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• Featureless, cellular/dendrite micro-
structures are formed within the alloy
powders.

• Themicrostructure evolutions and tran-
sitions depend on the thermal history of
the droplet.

• The breaking down of planar interface is
discussed from critical undercooling,
cooling rate and interface velocity.

• The non-planar solid/liquid interface
and lower undercooling make the dis-
crepancy of the location of nanoparti-
cles.

• The temperature disturbance andmulti-
ple nucleation events lead to equiaxed
microstructure in the composite
powders.
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In the present work, the size-dependent microstructure evolution of the Al-Zn-Mg-Cu alloy powders and the
TiB2/Al-Zn-Mg-Cu composite powders are studied experimentally and theoretically. Several different types of
microstructures are formedwithin alloy powders as a function of powder size but just one type is formedwithin
the composite powders. The transitions in microstructure within a powder such as planar interface breaking
down into cellular microstructure are also observed. The occurrence of the planar interface is analyzed in
terms of critical undercooling and critical cooling rate, and the breaking down of planar interface is correlated
with the thermal history of the droplets modeled by Newtonian thermokinetics and interface velocity modeled
by BCT models. In the composite powders, the location of TiB2 particles depends on the entrapment/pushing
by the solid/liquid interface. The disturbance of temperature field and multiple nucleation sites due to the intro-
duction of TiB2 particles contribute to the variation in the microstructure of alloy powders and composite
powders.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Themetal-based additivemanufacturing, or three-dimensional (3D)
printing is a promising revolutionary technology applied in the field of
aerospace, biomedical and automotive industries [1,2]. Therefore
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much effort has been devoted to designing novelmetal powders. It is re-
ported that introducing nanoparticles as solidification nucleants can
avoid intolerable solidification microstructure with columnar grains
and periodic cracks [2]. Both the processes of 3D printing and atomiza-
tion to fabricate powders are characteristic rapid solidification pro-
cesses. Furthermore, novel metals powders are also the feedstock of
conventional powdermetallurgy routine. Therefore it is necessary to in-
vestigate the microstructure of the metal powders during atomization.

As for rapid solidification process, a large deviation from thermody-
namic equilibrium leads to kineticallymodified properties which do not
form under conditions at equilibrium, such as extended solute solubil-
ity, structure refinement, non-equilibrium phase formation and mor-
phology change [3–5]. According to typical strengthening mechanisms
[6,7], these characteristic features obtained by rapid solidification give
rise to significant strength increment by sintering these powders into
designed high performance objects, especially for the age-hardening al-
loys such as Al-Zn-Mg-Cu, Al-Cu-Mg, and Al-Mg-Si alloys. Li et al. [8]
have successfully fabricated an in-situ nano-TiB2 decorated AlSi10Mg
composite powders by atomization for selective laser melting and pro-
duced nanocomposites with the ultimate tensile strength of 530 MPa.

The gas atomizationmethod is one of the important rapid solidifica-
tion techniques and several types of primary microstructures are
formedwithin atomized powders including eutectic, dendrite and cellu-
lar microstructure [9]. The microstructure morphology variation de-
pends on solidification behavior. Mehrabian et al. [10] have related
this morphology change with two parameters: solidification rate and
temperature gradient. Trivedi et al. [11] took an inverse approach in
which the measured eutectic spacing within droplets was compared
with TMK model to obtain the interface velocity and interface
undercooling. However, this method depending on themeasured accu-
racy could not predict the microstructure of powders with other com-
positions. S. Ahn et al. [12] have modeled the thermal history of fine
droplets with Newtonian thermokinetics as a function of flight distance
with a series of parameters such as powder size, gas velocity, and nucle-
ation temperature. However, the nucleation temperature as a function
of droplet size is not determined. Besides, the systematic investigation
on the microstructure of Al-Zn-Mg-Cu alloy powders as candidates of
ultrahigh strength aluminum alloy (σ0.2 N 800 MPa) is rarely reported.

Currently, the Al-Zn-Mg-Cu alloys cannot be 3D printed unless the
nucleants are introduced. However, the rapid solidification conditions
for alloy droplets coupled with nucleants such as nanoparticles are too
complicated to be characterized experimentally. Most studies focused
on the grain refining effect of the particles in the castings [13–15]. And
there are several papers which investigated the injection behavior of
particles into droplets during co-atomization spraying process [16,17],
but the role of in-situ particles on the microstructure of the atomized
powders is rarely studied.

The present work was undertaken to provide further insight into
morphological size-dependent microstructure evolution of the alloy
powders and composite powders. These microstructure transitions are
correlatedwith the thermal history of the droplets, especially the nucle-
ation temperature is determined as a function of powder size. Then the
microstructure of alloy powders and composite powders is to be com-
pared. Besides, the effect of in-situ particles on the microstructure of
the powders is to be discussed based on the experimental observations
and theoretical calculations

2. Experimental procedure

The Al/TiB2 ingots were fabricated by the typical salt-metal reaction
method, details can be found in ref. [18]. The designed Al-9Zn-2.5 Mg-
2.4Cu-0.1Zr (8 wt% TiB2) alloy (composite) castings were produced by
remelting Al (Al/TiB2) ingots with pure Zn, Mg, and Al\\Cu master
alloy. Then the Al-Zn-Mg-Cu alloy and composites with 8 wt% TiB2 in-
gots were put into the crucible and superheated to 780 °C holding for
30 min. The ingots were totally melted. The melt was delivered into
the atomizer and broken down into fine droplets under the impact of
rapid moving N2 gas. Finally, the alloy powders and composite powders
were obtained by cooling down of the droplets.

