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Abstract

Thermal barrier coatings (TBCs) are widely used to increase the working temperature and improve the high-temperature corrosion
resistance of base materials. Thermal spraying methods such as air plasma spraying (APS) are convenient techniques to deposit TBCs.
This work examines the rapid solidification of APS-deposited yttria-stabilized zirconia (YSZ), by modeling the non-equilibrium solidi-
fication of a single molten particle. The model solves the so-called hyperbolic equations for heat and mass transfer to predict interface
undercooling and velocity as a function of time, and also predicts the morphology of the solidification front (and thus the microstructural
characteristics of rapidly solidified YSZ) as a function of interface velocity. Results are presented of a single particle solidifying onto a
steel substrate, and onto a previously deposited particle. The numerical results are also compared to experimental data of the microstruc-
ture of a YSZ splat deposited by APS, to validate the model.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal barrier coatings (TBCs) are widely used to
increase the working temperature, improve the high-tem-
perature corrosion resistance, and protect the base materi-
als of high-temperature turbine and engine parts for
aircraft and diesel vehicles. The substrate materials in these
applications are usually superalloys; the TBC consists of a
thin bond coat that serves as an intermediate layer, and a
relatively thick ceramic top coat. The ceramic heat-insulat-
ing layer can reduce the surface temperature of hot sections
by as much as 100–200 �C [1].

In general, TBCs should have a low thermal conductiv-
ity, adequate adherence (which is a function of good inter-
particle bonding and a strong coating–substrate bond), a
coefficient of thermal expansion (CTE) similar to that of

the substrate, resistance to mechanical stresses that can
result in cracking and loss of coating, adequate stabiliza-
tion to inhibit structural transformation during engine
operation, resistance to high-temperature oxidation of the
coating and coating–substrate interface, and repairability
during manufacturing and after service operations.

Among various types of ceramic TBC materials, zirco-
nia ceramics (ZrO2) possess some of these characteristics,
and have excellent mechanical properties such as high frac-
ture strength and toughness. They have a high CTE, simi-
lar to that of typical base materials, and low thermal
conductivity. Unfortunately, zirconia coatings exhibit deg-
radation of mechanical properties due to solid phase trans-
formations at various temperatures. Zirconia has three
stable crystal structures (allotropy) at atmospheric pressure
depending on temperature: monoclinic below 1170 �C,
tetragonal between 1170 and 2370 �C, and cubic above
2370 �C up to the melting point (2680 �C) [2]. Tetragonal
zirconia exhibits high toughness and strength, but to avoid
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failure of a zirconia coating during thermal cycling the
tetragonal phase must be stabilized to suppress the tetrag-
onal-to-monoclinic transformation upon cooling below
1170 �C. Usually between 6 and 10 wt.% yttria (Y2O3) is
used to stabilize zirconia. Yttria-stabilized zirconia (YSZ)
coatings are widely used as TBCs for turbines and diesel
engines because of their high-temperature phase stability,
low thermal diffusivity, and high CTE [3,4].

Two methods are widely used to deposit TBCs: atmo-
spheric plasma spraying (APS) and electron beam physical
vapor deposition (EBPVD). The advantages of using APS
to deposit YSZ include a high deposition rate that can eas-
ily yield thick coatings of a few millimeters, and the forma-
tion of porosity in these coatings. In APS, the coating
material is injected as powder particles into a high-temper-
ature, high-velocity environment generated by a DC arc
plasma, that then melt and accelerate towards the sub-
strate. Upon impact, the particles solidify rapidly at condi-
tions that are far from equilibrium.

When the cubic phase of YSZ undergoes a diffusionless
transformation to the tetragonal phase (see Fig. 1), any of
the cubic phase axes can become the tetragonal axes, and
so one would expect three variants in the equilibrium tetrag-
onal phase. Liquid YSZ can also nucleate directly to the
tetragonal phase due to undercooling, but then the only
tetragonal variant axis one would expect would be along
the direction of grain growth, due to the isotropy of crystal-
lization. Chraska and King [5] used transmission electron
microscopy to study the microstructure and phase of single
YSZ splats sprayed on a smooth hot surface, and found

columnar grains of a metastable tetragonal phase that
lacked at least one of the variants, which indicates that the
tetragonal phase was formed directly from the liquid phase.

