscibility gap; 

(c) cooling the liquid solution through the liquid misci
bility gap, whereby the nanoparticles form a coating on 
liquid droplets of the minority phase that forms in a 
liquid matrix of the majority phase; and 

( d) cooling the resulting material to a temperature below 
the solidus temperature, whereby the solid immiscible 
alloy material forms. 

2. The method of claim 1, wherein the step of cooling the 
liquid solution through the liquid miscibility gap is carried 
out at a cooling rate of no greater than about 500 K/s. 

3. The method of claim 1, wherein the minority phase 
particles have an average diameter of no greater than about 
20 µm and the average smallest diameter for the distribution 
of the thermally stable nanoparticles is no greater than about 
250 nm. 

4. The method of claim 3, wherein the nanoparticles 
account for about 0.1 to about 5 vol. % of the solid 
immiscible alloy. 

5. The method of claim 1, wherein the first inorganic 
material is a metal, the second inorganic material is a metal 
or metalloid and the thermally stable material is a ceramic. 

6. The method of claim 5, wherein the immiscible alloy is 
an aluminum-based alloy. 
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