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A thermal model for plasma spray deposition of ceramic materials onto metallic substrates has been de-
veloped. The enthalpy-based control volume formulation of the heat transfer processes has been used to
study the temperature evolution in a two-dimensional substrate and in the coating as it is grown. In this
paper, additional melting of ceramic splats after deposition is examined, with a view to predicting the re-
tention of nanostructures in a spray consisting of agglomerated, nanometer-sized particles. Initial results
for thin coatings indicate that when the mean temperature of the incoming particles is close to the fusion
point of the ceramic material, the nanostructure distribution in the coating is largely determined by the
composition of the spray. However, with thicker coatings, additional melting due to prolonged plasma gas
heating combined with increased thermal resistance in the underlying coating leads to a loss of nanos-
tructure.

The purpose of this article is to predict the retention of nanos
tructure in coatings grown by thermal spray deposition process
es. A model is developed that simulates the thermal process
involved in spray deposition. Rather than analyzing the micro
1. Introduction scopic details of the particle deposition and deformation proc

N ) ) esses as well as the thermal phenomena evolving inside eac

Thermal spray deposition of materials for protection of the these particles, a global approach is taken where splat-to-su
substrate against wear, corrosion, and a high temperature envistrate as well as splat-to-splat heat transfer is accounted fc
ronment is a widely practiced industrial process (Ref 1, 2). A re-while the total combination of substrate and coating is subjecte
cent innovation in this area has been the proposed use ofo heating by the spraying plasma (and possibly active coolin
nanostructured ceramic particles, where nanometer-sized partion the back side). Similar approaches have been employed in
cles are reconstituted into micrometer-sized agglomerates suitstudy of spray forming where molten metal droplets are depos
able for spraying (Ref 3). Among the expected benefits of usingited onto substrates of similar materials (Ref 4). Preliminary re
such materials is a possible increase in thermal resistance, whickults from the present model have been reported elsewhere (R
makes them attractive for application in the production of ther- 5). For completeness, the key features are summarized in the f
mal barrier coatings (TBCs). An increase in wear resistance andowing paragraphs.

a decrease in machining requirements are also expected.

Spraying nanostructured particles adds a new set of con- . .
straints to the already complex array of process control parame-2' The PhyS|CaI and Numerical Model
ters: Overheating can partially or totally melt the agglomerated .
particles, leading to a partial or total loss in the nanostructure.2.1 Physical Model

Conversely, underheating can lead to a decrease in deposition e physical domain of the model consists of a two-dimen
efficiency, leading to high loss rates during spraying as well asgjonal substrate_( = 12.5 mmx L, = 3.18 mm) that has a step
poor adhesion characteristics at the coating-substrate interfacebhange in its thickness at its mid-poirt( 0) toL,/2 (Fig. 1).
Therefore, identifying the optimum operating window is a criti- The substrate is sprayed on its plane side with a moving plas
cal issue. gun. Substrates of uniform thickness were studied previously i
Ref 5, and the variations in temperature distribution were foun
I. Ahmed andT.L. Bergman, University of Connecticut, Contact e- {0 be nearly symmetric around= 0. A nonuniform thickness
mail: iahmed@engr.uconn.edu. was chosen in this study to consider the additional thermal e

Keywords melting, nanostructured coatings, process modeling,
solidification, thermal plasma sprays

Table 1 Properties of the solid materials used in the simulations

Material k, W/m K Cp, Jkg K p, kg/m3 AH;, J/kg T;, K €
AISI 302 254 610 7900 0.26x 1P 1670 0.35
Alumina 7.85 1210 3970 1.07x 1 2300
7YSZ 2.4 620 5700 0.70x 1P 2980 0.25

Data compiled from Ref 13-15
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fects on the substrate temperature distribution because it isarticles and the spatial variation in deposition efficiency are
likely that many objects will have some kind of variation in their taken into account by using normal (Gaussian) distributions
thicknesses. around reference points. All particles are assumed to be of the
The substrate material was AIS| 302 stainless steel with a 30same sizel§, = 50um), and the deposited particles are assumed
pm thick alumina bond coating. The material sprayed was yttria to impact at the same velocity{= 100 m/s). These assump-
(7 wt%) stabilized zirconia (7YSZ). Table 1 provides a summary tions lead to the further idealization that all particles deform
of the relevant properties of these materials. It should be notedequally (the resulting splat size be#itfl0x 5.33um, after Ref
that the thermal conductivity for 7YSZ is the value for the solid 6). The kinetic energy (k.e.) of the deposited particle is assumed
form and not for nanostructured agglomerates because accuratg be converted to the internal energy of the corresponding splat,
data is still not available. thatis,0Hy o = JJprvs .
The flight histories of the particles in plasma are not simu-  Since the possibility of voids forming in the coating is not
lated in this work. Rather, the temperature variation of depositedconsidered, the splats are modeled to be stacked uniformly in ad-
jacent rows and columns. A constant valudgf,= 10?0