Plasma-sprayed TBCs are an agglomeration of numer-
ous splats of molten and partially molten particles that
are connected by mechanical and metallurgical bonding.
The boundaries between splats are associated with porosity
and microcracks. Thus, the microstructure and properties
of a TBC coating, as characterized by grain morphology,
grain size, and microsegregation, are directly related to
individual splat morphology and crystal structure, and
the adhesion between the TBC and substrate as well as
between individual splats. A variety of factors affect the
solidification behavior of a splat: in-flight particle charac-
teristics such as temperature and velocity, the substrate
material and its surface properties (including temperature
and roughness), and the thermal contact resistance caused
by gases and solid impurities trapped at the splat–substrate
interface [4,6–8]. For an overview of thermal spray splat
formation, see the review by Chandra and Fauchais [9].

In recent years, several experimental studies (e.g. [6–8])
have examined the microstructure of an APS deposit, focus-
ing on the final morphology of solidified splats and the asso-
ciated solidification behavior, to gain a better understanding
of the fundamental mechanisms of rapid solidification and
microstructure formation during plasma spraying. In this
study we examine YSZ single splat solidification, both
experimentally and numerically, to visualize how rapid
solidification influences grain formation in the microstruc-
ture. The grain structure of a single YSZ splat was studied
experimentally using a focused-ion-beam (FIB) microscope.
The numerical model was then used to simulate the rapid
solidification of a splat, both on a substrate and on a previ-
ously deposited splat, to study grain formation and local
non-equilibrium effects related to the solid–liquid interface
velocity, and capillarity effects were also modeled, to predict
grain size and to validate the numerical results. The model is
built on that of Wang et al. (e.g. [10,11]). Finally, it should
be noted that others too have developed models of rapid
solidification of other thermal sprayed materials (e.g.
[12,13]), that also attempt to link predictions of interface
velocity and undercooling to microstructure.

2. Experiments

2.1. Experimental procedure

YSZ was sprayed with a SG-100 plasma torch (Praxair,
Concord, NH, USA). The APS operating parameters and
conditions are summarized in Table 1.

Single splats of agglomerated ZrO2–8%Y2O3 powder
(Metco 204B-NS, Sulzer Metco, USA), with particle diam-
eter between 45 and 75 lm, were collected on stainless steel
substrates (20 mm � 20 mm � 1.4 mm thick). The sub-
strates were polished (the arithmetic average height of the
roughness was 0.19 lm [4]) in order to obtain uniform
splats that could more easily be analyzed. The substrates

Fig. 1. Phase diagram for the zirconia-rich portion of the zirconia–yittria
system [5].
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were maintained at a constant temperature of 300 �C by
using a J-type thermocouple, an electrical heater, and a
temperature controller. This is above the so-called “transi-
tion temperature” of YSZ [6], above which splat deposition
is characterized by less splashing and so yields splats that
are more disk-shaped than fragmented.

Fig. 2 illustrates the experimental setup. A shielding
plate with a 2 mm hole in the center was used to obtain rel-
atively uniform particle conditions, by isolating single par-
ticles traveling along the center of the plasma plume. The
stainless steel substrate was positioned behind the shielding
plate, for a total spraying distance of 50 mm. By sweeping
the substrate through a stream of particles, individual
splats were collected on the substrate. Particle conditions
upon impact were monitored by a DPV-2000 system (Tec-
nar Ltd., Montreal, Canada). Particles at 50 mm from the
plasma gun had a velocity of 125 ± 21 m s�1 and a temper-
ature of 2592 ± 189 �C.

Individual splats were cross-sectioned by a FIB milling
machine (Micrion Corporation, Peabody, MA, USA)
equipped with a scanning electron microscope to image
the cross-section. To explore the grain structure in the
splats, the cross-sections were polished and etched by Ga
ions using the FIB machine.

