A Study of the Microstructure of Yttria-

Stabilized Zirconia Deposited by Inductively
Coupled Plasma Spraying

In-Ha Jung, Ki-Kwang Bae, Myung-Seung Yang, and Son-Ki lhm

T
)
)
=
By
)
s
S
®
Q

(Submitted 14 February 2000)

Zirconia stabilized with 20 wt.% yttria was deposited to a thick free-standing typell7 mm, by (inductively
coupled plasma spraying) (ICPS). The spheroidization of particles and the microstructure of deposits were
analyzed. Spheroidization fraction dependence on spray parameters such as particle size ghs mixing
guantity, and probe position was studied. Effects of parameters on the spheroidization of particles were
analyzed by ANOVA (analysis of variance) (ANOVA). ANOVA results showed that the spheroidization
fraction largely depend on H gas mixing quantity and particle size, and there are also some dependence on
probe position and H gas mixing quantity. After melting, particles kept their chemical composition
homogeneously from the center to their surface without segregation or evaporation. The degree of
deformation of the diameter of the splat over the diameter of the spheroidized particle was approximately
320%, and splat thickness in the deposit varies betweeng@m and 3 um depending on the deposition
condition. The yttrium concentration gradient of the interlayer boundary appeared linear in the range of
0.5 to 1um. X-ray diffraction analysis and a transmission electron microscope (TEM) micrograph showed
that low yttrium content particles resulted in tetragonal phase in deposit. The major characteristics of the
microstructure of the thick free-standing deposit and solidification mode were studied. Microstructure of
the bottom part of the deposit represented equiaxed or cellular structure. Equiaxed small grains prevailed
when the droplets were quenched rapidly on substrate. The middle part of the deposit showed large
columnar grains, of about 100um thick and 300 um long. This may be due to high substrate or deposit
temperatures and results in recrystallization and grain growth.

The effects of the parameters, such as,ldas mixing quantity, particle size, spraying distance, and probe
position, on the microstructure of the deposits were evaluated. The,igas mixing quantity of Ar/H, = 120/20
L/min compared to Ar/H, = 120/10 L/min resulted in larger grain size and thicker cellular in chill. Grain
shapes were affected by the heat removal rate from the deposit to its surrounding. Deposition with larger
particle size showed heterogeneous grain size, insufficient particle melting, and incomplete recrystallization.
The effect of probe position was less than the others.

gation®? The plasma spraying technique uses range from corro

sion-, temperature-, and abrasion-resistant coatings to the prq

duction of monolithic and near-net shapes of metallic and

ceramic part§!

1. Introduction A_Ithough plasma s_praying offers a high quenching rate, an
nealing of the deposit occurs with the hot plasma and recaleg

Plasma spraying was initially applied for corrosion resistance cence associated with solidification. During spraying by vacuu
onto hard metal in the early 1900The industrial applications ~ Plasma spraying (VPS), the temperature of the deposit is ver
have increased steadily in the chemical, automotive, aeronautidigh and, thus, undergoes considerable self-annealing, alteri

Thus far a number of studies have been devoted to new appncaeficial, since it provides stress relief and recrystallization, while
tions. retaining fine grain size and solute supersaturation with the ex
Plasma spraying is a combined process of high- temperaturecellent wear and corrosion propertiés. _ N
melting, quenching, and consolidation into a single operation, N general, the thick and dense ceramic deposits are difficul
which often produces a rapidly quenched structure. Therefore !0 Spray compared to metals due to the relatively high melting
the characteristics of the deposit are fine microstructure, intémperature and low thermal conductivity. Inductively coupled
which elements exhibit extended solubility and reduced segre-Plasma spraying (ICPS) is expected to potentially provide ne
spraying technologies to produce thick ceramic deposits. |
1985, Jurewicz, Kaczmarek, and Boulos reported the first appli
In-Ha Jung, Korea Atomic Energy Research Institute, Yusong, Taejon, cations for induction plasma technology in the area of spraying