Nomenclature K/W is used on all sides of the splats that are in contact with
other solid material (Ref 7).
C, Specific heat, J/kgK The width of the Gaussian deposition pattern for the splats is
D Diameter, mm specified through a standard deviationogf= 4 mm with re-
fL  Splatliquid fraction, instantaneous spect to the plasma gun axis; the maximum deposition occurs
fs  Solid fraction, retained (=1fr mayatt — o) under the gun axis at a ratefoE 1 mm/s. These values were
h Local convection coefficient, W/ chosen to be as realistic as possible upon examination of sam-
h  Average convection coefficient, WAiK ples sprayed at an in-house facility.
H  Enthalpy, Jim As mentioned previously, the particle temperatures are as-
k  Thermal conductivity, W/nitK sumed to have a Gaussian distribution around a specified mean
LpassSpraying gun sweep length per pass, mm value. A random variation in particle temperatures is achieved
Lstgr Gun to substrate stand-off height, mm (Fig. 1) by dividing the total range of the temperature (covering 99% of
Ly Substrate width, mm (Fig. 1) the population) into 10 K bins and choosing values of tempera-
L, Substrate thickness, mm (Fig. 1) tures at the center of each bin through the use of a standard ran-
g’ heat flux across domain boundaries dom number generator in a Monte Carlo scheme.
Re.th Thermal contact resistance? ikK/W The plasma heating characteristics are determined on the ba-
t Time,s sis of empirical results with hot air jet®;(= 8 mm,V; = 300
T  Temperature, K m/s) discharging into a room temperature atmosphere and im-
T  Mean temperature of incoming particles, K pinging onto a flat surfacé §q¢= 80 mm) (Ref 8, 9), while the
V  Velocity, mm/s plasma gas transport properties are estimated for a mixture of
X Horizontal coordinate, mm (Fig. 1) 80% Ar-20% h discharging affj = 10,000 K (Ref 10). This
X' Distance from plasma gun axis, mm (Fig. 1) configuration leads to the local valuesigi{x = 0)= 800 Winf O
z  \Vertical coordinate, mm (Fig. 1)
Greek symbols ~Z% >.
I Maximum coating growth rate, mm/s Plasma Gun Movement
AH; Heat of fusion, J/kg
i — - D
€ Emissivity l i
6  Base case coating thicknes283um z

p  Density, kg/rﬁ
op Standard deviation in deposition pattern, mm
o7 Standard deviation in particle temperature, K

Subscripts Plasma Gas Heatlin L
® stdf
b  Back surface of substrate Coating ¢ ‘
¢  Coolant = . >
gun Spraying gun L, t Substrate | x
i Initial, t=0 |
i Plasma jet, at exit ~t L, -

f Fusion temperature
p  Sprayed particle

plas Plasma gas at substrate T T f T T T
s  Deposited splat

surr Surrounding environment . .
v Backside Cooling

t Top surface of coating
Fig. 1 A schematic representation of the plasma spray coating setup
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K, andTpadx = 0)=5700 K, respectively, decreasindnfps= 540 gun was assumed to be moving parallel to the width of the sulliy;
W/m? [K and Tplas= 5400 K at X= 12 mm, respectively. strate withVgyn= 250 mm/s antipass= 25 mm (=2,), with the ‘(g
The back of the substrate is assumed to be cooled by naturatenter of the sweep coinciding with that of the substrate. Thi
convection to ambient air, witl, = 10 W/nf [K andT,, - 300K. gun was placed to the right of the substrate at the beginning §
Radiation exchange between the exposed coating as well as theach simulation. %.
back of the substrate and the surrounding environmentat T Sprayed particles were assumed to arrivie=alls (=2980 K s
= 300 K) is also considered. Heat transfer through the edges ofor zirconia) with 6ot = 200 K. The base case was run for 1 s of (¥4}
the substrate and coating, however, is neglected. spraying time, which amounted to a total of ten back-and-fort
sweeps of the plasma gun. The resulting coati2§0m thick
2.2 Numerical Scheme (53 layers of splats), is flat for almost the entire width of the coat