2.2. Experimental results

Micrographs in Fig. 3 show the top view and cross-sec-
tion of a single YSZ splat deposited on a polished stainless
steel substrate at 300 �C. Fig. 3a illustrates the final mor-
phology of the splat after impact. The final diameter is
approximately 180 lm. Splat curl up can be observed at
the edges of the splat, and finger formation and splashed

particles can be clearly seen. The cross-section AA of the
same splat is illustrated in Fig. 3b. The very bottom of
the splat is a thin layer of a very fine equiaxed grain micro-
structure (average grain size <100 nm), that formed when
the molten droplet first impacted the substrate. Above this
equiaxed layer, a columnar grain morphology (average
grain size <100 nm) is visible.

We focus in this paper on the growth of the columnar
grain morphology, which begins when the temperature of
molten YSZ atop the equiaxed layer reaches the nucleation
temperature. The nucleated grains grow laterally until the
layer is completely covered, and then columnar grains
begin to grow in the direction opposite the heat flux. At this
stage, the temperature gradient is very high, and so the
columnar solidification is partitionless, and the interface
planar. The heat of fusion released during this initial solid-
ification increases the temperature of liquid above the solid-
ified layer, and so the subsequent growth rate is limited by
the rate of heat transfer, suppressing nucleation and leading
to columnar crystal growth. There is then competition
between grains: the average column above the equiaxed
structure (Fig. 3b) is around 100 nm wide. The final grain
size depends on the nucleation density and on the lateral
competition, and will be analyzed numerically [14].

3. Numerical simulation

3.1. Governing equations, boundary and initial conditions

During the rapid solidification of APS-deposited YSZ,
the solidification front grows much more quickly than dur-
ing an equilibrium solidification process [11]. Yet YSZ has
a low diffusive speed V D � 1 m s�1 [11]. As a result, use of
the traditional Fourier’s and Fick’s laws is questionable,
because they assume an infinite velocity of heat and mass
propagation [15]. A more general approach is a hyperbolic
model obtained by adding a relaxation term (proportional
to a relaxation time sD) to the standard parabolic diffusion
equations. sD may be thought of as the time interval neces-
sary for atoms on the liquid side of an interface to jump
onto the neighboring solid lattice, and can be defined as
sD � D

V 2
D

, where D is the mass diffusivity and V D is the dif-
fusive speed.

The addition of relaxation terms to Fourier’s and Fick’s
laws results in more general diffusion equations. Combin-
ing these laws with equations for conservation of energy
and concentration yields the following hyperbolic equa-
tions [15]:

@T j

@t
þ sD

@2T j

@2t
¼ ajr2T j ð1Þ

@Cj

@t
þ sD

@2Cj

@t2
¼ Djr2Cj ð2Þ

aj ¼ jj

qjCpj
is the thermal diffusivity, the subscript j represents

one of the phases, j the thermal conductivity, q the density,
and Cp is specific heat at constant pressure. Notice thatFig. 2. Experimental setup for single splats collection.

Table 1
APS process parameters.

Gun SG-100
Current (A) 630
Total gas flow rate (Ar/He) (slpm) 50/20
Powder carrier gas (Ar) (slpm) 9.5
Feed rate (g min�1) 8
Spray distance (mm) 50
Substrate temperature (�C) 300
Plasma gun thermal efficiency (%) 40–45
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when sD is zero, the above equations revert to the standard
parabolic ones, which are appropriate for near-equilibrium
solidification.

To analyze the extent of non-equilibrium behavior is to
compare the magnitudes of the solid/liquid interface velocity
V i and the diffusive speed V D of the melt. When V i is compa-
rable to but smaller than V D, solute propagation is a joint
process of diffusion and wave propagation [16]. As V i

approaches V D, the wave mechanism dominates. When
V i > V D, diffusion in the liquid ceases, and solidification is
then diffusionless. Hence, the extent of non-equilibrium
behavior is related to the relative magnitudes of V i and V D,
and if these velocities are comparable, then concentration-
induced non-equilibrium effects will be more pronounced.