The microstructures of the powders were characterized by TESCAN
MAIA3 scanning electron microscope under the backscattered electron
(BSE) mode. The powders were mounted in mounting resin epoxy
and then polished with increasingly finer emery paper. After a final
emery paper polishing with 5 μm diamond powder, the powders were
then polished with 5, 1.5 and 0.5 μm colloidal diamond solution
followed by 0.05 μm colloidal silica solution and then subjected to
metal spraying for the purpose of good conductivity. The electron
backscattered diffraction (EBSD) of the powder was carried out on the
TESCAN MAIA3 equipped with BRUKER e-FlashHR electron backscatter
diffraction (EBSD) detector. The sample was fabricated by FIB-SEM in-
strument TESCAN LYRA3 XM. The transmission electron microscopy
(TEM) observation was conducted on Talos F200X equipped with scan-
ning transmission electron microscopy (STEM) detector operated at
200 kV. The TEM specimens were fabricated by section using FIB-SEM
instrument TESCAN LYRA3 XM.

3. Results

3.1. The microstructure of the alloy powders

Fig. 1a shows the cross-section microstructure of an alloy powder
with a diameter of 48 μm. The grain boundaries are in lighter contrast
in backscattered electron images (BSE) mode. The powder exhibits
equiaxed microstructure morphology and the average grain size is
about 1 μm. Fig. 1b gives the scanning transmission electron micro-
graphs (STEM) of the alloy powders, and the according EDS mappings
of Al element and solute elements are also shown in Fig. 1c. It is revealed
the interphases are formed at the grain boundaries. The solute atoms
pushed by solid/liquid interface into grain boundaries during solidifica-
tion give rises to the formation of the interphases. Fig. 1d displays the
microstructure of a powder with a diameter of 42 μm, which is
completely different from the microstructure shown in Fig. 1a. In this
powder, the dendrite structure sweeps across the whole powder origi-
nating from nucleation site E as marked in the red box. Fig. 1e exhibits
the BSE imagewith highermagnification of location E in Fig. 1d. Themi-
crostructure at the nucleation site area exhibits equiaxed morphology.
The average grain size is about 1 μm. Fig. 1f gives the BSE image with
higher magnification of location F as marked in the blue box in Fig. 1d.
The cellular/dendrite microstructure grows outwards from the nucle-
ation site. The secondary dendrite spacing is similar to the grain size
at the nucleation site.

Fig. 2 shows the cross-section microstructures of the powders with
different diameters ranging from 1.8 μm to 7 μm. In Fig. 2a single nucle-
ation site is observed in the powder with a size of 7 μmasmarked in the
red arrow. The cellular morphology originates from nucleation site and
spans partially across over the powder. The transition from cellular to
equiaxed microstructure occurs at the opposite direction of the nucle-
ation site. Note that the cellular spacing increases at a larger distance
away from the nucleation site due to the latent heat release during so-
lidification. Fig. 2b shows the microstructure of the powder with a di-
ameter of 3 μm and two microstructural zones are observed. The
droplet begins to solidify with a planar solid/liquid (S/L) interface. The
solute trapping phenomenon occurs and the supersaturated solid solu-
tion with extended solubility is formed under the rapid moving inter-
face. After partial solidification, the interface temperature rises due to
recalescence, and then the planar interface becomes unstable and
breaks down into the cellularmorphology. The red dashed line indicates
the location of the breaking down of the planar interface. Note that the
cellular spacing is narrower at the lateral side of the powder due to the
cooling effect from the surface. Fig. 2c gives another image of themicro-
structure of the powder with a diameter of 3 μm. The microstructure is
similar to that observed in Fig. 2b, whereas the volume fraction of the
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Fig. 1. (a) The cross-section microstructure of the alloy powder in backscattered electron (BSE) mode; (b) the STEM image of the alloy powder; (c) the EDS mappings of Al elements and
solute elements; (d) the microstructure of another powder with diameter of 42 μm showing the microstructure of dendrite grains; (e) and (f) the local area marked in (d) with larger
magnification.
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cellular microstructure in this powder is lower than that shown in
Fig. 2b. Detailed description of the growth model is provided in Fig. S1
in the supplementary materials. With further decreasing powder size
to 1.8 μm, the cellular microstructure is not formed as shown in
Fig. 2d. In this powder, the planar interface moves across the whole
powder.

There is only one nucleation site observed in the above images. In
general, the nucleation site is located at the outer surface of the powders
due to severer heat convection. Multiple nucleation events can also
occur due to thepresence of impurities. Fig. 3 gives the cross-sectionmi-
crostructures of the powders with multiple nucleation sites. Fig. 3a
shows the microstructure of the powder with a diameter of 40 μm and
four nucleation sites are observed within the powder as marked in red
dotted lines. All of these nucleation sites are located within the powder.
The cellular/dendrite microstructure is observed at each nucleation site
and grows outwards. The transition from cellular/dendrite structure to
equiaxed structure occurs when the cellular/dendrite microstructure
Fig. 2. The cross-section microstructures of
approaches to each other. As shown in Fig. 3b, there are three nucleation
sites observed in the powder with a diameter of 30 μm. One of the nu-
cleation sites is located at the outer surface of the powder and the rest
are located within the powder. The microstructure is similar to that in
Fig. 3b. However, the volume fraction of cellular/dendrite microstruc-
ture is higher. With further decreasing powder size to 12 μm, there
are two nucleation sites located at the opposite side on the outer surface
of the powder. The cellular grain structure originates from the nucle-
ation site until impinging at the middle of the powder and then trans-
forms into the equiaxed microstructure. The volume fraction of the
cellular grain structure further increases. The illustration of the growth
model in the droplet is provided in Fig. S2 in the supplementary
materials.