Th ical algorithm for th dicti fihet | ing, except at the edges. This is the result of a combination of t
e numerical algorithm for the prediction of the time-evolv- particular values of the spread in deposition patiep=(L,/3),

ing temperature is based on an explicit enthalpy formulation s : . _ f
" . praying gun sweeping lengthjtss= 60p), and gun traversing
(Ref 11) of the finite volume method (Ref 12). Detailed asDeCts.veIocity used in this study.

of the scheme as applicable to the present model can be found in Figure 2 shows the temperature distribution in the substrat

Ref 5. Only a summary is provided here. and the coating (the thickness of the latter being magnified by

In short, the substrate (as well as the bond coating) is diVidedfactor of 10 for clarity) at the end of 1 s. For comparison, a sub
into discrete control volumes (CV), each of which is assumed to . Y : P -~
strate of uniform thickness sprayed under the same conditio

be at a uniform local temperature. Heat transfer between neigh . AR .
P 9 has also been included in this figure. The effect of nonunifor

boring CV is computed on the basis of Fourier’s law of conduc- ) . .
substrate thickness shows up in the higher overall temperatur

tion and a linear variation in temperature between the centroids . - 7
of each CV. The statement of conservation of energy is ex. N the thinner section. Temperature variation is also more two d

pressed in terms of the specific enthalpy of the material of ther.nensional in this section._The thicker section,.conversely, ac
CV concerned: like a buffer between the high temperature coating on the top a

the ambient air at the bottom. A similarity of the temperature
oH/ot = 00 TkyT) (Eql)  variation near the left end of this section to that of the corre
sponding area of the uniform substrate may be noted.

whereH is: o(T=Tp) T<T Temperature distributions in the coatings are relatively mor
PCp f f uniform across the width of the coatings, and these distributio
H= fLpAH; Ti<T<Ts+1 O<f <1 : : . .
AH: + peo(T—T) T>T+1 (Eq2) are almost identical for both the nonuniform and the unifor
PAR P f f substrates. Irregularities evident in the isotherms near the top
with the reference enthalpl,e;= 0 atT =Ty, andi = 108 K. the coating indicate recent depositions of hot splats. Higher te
The value ok is determined via the valuesioindRg i peratures toward the right end are a consequence of the locati

In the coating, new CVs (conforming to the shape of the Of the spraying gun (the gun is back toward the right end of th
splats) are added as the spraying simulation progressed and th@mple at the instant of this snap shot) and not as much a res
boundary conditions are modified in an appropriate manner. Forof the nonuniform thickness of the SubStrate, as observed fro
example, at the top of the coating, heat flux into the exposedsimilar trends in the coating with a uniform substrate.
splats isq" = hpjad Tplas— To) + SIG(T‘;’U"‘ Tf)§ the quantities F!gure 2 also shpws the distribution of mplten splz.its in th
hplas= hpladX') and Tpjas= TpiadX)are continuously updated to coat|_ng. Here, the light areas mark splats with a retained soli
reflect the lateral movement of the plasma gun. For the back offraction offs> 0.99, wherdsis defined as 1 f maxatt — o
the substrate, the heat flux out of the domain is (namely, the maximum solid fraction retained by a splat during
q" =ho(Tp = Too) + sbo(Tg - Tfs"u"). All simulations are started the entire period of the spraying process followed by a short p¢
with initially uniform temperature in the substrafes= Tgy; riod of cooling as tracked at the end of the spraying simulation

Since the smallest CVs in the domain of computation repre- Since the normal distribution in temperature was centere
sent whole splats, and further discretization of these splats is notiroundT; (partially molten particles or particles at exadiyput
attempted, phenomena related to phase changes inside thesmmpletely in the solid phase was not considered), the number
splats (such as nucleation, solid-liquid front movement, etc.) areparticles at arrival prior to deposition was equally divided into
not considered. Therefore, the transport of thermal energy is assolid (. = 0) and liquid f = 1) phases. However, no splat that
sumed to be dictated by pure conduction (with neighboring was deposited as a solid was found to have undergone any s
splats) and convection (with surrounding gases, for exposednificant phase change after deposition (the kinetic enerd, at
splats). All properties are assumed to be independent of tem= 100 m/s, can contribute to a maximunsdf.7% increment in
perature and phase for both splat and substrate materials. thef, of a zirconia splat &F). In other words, the ratio of the

splats that retained their solid phase during the spraying proce
to the splats that were completely molten was, for all practica