Eqs. (1) and (2) are solved across a thin molten layer
that suddenly contacts a substrate, subject to initial,
boundary and dynamic interface conditions. The initial
conditions are:

T ðx; 0Þ ¼ T o; Cðx; 0Þ ¼ C0; Jðx; 0Þ ¼ J Cðx; 0Þ ¼ 0 ð3Þ
where T 0 and C0 are the initial temperature and concentra-
tion, and J and J C are temperature and concentration
fluxes. At the upper surface of the splat (x = b):

Jðb; tÞ ¼ J Cðb; tÞ ¼ 0 ð4Þ
At the base of the splat, we simplify the thermal bound-

ary condition by introducing a heat transfer coefficient h

and a substrate temperature T1, and assume no mass
transfer:

Jð0; tÞ ¼ h½T ð0; tÞ � T1�; J Cð0; tÞ ¼ 0 ð5Þ
The assumption that splat cooling occurs entirely

through the substrate has been well-justified previously
(e.g. [17]). Dynamic interface conditions include expres-
sions of energy and concentration conservation, and an
interface undercooling condition. The energy conservation
equation is:

L � C�1
P � V i ¼ J L � J S ð6Þ

where L is the latent heat, and J L and J S represent the heat
fluxes from the liquid and solid sides of the solidification
front. The corresponding conservation equation for con-
centration is:

ðCL � CSÞ � V i ¼ J CL ð7Þ
where CL and CS are the solute concentrations on the liquid
and solid sides of the solidification front, related via the
partition coefficient: CS ¼ kf CL. J CL is the concentration
flux on the liquid side; we assume the flux on the solid side
to be zero, since the mass diffusivity within the solid is or-
ders of magnitude less than within the liquid.

The interface undercooling condition is an extra con-
straint on the governing equations [11]:

T i ¼ T m þ m � CL � V i=lþ C � K ð8Þ
T i is the interface temperature, T m the equilibrium melting
temperature, m the slope of the non-equilibrium liquidus, C
the capillarity constant, K the mean curvature of the grain
tip, and l is the kinetic coefficient of interface motion.

What remains is to specify the partition coefficient kf

and the liquidus slope m as functions of the equilibrium
values ke and me; we used the expressions derived by Gale-
nko and coworkers [18] that are functions of V i=V D:

kf ¼
keð1� V 2

i =V 2
DÞ þ V i=V D

1� V 2
i =V 2

D þ V i=V D
; V i < V D ð9Þ

kf ¼ 1; V i � V D ð10Þ
Note that the second expression indicates complete sol-

ute trapping when the interface velocity exceeds the diffu-
sion velocity. Similarly,

m¼ me

1� ke
½1� kf þ lnðkf=keÞþð1� kÞ2ðV i=V DÞ�; V i < V D

ð11Þ

Fig. 3. Micrographs obtained from a FIB microscope: (a) top view of a single splat and (b) cross-section of a splat, showing both equiaxed and columnar
grain microstructures.
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m ¼ me ln ke

ke � 1
; V i � V D ð12Þ

3.2. Predicting morphology and grain size

In addition to solving for the temperature and concen-
tration fields and the interface velocity, we also wish to pre-
dict the morphology of the solidification front, which can
be planar, dendritic, or cellular, and the grain size, the cal-
culation of which depends on the morphology.

If the solid/liquid interface is initially planar, then the
grain size is directly related to the nucleate size, because
in this case there is no competition between grains. If, on
the other hand, the solid/liquid interface is initially cellular,
or transforms from planar to cellular, then neighboring
grains compete as they grow, and the grain size must be
calculated based on marginal stability theory.

To determine the grain size for a planar interface, nucle-
ation theory is required, as the grain size is determined by a
balance between the nuclei density and the nuclei growth
rates at the onset of solidification. The theory can be simply
explained: on the one hand, the average nucleation rate per
unit area depends on the nucleation temperature and und-
ercooling; on the other hand, the nuclei density depends on
the nuclei growth velocity and the time required to cover
the substrate surface. Combining these relations, the aver-
age grain size k can be written as [5]:

k3 ¼
8a 1� exp � LDT r

RT

� �� �
pn exp � c

DT 2
r RT i

� � ð13Þ

where DT r is the curvature-induced undercooling, a the
interatomic spacing, R the universal gas constant, n is the
nucleation site density, and c is a constant.