Fig. 4 shows the electron back-scatter diffraction (EBSD) pattern of
the cross-section of the powder with 25 μm. As it is shown in the
EBSD quality in Fig. 4a, there are some grains with small angle grain
boundaries (SAGBs), typically labeled as grain 1, 2 and 3. Additionally,
the alloy powders with different size.



Fig. 3. The cross-section microstructures of the alloy powder with several nucleation sites.
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there are more grains without SAGBs, typically labeled as grain 4, 5, 6
and 7. The different colour between the subgrains in Fig. 4b indicates a
small change in the subgrains orientation. These subgrains are assumed
as cellularmicrostructure. And the grainswithout SAGBs are assumedas
equiaxed grains. The EDSmappings of Zn,Mg and Cu elements in Fig. 4c
shows the elements segregation at the large angle grain boundaries and
small grain angle grain boundaries. In this powder, the multiple nucle-
ation events occur. And the fraction of cellular microstructure is small.

From the above analysis, the microstructures of the powders are
greatly affected by powder size. The solute trapping behavior occurs in
the finest powder and the supersaturated solid solution forms. With
the increase of powder size, the planar solid/liquid interface breaks
down into cellular microstructure and the volume fraction of cellular
microstructure is inversely proportional to the powder size. With fur-
ther increasing powder size, the cellular/dendrite microstructure
grows across thewhole powder. The equiaxedmicrostructure is formed
in larger powders. Additionally, the number of nucleation sites also in-
fluences the solidification behavior of the atomized droplets. When
Fig. 4. (a) The electron backscattered diffraction (EBSD) pattern of the cross-section of the pow
boundaries (2° b θ b 15°) are in thin green lines; (b) the inverse pole figure (IPF) pattern; (c
colour in this figure legend, the reader is referred to the web version of this article.)
there is only one nucleation site, the dendrite structure sweeps across
the whole powder (Fig. 1d). However, when there are multiple nucle-
ation sites, the cell structure grows outwards from the respective nucle-
ation site. The equiaxed structure can be seen between the two cellular
microstructure. With the decrease of powder size, most bulk heteroge-
neous nucleation sites such as impurities are removed and the probabil-
ity of multiple nucleation is lower.

Fig. 5a shows themicrostructure of the alloy powderwith a diameter
of 30 μm. The cross section is maybe perpendicular to the cellular
growth direction or multiple nucleation events occur and only a small
fraction of dendrite/cellular structure is observed. Fig. 5b gives the
image of the microstructure with higher magnification. It is observed
that there are interphases formed around the nucleation site which is
resulted from remelting of the solidified solid due to temperature
arise during recalescence. Fig. 4c displays the High Angle Annular Dark
Field (HAADF) image which also shows the formation of the inter-
phases. There are two different types of interphases observed from the
Z contrast. The interphase in darker contrast is mainly composed of Cu
der, large angle grain boundaries (θ N 15°) are in thick black lines and small angle grain
) the EDS mappings of Zn, Mg and Cu elements. (For interpretation of the references to



Fig. 5. (a) The microstructure of the alloy powder showing the recalescence in the local region; (b) the local region with larger magnification; (c) the STEM image of the alloy powder
showing the existence of the interphases; (d) the EDS mappings of the Al elements and solute elements.
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elements and the brighter interphase is mainly composed of Zn ele-
ments as shown by EDS mappings in Fig. 5d.

3.2. The microstructure of the composite powders

Fig. 6a shows the cross-section microstructure of the composite
powders with a size of 10 μm in BSE mode and the EDS mapping of Ti
elements is given in the inset. The TiB2 particles are uniformly distrib-
uted in the aluminum alloy matrix. Only submicron TiB2 particles are
observed at this magnification due to limited resolution. Fig. 6b gives
themicrostructurewith highermagnification. The TiB2 particles are dis-
tributed either at the grain boundaries as pointed by blue arrows
Fig. 6. (a) The cross-sectionmicrostructure of the composite powder, and the EDSmapping of Ti
magnification; (c) the microstructure of the composite powder with diameter of 3.6 μm; (d) g
(Fig. 6a) or located within grains as pointed out by red arrows
(Fig. 6b). The composite powders exhibit the equiaxed microstructure
independent on the powder size, and the cellular microstructure is not
observed. The cross-section microstructure of the composite powder
with a diameter of 3.6 μm is shown in Fig. 6c. At themiddle of the pow-
der is located the TiB2 particle as indicated by the blue arrow. The solute
trapping occurs near the TiB2 particle. At the outer surface of the pow-
der, the planar S/L interface destabilizes. Fig. 5d shows the comparison
of the grain size between the alloy powders and composite powders
as a function of powder size. Only the equiaxed grains are measured.
For larger alloy powders with a specific size, the equiaxed grains are
often observed and the two hundred grains are measured. For smaller
elements is given in the inset; (b) themicrostructure of the composite powderwith larger
rain size vs. powder size.
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alloy powders, the equiaxed grains exist due to multiple nucleation
events and one hundred grains aremeasured by the software of ImageJ.
For the composite powders, two hundred grains aremeasured for a spe-
cific powder size. Generally, the grain size of the composite powders is
smaller than that of the alloy powders.