Korea, 305-353, and Department of Chemical Engineering, Korea Ad- metals and alloy§.” Jiand® has sprayed tungstefi(= 3680 K,
vanced Institute of Science and Technology, 373-1 Kuson-dong, Yu- C, = 134 J/kg-K) powder by ICPS on a graphite substrate to fab

song-gu, Taejon, Korea, 305-7(i:Kwang Bae andMyung-Seun ; . . L
Yan% g}gorea ,Jo\tomic Energy Researz\;‘ Ingstitute' &my;l |%m Beg_] ricate a free-standing, thick deposit with more than a 90% theo

partment of Chemical Engineering, Korea Advanced Institute of Sci- retical density. He measured the substrate temperature as high
ence and Technology. Contact e-mail: nihjung@nanum.kaeri.re.kr. 2100 K during spraying and concluded that the density of the de
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posit increased with temperature. He observed large columna Carrier gas (s} = powdsr
grains parallel to the heat removal direction.
ZrO, is usually applied for thermal barrier coating applica-

. . . Cendral gas Aty
tions due to the high melting temperature, and Mg, CeO, and

L . Shenth -
Y,0; are often added to Zg@or phase stabilization. Recently, IA:I HEM ;
stabilized ZrQwith additives (%O, Al,Os, SiC,etc) has been Power srnily -7 Irductively coupled

Plasma Torch

studied for the nuclear fuel industry as a matrix fuel due to its . L
y O kel il II.n‘!pn. Probe position

mechanical stability and neutron damage resisténce.

There are several different phase diagrams for the-¥50, ¥ [ )
system®t The high melting point characteristic causes diffi- ro— - . 5, Spomy distance
culties in determining the phase diagram near the melting tem- "oy Plas
perature. According to Srivastaggal.[*l zirconia containing 5 Deposit r
to 10 mol.% of ¥O; solidifies at 2970 K and maintains the cubic ! \
phase to 2200 to 02500 K. Then, the tetragbphhse transfor- | ""-1|—- ekt
mation takes place depending on the yttrium contents. Finally, | | Eaia
at 800 K, the martensitic transformation takes place to form a I". 2 poncemiric
monoclinic phase. From 10 to 65 mol.% ofO¥, a pure cubic wiler colleclors i
phase is dominant to room temperature. Wf T Vacuum Pamp

There are many factors influencing the plasma process out- ~ Witer cooled ™ = i

in the plasma spray process to be at leag&3md another in-

dicates that there aré.00 interrelated processing parameters in-

fluencing the particle temperatures, velocities, and the final

quality of the coating8% The influence of these parameters ) ) . ]

needs to be evaluated and the major parameters optimized. Fig. 1 Schematic drawing of the powder deposition equipment
Statistical methods greatly improve the efficiency of experi-

ments, and, often, valuable conclusions can be drawn. In recent

years, the value of statistical techniques that identify the interac-ran1e 1 Chemical composition and average particle size

tion among the parameters and optimize those parameters havys feedstock

been evaluated useful, and subsequently employed by many thet

come. One estimates the number of major parameters involvec depasitian chamber L
'\1

mal spray researchers to get the best performing coéfinds. Chemical composition (wt.%) Particle size um)
In this paper, the parameters which that affect spheroidiza- v zr 0 -45 -75 -90
tion particles were evaluated by ANOVA, one of the statisti- 16.6 55.4 28 28 31.8 39