From Eq. (13), Chraska and King [5] obtained an aver-
age grain size as a function of melt undercooling for YSZ
splats quenched on a steel substrate. As indicated in
Fig. 4, the average grain size decreases as the nucleation
temperature drops; for grain sizes less than 100 nm, the
nucleation temperature is less than 2100 �C.

If the solid/liquid interface is initially cellular or trans-
forms from planar to cellular, then the grain size must be
determined via theories of microstructural transition. In
what follows, we briefly present a length scale-based theory
that identifies the dominant physical mechanism behind the
transition that occurs during the rapid solidification of
YSZ. We follow that with expressions for grain size
obtained from stability theory.

Fig. 5 [19] illustrates the relationship between the solid-
ification front morphology (planar, cellular and dendritic),
the temperature gradient, and the interface velocity. When
the temperature gradient is low, a sequence of microstruc-
tural transitions occurs as the interface velocity increases:
planar to cellular to dendritic, then back to cellular, and
finally planar. As the temperature gradient increases, the
initial planar to cellular transformation occurs at increas-
ingly higher interface velocities. Finally, there is a critical

velocity on the order of the diffusive speed beyond which
the interface is planar regardless of temperature gradient
that leads to solute trapping.

These transitions have been associated with various
characteristic lengths [20]. Specifically, the planar to cellu-
lar transition at high interface velocity is driven by the
interplay of solutal diffusion and capillarity effects, and
the transition is said to occur when lD � kd0 (lD ¼ D=V i

is a solutal diffusion length, d0 ¼ C=DT s is a capillarity
length, C is the Gibbs–Thompson coefficient, k is the parti-
tion coefficient, and DT s ¼ �mðCL � CSÞ is the constitu-
tional undercooling). Based on this argument, the
following is an order-of-magnitude expression for the cellu-
lar spacing k [20]:

1

k2
¼ 1

lDd0

� 	
r	 � 1

lT d0

� 	
r	 ð14Þ

Fig. 4. Average grain size (width of columnar grains) as a function of the
melt undercooling, for a YSZ splat quenched on a steel substrate [5].

Fig. 5. Interface morphology (planar, cellular dendritic) transformations
[19].
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where r	 is a constant and lT a thermal length. Eq. (14) re-
lates grain size to mnCGC � G (nC a concentration stability
parameter; G and GC represent the temperature and con-
centration gradients on the liquid side of the interface)
and to the effect of capillarity, proportional to C.

A more precise expression for the grain tip radius
Rð� kÞ can be determined from marginal stability analysis
[21], by relating the stability limit of the capillarity effect to
the shortest wavelength of a perturbation:

R ¼ C0:5 4p2mnCGC
ðW� 1Þ

W


 ��0:5

; V i < V D ð15Þ

where

W ¼ mnCGC
jL

jLþjS
nLGL þ jS

jLþjS
nSGS

ð16Þ

Note that W is the ratio of a concentration gradient term

(mnCGC) to a temperature gradient jL
jLþjS

nLGLþ
�

jS
jLþjS

nSGSÞ
term; the three n are stability parameters defined by Trivedi
and Kurz [21]. Similar to Eq. (14), Eq. (15) also relates the
cellular to planar transformation to C, G and GC.

Returning to APS-deposited YSZ, when a molten parti-
cle impacts a substrate, the liquid cools beneath the equilib-
rium melting temperature, while the solute remains
uniformly distributed, and so W
 1 because the tempera-
ture gradient is much larger than the corresponding con-
centration gradient. Eq. (16) then yields no real solution,
which implies that the initial solidified interface is planar.
Once solidification begins, solute quickly accumulates on
the liquid side of the interface and the local concentration
gradient increases; at the same time the temperature gradi-
ent decreases as latent heat release compensates for the
heat loss to the substrate; the combination of these two
trends drives W! 1. The planar to cellular transformation
occurs when W ¼ 1, when Eq. (16) begins to yield a pair of
real solutions for the grain size, that correspond to the
upper and lower limits of the size range.