3. Results and Discussion purposes, the same as that of the incoming spray.
Figure 3 presents predicted distribution of the particles in th
3.1 Base Case different incoming temperature bins (as found at the end of th

simulation). The slight asymmetry in the Gaussian distributio
A base case was run before the effects of the parameters wereas due to the particular sequence of the random numbers ge
studied. For all these cases reported in this article, the plasmarated during the course of this simulation.
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Fig. 2 Predictions for a nonuniform thickness substrate (left column) and a substrate of uniform thickness (right cokirhs) &he top row shows
the distribution of splats that retained their solid structure; the dark areas indicate splats that were completely malisrib@tion is similar for the
two substrates but not exactly the same because of the statistical randomness in the temperatures of the incomingeeotittegsTre lines of uni-
form temperature: the coatings are shown in the middle row and the substrates in the bottom row. (The vertical axisifgdieamalified by a factor
of 10).

800 T ! T T The molten material distributions in the coating for both of

these cases were found to be similar to the distribution for the
600 ] i base case, and therefore have not been repeated. Therefore, for
— these two cases, tiigdistributions in the coating were found to

be totally determined by the composition of the incoming spray.
400 - .

no. particles

3.3 Variation_in Mean Temperature of Incoming

200 Particles, T

Predictions were made with valuesTobther thanT;. With
0 ! i the same variation as in the base casg £6200 K), two sets of
2880 2920 2960,., (K)3000 3040 3080 results withT = 2950 K and” = 3010 K, respectively, are shown
in Fig. 5. Atthese mean temperatures, the fraction of molten par-
Fig. 3 The temperature distribution of the incoming particles for the ticles in the spray are approximately 20 and 80%, respectively.
base case. Note that although the distribution is always Gaussian in the The differences in the substrate and coating temperature distri-
?’nﬁgf\f; Sggfgﬁgibt?ﬁeﬁﬁﬁgtdﬁgg f;ﬁ;ggﬁg? In each temperature b_utions are explgined by the differen_ce in_the total energy car-
ried by a respective ensemble of particles in each case. Figure 5
also shows the distributions of molten splats in the coating. The
3.2 Variation of Standard Deviation in reversed images for the two cases reflect the original composi-
TemperatureoT tion of the incoming particles. As was revealed upon closer ex-
amination, even in the case withs 3010 K, no particle that was

In order to explore the effect of; of the incoming particles,  deposited in solid form underwent any further phase change for
two sets of predictions were made with similar conditions as in these relatively thin coatings.

the base case but witlof= 20 K and &= 2000 K. Figure 4

presents the resulting temperature distributions. The substrate

temperatures show no discernible difference. This can be ex-3.4 Thick Coatings

plained by the fact that, overall, the particles carry the same total

amount of thermal energy onto the substrate regardless of the In TBC applications, coatings up to 100® can be applied.
value ofot. (Some differences must occur because the larger In order to predict nanostructure retention in plasma sprayed
case will undergo enhanced radiative cooling.) The irregulari- 7YSZ coatings, the preceding simulations were repeated for
ties in the isotherms of the coating are somewhat amplified fordouble the spraying time; that is, 2 s, with all other parameters
the largeroT distribution, obviously because of the larger vari- remaining the same as in the base case. The resulting coatings
ation in the temperatures of the freshly deposited splats. were=560pum thick.
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Fig. 4 Predictions with a total temperature spread of the incoming partrees;)(of 20 K (left column) and 2000 K (right column), respectively. The
vertical axes for the coatings (top row) have been amplified by a factor 10. The contours are lines of uniform temperature.

Fig.5 Predictions with an average temperature for the incoming partiole$ 2950 K (left column) and 3010 K (right column), respectively. The
top figures show the distribution of splats in the coating that retained their original solid structure (light areas).otine amntines of uniform

temperature.

Figure 6 presents the temperature distributions, as well as thérom the base case), no splats are seen at values other than z
molten splat distribution in the coating. Witk T¢, the exposed  or unity (which are not shown in the figure). Partially molten
part of the coating began to melt near the end of the process. Theplats appear at largér _
slightly higher concentration of molten material near the top (es-  Results for thick coatings were also obtained With2950
pecially toward the right end) indicates that some of the origi- KandT = 3010 K. Figure 8 presents the corresponding temperz
nally solid splats underwent partial or total melting. ture distributions as well dgdistributions. As was seen in Fig.