4. Discussion

4.1. Thermal history of the droplet with specified nucleation temperature

In order to analyze the size-dependent microstructure evolution of
the droplets during the gas atomization process, it is necessary to
model the droplet solidification process as a function of time and pro-
vide droplet thermal history understanding. In the present study, the
Newtonian thermokinetic mathematical model coupled with classical
nucleation theory and the specific solidification process is adopted
[12,19], which neglects the temperature gradient.

During the gas atomization process, the parameter of heat transfer
coefficient h describes the severe heat remove by gasmedia. The param-
eter h is influenced by cooling condition and can be estimated as the fol-
lowing expression:

h ¼ kg
D

2þ 0:6
ffiffiffiffiffiffiffi
Re

p ffiffiffiffiffiffiffi
Pr3

p� �
ð1Þ

where

Re ¼ ρgD ud−ug
�� ��
ug

ð2Þ

Pr ¼ Cpgug

kg
ð3Þ

where Kg is the gas thermal conductivity, D is the diameter of the drop-
let, ρg is the density of the gas, ud is the velocity of the droplet, ug is the
velocity of the gas, Cpg is the gas specific heat. Due to the variation of the
velocity of the droplet and gas, the heat transfer is variable during the
whole flight time. It is necessary to model the velocity history of the
droplet. According to the analysis of the force including gravity force
and drag force acting on the droplet, the velocity of the droplet can be
estimated as following expression [20]:

ρdVd
dud

dt
¼ Vd ρd−ρg

� �
g þ 1

2
ρgAdCD ug−ud

�� �� ug−ud
� � ð4Þ

where Vd, Ad, ρd is the volume, cross-section area and density of the
droplet respectively. And

CD ¼ 0:28þ 6ffiffiffiffiffiffiffi
Re

p þ 21
Re

ð5Þ

In some papers, the change in gas velocity as a function of time is
neglected. In fact, the gas velocity is variable during the whole process.
Different types of gas velocity decay formulations are proposed [21]. In
this study, the following expression is adopted:

u2 ¼ λu0

2t þ C
ð6Þ

where C=− λ/u0, μ0 is the initial gas velocity at the exit,λ ¼ α
ffiffiffi
A

p
,α is

the constant as 7.414 for turbulent free jet [12], A is the exit area of the
orifice.

Thus the predicted variation of the droplet and gas velocity with
time is numerically estimated and plotted in Fig. 7a for droplets with
three typical size 1 μm, 20 μm and 100 μm. The modeling parameters
are listed in Table 1 [5,12,16,22–26]. The variation of gas velocity is inde-
pendent on droplet size and decays significantly. The droplet velocity
increases significantly until equaling to gas velocity and then decays
extensively. The maximum droplet velocity increases with decreasing
droplet size and the final droplet velocity increases with increasing
droplet size. Thus the heat transfer coefficient of the droplets with dif-
ferent size is estimated by Eq. (1) and plotted in Fig. 7b. The heat trans-
fer coefficient tends to be constant at the final stage. The droplet size
greatly inversely affects the value of heat transfer coefficient h.

The droplet in flight is supposed to undergo the different thermal
process, including liquid phase cooling, nucleation and recalescence,
segregated solidification, eutectic solidification, solid phase cooling.
The thermal history of an undercooled droplet with size D can be de-
scribed by a simple Newtonian heat transfer formulation:

Cpd
dTd

dt
¼ ΔHd

df s
dt

−
6h
Dρd

Td−Tg
� � ð7Þ

where

Cpd ¼ CL− CL−CSð Þ f s

ΔHd ¼ ΔHf− CL−CSð Þ f s

where CL and CS is the specific heat of the liquid and solid respectively, fs
is the volume fraction of the solid in the droplet and Tg is the tempera-
ture of the gas, which is assumed invariable. During the liquid cooling
stage, the temperature is higher than nucleation temperature and the
solid has not been nucleated, thus the fs equals to zero. The differential
equation could be expressed as:

CL
dTd

dt
¼ −

6h
Dρd

Td−Tg
� � ð8Þ

When the droplets cool down to nucleation temperature, the drop-
lets start to nucleate and the temperature rises significantly because
recalescence takes place once solid phase has been nucleated. The vol-
ume fraction of the solid is given by the following expression:

f s ¼
3
2

x
D

� �2
−
1
2

x
D

� �3
ð9Þ

where x is the distance solidified along the growth axis. The solid
growth rate from droplet could be approximated as a linear function
of the undercooling:

dx
dt

¼ Ki TL−Tdð Þ ð10Þ

where the liquid-solid interface mobility taken as 0.02 m/ s K−1 in the
present study [12]. The maximum recalescence temperature (TR) is es-
timated when the latent heat release is equal to external heat removal
rate. After recalescence, further solidification of the droplet would con-
tinue to take place according to Schiel equation. The volume fraction of
the solid could be estimated as:

f S ¼ 1− 1− f Rð Þ TM−TR

TM−Td

� 	 1
1−k0 ð11Þ

where TM is the melting temperature which is assumed to equal to
liquidus temperature. After the droplet is completely solidified, the fs
equals to 1, then the cooling rate is given as:

Cs
dTd

dt
¼ −

6h
Dρd

Td−Tg
� � ð12Þ

The thermal cooling history is plotted in Fig. 7c and the solid fraction
of the droplet as a function of flight time is plotted in Fig. 7d for droplets
with diameter 1 μm, 20 μm and 100 μm which assumes that the nucle-
ation temperature is 860 K with a small undercooling approximately



Fig. 7. (a) (b) (c) (d) The predicted drop velocity, heat transfer coefficient, droplet temperature, solid fraction variation with time assuming the nucleation temperature is 860 K.