4. Numerical results and discussion

The governing Eqs. (1) and (2), subject to the boundary,
initial, and dynamic interface conditions listed above, were
solved numerically in the liquid phase. The equations were
discretized using MacCormack’s method; the moving solid/
liquid interface was tracked via the method of Wang [11].
To solve the concentration equation we used 1000 nodes,
concentrated near the solid/liquid interface to resolve the
concentration gradient. We required only 100 nodes dis-
tributed uniformly to solve the energy equation over the
same domain. Further refinement of the mesh yielded no
further changes in the results, and so the numerical results
presented here may be considered mesh-independent.

The physical properties of YSZ [15] used for the simula-
tions are given in Table 2. Results were calculated for a
10 lm thick splat, admittedly thicker than the splat of
Fig. 3(b) that is about 3lm thick. It should be noted, how-

ever, that our results are characterized by large variations
of temperature, concentration, and interface velocity only
in the first micron or two of the 10 lm splat, and that
the results changed very little when we set the splat thick-
ness to 5 lm. The initial temperature T 0 ¼ 3250 K; the
nominal yttria concentration C0 = 8 wt.%. At the splat/
substrate interface, we prescribed a value of the heat trans-
fer coefficient in the range h ¼ 5:0� 105 to 1:0� 107

Wm�2K�1, that is usually associated with thermal spray
splat solidification. The equilibrium melting temperature
of YSZ is 2950 K [15]; we specified an initial undercooling
of either 150 or 700 K, leading to the onset of grain growth
when the temperature at the splat/substrate interface
initially reached 2800 or 2250 K, respectively. The 150 K
undercooling was also specified by Wang [11]; the 700 K
undercooling comes from Fig. 4, for the grain size we
observed experimentally.

Although we assume that the liquid nucleates directly to
the tetragonal phase during rapid solidification, we used
the value of the equilibrium liquidus slope me ¼ 2:9 that
corresponds to the liquid to cubic transformation from
the YSZ phase diagram (Fig. 1), for lack of other data.
We specified a Gibbs–Thomson coefficient C ¼ 1:0�
10�9 km; we discuss the choice of this value later on.
Finally, we set the kinetic coefficient l ¼ 0:0012 ms�1K�1

[11], and the relaxation time sD ¼ D
V 2

D
¼ 1:0� 10�9 s.

4.1. Splat solidification onto a stainless steel substrate

Profiles of T i and V i are presented in Figs. 6 and 7,
respectively, for four values of h and two values of the und-
ercooling. The profiles depend largely on the magnitude of
the heat transfer coefficient h, whether relatively high
(h ¼ 1:0� 107 and 5:0� 106 Wm�2K�1) or low (h ¼ 1:0�
106 and 5:0� 105 Wm�2 K�1) [17].

Both T i and V i vary most strongly at the onset of solid-
ification, and differences between results as a function of h
are then most pronounced. When h is high, the results vary
little with undercooling, because regardless of its value, T i

drops very rapidly from the initial liquid temperature

Table 2
Physical properties of YSZ used in the calculations [15].

Parameter Units YSZ

Tm K 2950
DL m2 s�1 1.0 � 10�9

Ds m2 s�1 � 10�15

ke 2.1
jL Wm�1 K�1 3
jS Wm�1 K�1 2
CPL J kg�1K�1 713
CPS J kg�1K�1 580
qL kg m�3 5890
qS kg m�3 5890
me K wt.%�1 2.9
Q J kg�1 8.12 � 105

VD ms�1 1
l ms�1 K�1 0.0012
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(3250 K) to 2250–2300 K when h ¼ 1:0� 107 Wm�2 K�1,
and 2250–2450 K when h ¼ 5:0� 106 Wm�2 K�1. At the
same time V i increases sharply, from 0.1 ms�1 to a maxi-
mum of about 0.8 ms�1 when h ¼ 1:0� 107 Wm�2 K�1,
and to 0.6–0.7 ms�1 when h ¼ 5:0� 105 Wm�2 K�1. The
rapid drop in T i only slows when solidification begins; as
the interface accelerates, a strong latent heat release begins,
that compensates for the large heat flux to the substrate
and allows the interface temperature and velocity to
stabilize.