Additional melting after deposition can be quantified by 5, the distribution of the molten splats is reversed for most of th
plotting a histogram of the number of particles in the different coating in the two cases; however, for The 3010 K case, the
retained solid fraction bing\{s= 0.01), as presented in Fig. 7. completely darkened areas near the top indicate that those spl
Here fewer splats exist wifg= 0.99 than fofs< 0.01, because  were completely molten at some time. The temperature contou
a significant number of splats have lost more than 1% of their in the coating (at = 2 s) for the higiT also show higher (and
solid fraction. In fact, some of the initially solid splats melted relatively more uniform) temperature distribution near the top
completely. Such melting of originally solid splats (and possible reflecting the existence of a liquid layer there. Conversely, be
remelting of originally molten particles that were solidified after cause of lower overall temperatures, the top of the coating in t
deposition) was primarily caused by the plasma gas heating inT = 2950 K case was just reachifig and the coating retained
conjunction with the increased insulating effect of the coating asnearly all of the solid material composition of the incoming
the coating thickness increased. Figure 7 shows a distribution ofspray. Some partial melting, however, occurred, as shown in t
variousfs values along the-coordinate for the entire width of  top histogram of Fig. 9. As can be seen, very few splats we
the coating. AB <1 (thin coatingsd being the coating thickness  molten tofs < 0.5. The histogram for thie= 3010 K case (Fig.

Journal of Thermal Spray Technology Volume 8(2) June TI9%MO
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Fig. 6 Predictions for thick coatings (total spraying tirhe,2 s); the

top figure shows the distribution of splats that retained their solid struc-
ture in the coating (light areas). Additional melting (more dark area)
near the top of the coating can be noticed. The vertical axis for the coat-
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(b) retained solid fraction, fg

Fig. 7 Distribution of splats with partially retained solid fractions in
the thick coating of Fig. 6. (a) The variation in the degree of partial loss
of solid fraction through the thickness of the coathhg €oating thick-
ness grown in 1 s; total thickness of coatindgy; the white region be-
tweend = 0toB = 1 shows that the splats retained their incoming bipo-
lar distribution of either completely solid or completely molten states

ing is amplified by a factor of 10 as before. The contours are lines of

) through the first second of spraying. (b) Histogram of particles in dif-
uniform temperature.

ferent retained solid fractions with bin widtkfg = 0.01; average tem-
perature,T = 2980 K (that is, particles were divided approximately
o equally betweerfi =0 andf_ =1 in the incoming spray). The data
9, bottom) shows that the distribution of splats throughout the points betweefis = 0.05 and 0.95 are shown in the inset on an ampli-

whole range of;is more uniform compared to the lowletases. fied vertical scale.
The low population density of splats in the partially molten
range can be explained by the fact that a significant number of
splats underwent complete melting, as compared to the othes
two cases.

For thin coatings, wheil is close toT;, irrespective of

the degree of spread in the incoming temperature distri-
bution, the nanostructure retention in the coating is de-
termined by the nanostructure composition of the incom-

4. Conclusions ing spray.

Since partial or total melting of agglomerated nanostructured «
particles can lead to a dissolution of the nanograin boundaries,
the f5 information can be used as a measure of the degree of
nanostructure retained in the coating. Based on the predictions,
several conclusions can be made:

For thicker coatings, a significant loss of nanostructure is
possible due to prolonged plasma heating, combined with
the enhanced insulating effect.

These predictions exclude the possibility of the development of
porosity in the coating. Such porosity will increase the thermal
e The effect of the substrate thickness variation on the coat-resistance of the coating, thereby promoting melting phenom-
ing temperature distribution is minimal. ena for thicker coatings. Also the real temperature distributions
for the sprayed particles may not be Gaussian. Finally, the tem-
* The magnitude of the standard deviation in particle tem- perature distribution (as well as average values) can depend on
peratureg, does not affect substrate temperature distribu- the location with respect to the spraying gun axis when particles
tion, but increasingy increases the complexity of the tem-  are injected into the spray in a transverse manner (Ref 16). Both
perature distribution in the coating. of these factors will influence the predictions.
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Fig. 8 Predictions for thick coatings grown by spraying for 2 s. Results for an average temperature of the incomingarfleBs K (left column)
and 3010 K (right column). The top row shows the distribution of splats that retained their solid structure in the chatingaly Additional melting
near the top of the highcoating is shown in the darker area. The contours are lines of uniform temperature.
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Fig. 9 Histograms for particles at different retained solid fractions
with bin width,Afs = 0.01; top,T = 2950 K £20% particles fully mol-
ten,f =1, in the incoming spray); bottorh,= 3010 K &80% parti-

cles fully molten in the incoming spray). The insets show the number
distribution of particles that underwent partial melting on an amplified
vertical scale.
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