7Q. Yang et al. / Materials and Design 182 (2019) 108045
20 K of different size. It can be clearly seen that the smaller droplets
have a larger cooling rate in all solidification stages and the maximum
cooling rate occurring at the liquid cooling rate is inversely proportional
to the droplet size. For droplets with a size of 1 μm, the temperature of
the droplets is still decreasing after reaching to nucleation temperature.
It indicates that the heat release by partial solidification is lower than
the heat extraction by residual liquid cooling. Nevertheless, for larger
droplets, the droplet temperature instantaneously increases to the
range of solidification temperature (TL-TS) once nucleation occurs. Fur-
thermore, thefiner droplets fully solidifywithin a shorter time. As itwas
calculated, that a 1 μmsize droplet completely solidifies within the time
of 1.38 × 10−5 s, whereas a 20 μm and 100 μm size droplet fully solidify
within the time of 5.2 × 10−5 s and 0.179 s respectively.
Table 1
Modeling parameters.

Parameters Physical means Value Units Ref.

A0 Exit area of the orifice 20 mm2 Present
work

ρd Density of droplet 2700 Kg/m3 [5]
ρg Density of nitrogen gas 1.16 Kg/m3 [12]
Cpg Gas specific heat 1039 J/(Kg K) [12]
Kg Gas thermal conductivity 0.0258 W/(m

K)
[12]

CL Liquid specific heat 1100 J/(Kg.K) [22]
CS Solid specific heat 860 J/(Kg K) [22]
ΔHf Latent heat of melt of droplet 3.4 × 1e5 J/Kg [12]
TL Liquidus temperature 879 K [22]
TS Solidus temperature 814 K [22]
K0 Equilibrium partion coefficient 0.143 – [23]
α Droplet thermal diffusion

coefficient
3.4 × 1e−5 m2/s [25]

Γ Gibbs-Thompson coefficient 1.16 ×
1e−7

m K [24]

σ Interfacial energy 0.122 J/m2 [16]
m Liquidus slope −5.55 K [23]
Vd Atom diffusion velocity 10 m/s [22]
μ Kinetic growth coefficient 0.3 – [26]
4.2. The nucleation temperature and critical condition for homogeneous
nucleation

In the above analysis, the size-dependent nucleation temperature is
not obtained. Therefore, the thermal history of the droplets is analyzed
by assuming a specific nucleation temperature. It is only reasonable
when multiple nucleation occurs during solidification, especially for
the existence of impurities or nucleants. It is well-acknowledged that
undercooling required for heterogeneous nucleation is much lower
than that for homogeneous nucleation. Thus the nucleation is difficult
to be suppressed until large undercooling due to the presence of potent
catalytic sites. The larger droplets increase the probability of multiple
nucleation.

As for ideal single nucleation event, in fact, the nucleation of finer
droplets is easier to be suppressed until larger undercooling. Zhai et al.
[27] deduced a relationship between the degree of undercooling and
droplet size as following expression employing classic nucleation
theory:

ψ
TL−ΔTð ÞΔT2 ¼ ln

π
6
KVρdCLT

2
N

6hψ 2TL−3ΔTð Þ TL−Tg−ΔT
� �D4

0
B@

1
CA ð13Þ

whereψ ¼ 16πσ3
SLT

2
L

3kBρ2
dΔHf

2, whereσSL is the interfacial energy between solid

and liquid, TL is the liquidus temperature, kB is the Boltzmann constant
and Kv is the kenetic parameter. In the above equation, it is hard to ob-
tain the explicit relation between droplet size and heat transfer coeffi-
cient. Therefore, taking the heat transfer coefficient as constant for all
droplet size in the above equationwould lead to error result. For droplet
size with 1, 20 and 100 μm, the heat transfer coefficient is obtained ac-
cording to the above Eq.(1) due to small fluctuation during the stage of
solidification. Taking all parameters into the Eq.(1), the undercooling
could be numerically solved as 605, 377 and 321 K, respectively.

Hirth [28] has noted that if the undercooling is high enough, solidifi-
cation could take placewithout the interface temperature ever reaching
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the solidus temperature. The critical undercooling could be estimated as
following expression:

Cp ΔT þ TS−TLð Þð Þ≥ΔH ð14Þ

It means that heat removal during atomization is larger than latent
heat release. In this alloy system, the critical undercooling is approxi-
mated as 392 K. The undercooling for droplets with a diameter of 1
μm is higher than critical undercooling for homogeneous nucleation,
while the undercooling of droplets with a diameter of 20 and 100 μm
is lower. Therefore, the droplet with a diameter of 1 μmwould nucleate
homogeneously followed by partitionless solidification in the planar in-
terface and exhibit featurelessmicrostructurewithout cells or dendrites
as it is observed in the experiment.

In addition to critical undercooling criteria, S. Hariprasad et al. [29]
developed the critical cooling rate theory for homogeneous nucleation
as following expression:

ΔT2
c ¼ −A

16πσ3
mυ

2T2
L

3kTnΔH2
f ln Bd310−3 2σmTLυ

ΔHf aΔTc

� 	2 a
υ

� �
D

ΔTc

T •

� 	 ! ð15Þ

where A, B is the pre-exponential factor which is proposed by Hirth for
consistency between experiment results and predictions. Taking ΔTc as
392 K into the above equation, the critical cooling rate under homoge-
neous nucleation condition for a droplet with size 1, 20, 100 μm is 1.6
× 107, 4.7 × 109, 3.2 × 1012 K/s, respectively. The maximum cooling
rate of the droplet is estimated as liquid cooing rate as 7.5 × 107, 2.9
× 106, 1.7 × 105 K/s, respectively. From the above analysis, only the
cooling rate of the droplet with a diameter of 1 μm could reach the crit-
ical cooling rate for homogeneous nucleation.