On the other hand, when heat transfer to the substrate is
relatively low, the initial T i and V i profiles do not vary as
dramatically, and are much stronger functions of underco-
oling than h. When the undercooling is only 150 K, the
underside of the splat quickly reaches this temperature
despite the small value of h, but the interface velocity only
increases to slightly more than 0.1 ms�1, and the interface
temperature reaches a minimum value of only 2800 K.
On the other hand, when the undercooling is 700 K and
yet the heat transfer is relatively low, it takes longer for
the underside of the splat to reach the undercooling tem-
perature, and so the interface accelerates much more when
solidification begins. The strong latent heat release then

acts very quickly to slow the interface (because h is lower),
and so both T i and V i approach equilibrium values much
more quickly than if h were higher.

Fig. 8 presents CS vs. position of the solidification front
(plotted on a log scale). Very early on, because the liquidus
slope of YSZ is positive (Fig. 1), the partition coefficient is
greater than one and so CS > C0 for all results. Early val-
ues of CS depend largely on the undercooling: at 150 K,
solidification begins more quickly, interface velocities are
relatively lower, and so solute segration is higher, than
when the undercooling is 700 K. As well, for either value
of undercooling, segregation is higher when h is lower,
again because V i is lower. Also note that the relative differ-
ence between CS profiles when undercooled 150 and 700 K
is larger than the corresponding profiles of T i and V i in
Figs. 6 and 7, respectively, because according to Eq. (8),
CL is related to T i and V i by the coefficients l�1 and m ,
which are both greater than one, and CS ¼ kf CL . Finally,
note that all of the curves show that CS approaches C0

(8 wt.%) at steady state, which confirms mass conservation.
Figs. 9 and 10 illustrate the liquid side temperature and

concentration gradients vs. position of the solidification

Fig. 6. Interface temperature vs. interface position.

Fig. 7. Interface velocity vs. interface position.

Fig. 8. Interface concentration on solid side vs. interface position.

Fig. 9. Temperature and concentration gradients vs. interface position,
for h = 1.0 � 106Wm�2K�1.
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front: Fig. 9 for h ¼ 1:0� 106 Wm�2 K�1 at the two differ-
ent undercoolings, Fig. 10 for 150 K undercooling at two
different values of h. From Fig. 9, the concentration gradi-
ent profiles are largely independent of undercooling; the
profiles increase slightly early on, before reaching a stable
value. Fig. 10 illustrates that the magnitude of the concen-
tration gradients is proportional to h. The temperature gra-
dients, on the other hand, vary dramatically with
undercooling. When undercooling is 150 K, the gradient
decreases gradually from a high value. When the underco-
oling is 700 K, the temperature gradient drops dramati-
cally, reaches a minimum, and then recovers, and
gradually approaches the value of the gradient at 150 K.
The variation of the temperature gradient with h is less dra-
matic; as with concentration, the gradient scales with h.

Fig. 11 illustrates predictions of planar-to-cellular
interface transformations. It turns out that the model only
predicted such transformations within a subset of the
parameter space that we explored. Specifically, we varied
5:0� 105 � h � 1:0� 107 Wm�2 K�1 and 1:0� 10�9 �
C � 1:0� 10�7 mK, but only observed transformations at
low values of h and C ¼ 1:0� 10�9 mK, which is smaller

than typical values usually assigned to C [11]. Referring
to Fig. 11, one can see that the transformations are largely
functions of h. With h ¼ 1:0� 106 Wm�2 K�1, the transfor-
mation occurs when the solidified layer is around 3:2 lm
thick; when h ¼ 5:0� 105 Wm�2 K�1 the transformation
occurs more quickly, at 1:7 lm. In both cases the initial
tip radius is around 20 � 25 nm, although the stable range
at the lower value of h is relatively larger. With
h ¼ 1:0� 106 Wm�2 K�1, the results appear not to be a
function of undercooling at all. With h ¼ 5:0� 105