In addition to full featureless microstructure free of
microsegregation in the powders with the size of 1 μm, some powders
with size larger than 1 μm have a mixed microstructure with two
zones (Fig. 2b and c). A smooth solid/liquid interface moves partially
and quickly across the droplet with extended solubility at the initial nu-
cleation site and then breaks down to solidify with much slower rate to
produce cellular microstructure. It means that at the initial stage of so-
lidification, the critical undercooling and critical cooling rate are satis-
fied for homogeneous nucleation. With proceeding solidification, the
droplet temperature increases and the cooling rate decreases. Then
the planar solid/liquid interface is destabilized. The variation in the
cooling rate and initial undercooling gives rise to significant solidifica-
tion microstructure change. With decreasing the cooling rate, the
Fig. 8. (a) The droplet thermal history with different size (the nucleation temperature is calcula
lines in the droplet are the isothermal lines, the temperature and volume fraction of solidified
solidification microstructure changes from planar through cellular to
dendrite and finally to planar microstructure again. These microstruc-
ture differences and transitions were also reported in Al-Fe-V-Si
[24,30] and Al\\Ti [31]. The condition of transition from one growth
rate regime to another regime has been discussed in ref. [32]

Fig. 8a shows the thermal history of the droplet with a size of 1, 3, 5,
20 μm and the nucleation temperature is estimated by Eq. (13). The
thick black horizontal dotted line represents the critical temperature
for homogeneous nucleation. It is observed that the temperature of
the droplet with a size of 1 μm does not increase even during the solid-
ification process as a result of severe heat extraction. The temperature of
the droplet with a size of 3 μm increases not much during the
recalescence stage as pointed by the red arrowbut never reaches critical
temperature for homogeneous nucleation. Therefore, it is predicted that
the droplet with a size of 3 μm solidifies with the planar interface across
the whole powder. As for the droplet with a size of 5 μm, the initial
undercooling is satisfied for homogeneous nucleation. With further so-
lidification, the temperature increases and reaches to above the critical
temperature. Then the planar solid/liquid interface will destabilize to
produce cellular microstructure. For the droplet with 20 μm, the initial
undercooling is not satisfied and the solute trapping will never occur.
The droplets will solidify to produce coarse cellular/dendrite micro-
structure. The temperature ranges for different solidification micro-
structure are identified. Fig. 8b shows the schematic overview of the
solidification process during atomization and the single nucleation site
is assumed at the outer surface of the droplet. The growth direction is
along the indicated axis. Fig. 8c~e shows the illustration of the temper-
ature and solid volume fraction evolutionwithin dropletwith a size of 1,
3 and 5 μm. The black curve lines represent the solid/liquid interface.

In the above analysis, the Newtonian heat transfer formulation com-
bined with classic nucleation theory is used. The thermal history of the
droplet is numerically analyzed. R.Mehrabian et al. [25,33] have tried to
describe the thermal history of powder solidification by an enthalpy-
temperature diagram which is not discussed here. The Newtonian nu-
merical model assumes no temperature difference inside the droplet
and to preserve original axisymmetric growth along the axis. Although
it is often supposed reasonably for the case of gas atomization due to
small Biot number equating to hr/kL, it is found some discrepancy in
the experiment. For example, it is predicted that the cellularmicrostruc-
ture would not form in the droplet with a size of 3 μm whereas it is
found in the experiment. In fact, the temperature gradient often de-
velops inside the droplet during solidification. The comparison of the
Newtonian and non-Newtonianmodel found that there is little temper-
ature differencewithin dropletswith a size of 1 μmduring thewhole so-
lidification process. As droplet size increases, the temperature gradient
ted by Eq.(13); (b) ~ (e) illustration of the solidification of droplets with different size, the
solid are indicated.
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develops inside the droplets which is predicted by non-Newtonian
model and the isothermal model is not applicable. Therefore, it is not
reasonable to equal the volume temperature to interface temperature
and equal volume undercooling to interface undercooling. Generally,
the interface temperature is higher than the volume temperature.

4.3. Interface velocity

The occurrence of featureless microstructure without solute
microsegregation could also be discussed in view of rapid moving
solid/liquid interface velocity. The solute elements are usually rejected
to the interface front. However, when the interface velocity is signifi-
cantly greater than the solute diffusivity in the droplet, the solute
atoms will be engulfed by the solid/liquid interface and solute trapping
occurs. Usually, the interface velocity can be evaluated by comparing
the measured cellular spacing with predicted one by the theoretical
model. Lipton, Kurz and Trivedi developed a model (LKT) to predict
the steady-state tip velocity under a certain total undercooling which
was composed of thermal undercooling, solute undercooling and curva-
ture undercooling [34]. Kurz, Giovanola and Trivedi [35] developed the
LKT model which modified the dependence of the partition coefficient
on the interface velocity. Boetting, Coriell and Trivedi extended the
KGT model to include kinetics undercooling [36]. Villaret et al. [37]
have successfully predicted the columnar-to-equiaxed transition in
welding of a Cr\\Mo ferritic stainless steel by the BCT model. Brochu
et al. [38,39] have analyzed the solute trapping behavior under rapid in-
terface velocity which is predicted by KGT model during the process of
electrospark deposition. The theory of BCT model is briefly described
as follows:

ΔT ¼ ΔTT þ ΔTR þ ΔTC þ ΔTK ð16Þ

The first term ΔTT is the thermal undercooling, the second term ΔTR
is the curvature undercooling, the third term ΔTC is the solutal
undercooling, the forth term ΔTK is the kinetic undercooling. The detail
Fig. 9. (a) (b) (c) (d) Solidification velocity, tip radius, undercooling con
expression of undercooling is given as follows:

ΔTT ¼ ΔHm

CP
Iv PTð Þ ð17Þ

ΔTR ¼ 2
Γ
R

ð18Þ

ΔTC ¼ mLC0 1−
mv

mL 1− 1−kð ÞIv PCð Þ½ �

 �

ð19Þ

ΔTK ¼ V
μ

ð20Þ

whereΔHm is the heat fusion,CP is the droplet heat capacity, Iv(PT) is the
Ivantsov function of the thermal Peclet number equating to PTe

PTE1(PT),

E1(PT) is the exponential intergral function, PT equals to
VR
2α

, Γ is the

Gibbs-Thomson coefficientwhich equals toσ/ΔSf,σ is the interfacial en-
ergy,ΔSf is the fusion entropy,mL is the liquidus slope which can be de-
termined from the equilibrium phase diagram, C0 is the melt solute
concentration, k and mv is the partition coefficient and corrected
liquidus slope respectively both ofwhich depend on the interface veloc-
ity as follows:

mv ¼ mL

1þ ke−k 1− ln
k
ke

� 	
1−ke

ð21Þ

k ¼
ke þ V

Vd

1þ V
Vd

ð22Þ

where ke is the equilibrium partition coefficient, Vd is the atomic diffu-
sive speed which equals to D0/a0, D0 is the solute diffusivity, a0 is the
tribution and solute content as a function of the total undercooling.



Fig. 10. The undercooling and solidification front velocity required for engulfment.

Table 2
Parameters used for calculation of critical velocity.

Parameters Units Values

Δγ0 J m−2 0.4
a0 m 2.55 × 10−10

η N S m−2 0.001
α – 0.374
d m 1.43 × 10−8
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atom spacing, PC is the solutal Pelect number, μ is the kinetic growth co-
efficient. According to the above analysis, the total undercooling is a
function of tip radius R and interface velocity V. Another equation is to
relate the tip radiuswith interface velocity.Mullins and Sekerka [40] de-
veloped a stability equation which considered the tip radius to the
shortest wavelength under local growth condition. Trivedi and Kurz
[41] extended theMullins-Sekerka stability equation to rapid solidifica-
tion.

R ¼ 1
σ � GCξC−Gξtð Þ ð23Þ

where σ*is the stability parameter chosen as 1/(4π2), GC is the solute
gradient is the liquid, G is the mean temperature gradient at the tip.
Generally, the temperature gradient in the solid is neglected and only
gradient temperature in the liquid is considered. The GL and GC are
expressed as follows:

GL ¼ −
VΔHm

αCP
ð24Þ

GC ¼ −
VC0 1−kð Þ

D0 1− 1−kð ÞIv PCð Þð Þ ð25Þ

The parameters ξC, ξt are given as follows:

ξt ¼ 1−
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 1

σ�P2
T

s ð26Þ

ξC ¼ 1þ 2k

1−2k−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1

σ�P2
C

s ð27Þ

According to the above analysis, the tip radius and interface velocity
under a certain undercooling are numerically solved.

Themodeling results are shown in Fig. 9. Fig. 9a shows the predicted
relationship between interface undercooling and interface velocity. It is
observed that the interface velocity increases significantly with increas-
ing total interface undercooling. Fig. 9b displays the predicted relation-
ship between the tip radius and interface undercooling. The tip radius
greatly decreases with increasing total undercooling. When the total
undercooling is about 392 K, the tip radius is calculated as 122 nm
which is similar to the half cellular spacing measured as 132 nm
(Fig. 2c). Fig. 9c exhibits the contribution of different undercooling to
total undercooling. For small total undercooling, the solutal
undercooling contributes significantly to total undercooling. For large
total undercooling, the thermal undercooling and kinetic undercooling
contributes much to total undercooling. Fig. 9d shows the relationship
between liquid solute content and solid solute content with total
undercooling. It is observed that with increasing total undercooling to
392 K, both the liquid solute content and solid solute content ap-
proaches to the melt composition C0, and solidification front velocity
is calculated as 82 m/s which is faster than the solute atom diffusivity
approximately 10 m/s. The solute trapping effect is obvious. This is ap-
plied for the fine droplets with initial large undercooling. For the drop-
lets with size larger than 5 μm, the total undercooling decreases with
proceeding solidification due to recalescence, thus the solidification
front velocity decrease, the planar interface will break down into cellu-
lar structure.