Wm�2 K�1, small differences can be observed: when the
undercooling is 700 K, there is a planar-to-cellular inter-
face transition at the very first moment of solidification,
and then another transition occurs that reverts the cellular
interface back to a planar interface at about 0:1 lm; the
planar to cellular transition then occurs again, slightly ear-
lier than when the undercooling is 150 K.

How to determine primary cellular spacing is still being
studied [21]. According to Lu et al. [22], the primary cellu-
lar spacing will be about twice the tip radius. Based on this
assumption, the results of Fig. 11 suggest an average initial
cellular spacing of about 40 � 50 nm. Most experimental
results yield similar values for thermal sprayed coatings
(Fig. 3). However, keep in mind that we assumed a very
low value of C in order to predict the transformation. More
realistically, the above results suggest that there is no trans-
formation, which implies that the size of the columnar
grains ought to be determined from nucleation theory
(Eq. (13)).

4.2. Splat solidification onto a previously deposited splat

So far we have presented results of a single splat landing
on a stainless steel substrate. In practice, most splats build
on previously deposited ones, which are either solid or still
liquid. To simulate multiple splat deposition, we assumed
surface temperatures in the range 573–1073 K, and a lower
heat transfer coefficient h ¼ 5:0� 105 Wm�2 K�1, an esti-
mate based on knowing the splat thickness, heat conduc-
tion properties of YSZ, and the thermal contact
resistance between splats. Temperature gradients are pre-

Fig. 10. Temperature and concentration gradients vs. interface position,
for 150 K undercooling.

Fig. 11. Grain tip radius vs. interface position, with C ¼ 1:0� 10�9 mK.
Fig. 12. Temperature gradient vs. interface position, for rapid solidifica-
tion of a splat onto a previously deposited one.
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sented in Fig. 12. As the surface temperature beneath the
splat increases from 573 to 1073 K, the temperature gradi-
ent decreases. The results reveal that the temperature gra-
dient for YSZ is relatively smaller for these cases than
when impacting onto a stainless steel substrate, due to
the lower heat conductivity of YSZ. Finally, we saw no
interface transformation in this set of simulations.

Fig. 13 illustrates that V i decreases as the temperature
beneath the splat increases. The differences between the
V i profiles are almost linearly related to the temperature
of the previously deposited splat. Compared to Fig. 6, V i

for multiple splat deposition is much smaller, and so less
non-equilibrium behavior is expected.

5. Conclusions

This paper examines the heat and mass transfer behav-
ior of a thermal spray YSZ splat in the very short time after
impact onto a substrate, including an analysis of the key
parameters that control the solidification behavior and
yttria distribution within the splat. Coupled to a one-
dimensional interface tracking method, the model effec-
tively simulates non-equilibrium phase change of a binary
system. The heat transfer coefficient is assumed relatively
low, based on experimental observation of oxide layers
existing at the surface of splats; this dramatically influences
the solidification front velocity. The interface velocity and
the interface concentration and temperature gradients are
the main parameters that define the interface morphology.

The paper also presents corresponding experimental
results that show columnar grains in a splat cross-section.

Microstructure predicted from simulation is very close to
that obtained experimentally, when h ¼ 1:0� 106 Wm�2

K�1. Interface transformation from planar to cellular
occurs when the temperature gradient is low. As the cool-
ing rate increases, the planar interface is the dominant mor-
phology of the solidification front. The calculated primary
cellular spacing, which is used to define the grain size is
very similar to experimental results.

Finally, droplets also impact onto previously deposited
splats. Simulation results indicate relatively lower interface
velocities and no interface transformation, because of the
high-temperature gradient.
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Fig. 13. Interface velocity vs. interface position, for rapid solidification of
a splat onto a previously deposited one.
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