4.4. The effect of the particles on the microstructure of composite powders

In the present case, the TiB2 nanoparticles are uniformly distributed
in the powders. The particles are located either at the grain boundaries
(Fig. 6a) or within grains (Fig. 6b). The location of the particles depends
on the solidification front velocity (SFV). If the SFV reaches a critical
value, the TiB2 particles will be engulfed by the interface and located
within grains. There are a variety of models or numerical solutions
predicting the critical engulfment/pushing transition velocity Vcr, such
as Stefanescu model [42], SAS model [43] and Sen et al. [44]. All of the
models predict the inverse proportionality of Vcr to the particle size. In
the present case, the SAS model is used as the following expression in
view of the planar solid/liquid interface:

Vcr ¼ Δγ0a
2
0

3ηαRd
ð28Þ

where a0 is the atomic diameter of thematrix, η is the liquid viscosity, α
is the ratio of thermal conductivity, d is the particle/interface separation
and Δγ0 = γSP − γLP − γSL, γSP, γLP and γSL are interfacial energy be-
tween solid/particle, liquid/particle and solid/liquid respectively. The
TiB2 particles are in 25–500 nm radius according to our previous study
[45] and themodeling parameters are listed in Table 2 [46]. It is required
a SFV of at least 65 mm/s to engulf all of the nanoparticles. According to
the predicted relationship between the undercooling and front interface
velocity (Fig. 9), theminimum undercooling of the 33 K is required. The
initial undercooling for most of droplets during atomization satisfies
this requirement according to the above analysis. Therefore, it is pre-
dicted that the nanoparticleswill be engulfed by the interface and locate
within grains as Fig. 6b. However, there are many TiB2 particles pushed
into the grain boundaries (Fig. 6a) which disagree with prediction. This
discrepancy is also found by Lavernia [47] on the interaction mecha-
nisms between SiC particles and atomized aluminum alloy droplets by
co-atomization. This discrepancy can be explained in two ways:
(1) The SAS model is based on the assumption of the planar interface.
This assumption is applicable when the particles are greatly finer than
the curvature of the solid/liquid interface especially in the case of cast-
ings. However, the Vcr will tend to be infinite when the particles size is
comparable with the curvature of the interface especially in the case
of atomization. Thus these particles will be pushed into grain bound-
aries; (2) the relationship between undercooling and droplet size is
based on the absence of potent catalytic sites. In the present work, the



Fig. 11. (a) The illustration of the dendrite/cellular growth in the alloy droplet; (b) the illustration of the interaction of particles with the solid/liquid interface; (c) the schematic overview
of the microstructure development for multiple nucleation.
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solid may preferentially nucleate at the surface of TiB2 particles. As it
was mentioned above, the nucleation cannot be suppressed until large
undercooling due to heterogeneous nucleation. The nucleation can
even occur at the small undercooling of 0.02TL (Fig. 10) and thus inter-
face front velocity cannot satisfy the demand of engulfing the
nanoparticles.

Compared to the complex microstructures of the alloy powders, the
microstructure of the composite powders is nearly equiaxed. Generally,
the effect of particles on themicrostructure of the powders can be sum-
marized as follows:

(1) The temperature gradient in front of the solid/liquid interface is
disturbed by the particles. In the directional solidification process
of alloys, the columnar grains develop along the most heat ex-
traction direction under a large thermal undercooling [48,49],
as illustrated in Fig. 11a. During the process of solidification of
composite droplets, the interface shape and thermal field are in-
fluenced by the thermal conductivity ratio between the front TiB2
particles to Al [50–52] as shown in Fig. 11b. In the present case,
the thermal conductivity of TiB2 is lower than that of Al. The dis-
sipation of latent heat from the solid/liquid interface is prevented
by the densely packed particles in front of the interface, which
leads to temperature increment at the interface. Therefore, the
interface instability would be suppressed.

(2) The particles engulfed by the solid/liquid interface can act as het-
erogeneous nucleation sites. There are many studies investigat-
ing the heterogeneous nucleation of inoculated aluminum
alloys with Al-Ti-B master alloy [13–15]. With the addition of
Al-Ti-B master alloy, the spacing of columnar/dendrite grains
gradually refined. With the further addition of master alloy, a
fully equiaxed grain structure was eventually formed. The het-
erogeneous nucleation mechanisms for TiB2 particles have been
investigated both by experiments and molecular dynamics
modeling [15,53]. It was indicated that the aluminum crystals
were preferentially nucleated on the {0001} surfaces of the TiB2
particles confirmed by TEMobservation. Although the aluminum
crystals are preferentially nucleated at larger TiB2 particles rather
than nanoscale TiB2 particles, there are still a large number den-
sity of available large TiB2 particles. Therefore, multiple nucle-
ation events are supposed to occur in the present case. As it
was mentioned above, with increasing nucleation sites, the pro-
portion of equiaxed grains increases due to impingement of cel-
lular microstructure. Fig. 11c shows the illustration of
impingement of cellular/dendrite grains when the multiple nu-
cleation events occur.

5. Conclusion

In this study, the Al-Zn-Mg-Cu alloy powders and TiB2/Al-Zn-Mg-Cu
composite powders were fabricated by gas atomization. The different
microstructures of the alloy powders including featureless structure,
cellular/dendrite and equiaxed grains were experimentally observed.
In the large powders, the powders exhibit equiaxed microstructure. In
the powders in the range of 7–40 μm, the powders exhibit dendrite/cel-
lularmicrostructure. In the powder smaller than 1.8 μm, the solute trap-
ping behavior occurs within the powder. And the microstructure
transition occurs within the powders in the range of 1.8–7 μm. The
droplet history ismodeled by Newtonian thermokinetics and the nucle-
ation temperature as a function of powder size is determined. The crit-
ical condition for solute trapping (homogeneous nucleation) is
discussed based on the critical undercooling, critical cooling rate and
the interface velocity which is estimated by the BCT model. The hetero-
geneous nucleation and non-planer solid/liquid interface influence the
engulfment of the particles by the interface, which results in the loca-
tion at the grain boundaries for TiB2 particles. The disturbance of tem-
perature field in front of the solid/liquid interface and multiple
nucleation events give rise to the totally different microstructure of
the alloy powders and the composite powders.
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