cal methods, and the microstructure of the free-standing deposi:
of zirconia stabilized with 20 wt.% yttria (yttria-stabilized zir-
conia (YSZ), sprayed by ICPS, was studied. The solidification
of the deposit is categorized by five modes and they are anal.8 m length, with double walls and a water-cooling system is
lyzed. The microstructure of the YSZ thick deposit related to the shown in Fig. 1. A volumetric powder feeder (CYLCO,
spray parameters such as particle size, spray distance, and prolSylvester Company, OH) with an 8 thread/in. driving screw was
position is studied. The variations in the chemical composition used. The Ar gas was supplied as the powder carrier gas and the
of the spheroidized particles and layers of the deposit are meapowder hopper was vibrated in order to feed the powder
sured by electron probe microanalysis (EPMA). smoothly. The Ar gas was also used as the central gas,,and H
with Ar was used as the sheath gas. Experimental conditions are
summarized in Table 2.
2. Experimental Procedure After evacuating the chamber to 50 Torr, the plasma was ig-
nited and then the chamber pressure was adjusted to 200 Torr.
Zirconia stabilized with 20 wt.% yttria (AMDRY146, fused To observe the degree of particle melting during spraying, a
and crushed, cubid,,= 2970 K, METCO, Westbury, NY) pow-  water bath of 280 mm diameter was laid on the bottom of the
der was used as feedstock. Table 1 shows the chemical compcchamber. At the same time, a water bath of 130 mm diameter
sition in wt.% of yttrium and zirconium analyzed by inductively was overlapped on the 280 mm bath to study the variation of
coupled plasma-atomic emission spectrometer (ICP-AES, particle melting with distance from spray axis. The collected par-
model JY50P, JOBIN YVON, France). The feedstock was usedticles in the baths, the center, and surrounding bath were sepa-
in size cuts of45,-75, and-90 um. In this paper, a description rately dried in an oven. Spheroidization fraction was then
of —45 yum means the powder sieved with ASTM No. 328 measured by counting the number of fully spheroidized particles
um with ASTM No. 200, anet90 um with ASTM No0.170. The over total observed number of particles. ANOVA was used to
average diameter of each powder is shown in Table 1. Particleevaluate the interaction effects as well as the main effects on
size was measured by a particle size analyzer (MAE5000,spheroidization.
MALVERN, United Kingdom). To fabricate the deposits, a rectangular graphite bar, 25
Inductively coupled plasma spray of 100 kW, 300 kHz equip- 25 x 40 mm, was used as a substrate. For thick deposité of
ment was used. A cylindrical spraying chamber, 1.1 m diameter mm, powder was sprayed in about 20 to 60 seconds. The speci-
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Table 2 Summary of YSZ powder deposition conditions Table 3 Result of powder spheroidization o
o (o)
Parameters Condition Condition S . ®
- - (80 kW, 200 Torr) Spheroidization fraction(a) =
Fixed Central gas flow rate, Ar (L/min) 35 ! Particle size (A By
parameters  Powder feed rate (g/min) 16.6 Geomp(C)  Z,(B)  Collect article size (A) )
Carrier gas flow rate, Ar (L/min) 5 (Ar/H 5, L/min) (cm) position -45 pm -75pm -90um CSD'
Chamber pressure (Torr) 200 120/20 8 Center - 98.01 S
Variable Powder spraying distan@(cm) 22 and 30 Surround L 97.87 L ®
parameters ~ Sheath gas composit®gm, (L/min)  120(Ar)+ 10(H,) Average 98.22 97.94 95.31 Q
and 120/10 8 Center . 90.14
3 120(Ar) + 20(H,) Surround C 89.7 C
Probe positionZ, (cm) 4and 8 Average 91.62 89.72 86.82
Particle size fm) -90,-75, and-45 120/20 4 Center S 93.7 o
Surround C 90.78 C
Average 97.50 92.24 86.96
120/10 4 Center L 90.04
mens were cooled in an Ar atmosphere for 30 minutes. The spec Surround C 89.48 .
imens were then separated from the substrate and cut verticall Average 90.96 89.76  84.67
with a diamond saw (Isomet 2000, Buehler, Lake Bluff, IL, number of spheroidized particles

USA). The cut section of the deposit was etched by a 50% hy- (2) Spheroidization fraction = total observed number of particles

drogen fluoride solution heated to its boiling point.
Samples of splats were obtained by spraying the particles
onto a 2 mm thick stainless steel plate fixed on a graphite sub-
strate for a short time. compared with the tabulated “probability of significance.” The
A scanning electron microscope (JEOL JSM 840A, Japan value of theF-statistic exceeds the probability of significance at
Electron Optics Ltd., Tokyo) and an optical microscope (Leitz some confidence level, and then that parameter is viewed &
METALLUX 3, lowa, USA) were used to study the microstruc- being significant
ture of the deposit. ICP-AES was used for the chemical compo-  In this experimeniG,mpvaried in two levels, Ar/k=120/20
sition analysis of the feedstock. Chemical composition of the and 120/10 L/min, and, was 8 and 4 cm. The spheroidization
spheroidized particles and deposits were measured by EPMAfraction was averaged from three runs. As shown in Table 3
(model SXR, CAMECA, Paris, France) with a beam size of 1 spheroidization fraction decreased with increased particle sizq
um. The phases are analyzed by x-ray diffraction (XRD) (x-ray The higher mixing quantity of fjas resulted in a higher spher-
diffractometer, MXP3A-HF, Mac Science, Ishikawa, Japan) oidization fraction, and similarly higher probe position resulted
using CuK,, radiation with a graphite monochromator. The in a higher spheroidization fraction. The variation of the spher
scanning angle was between 20 and°Jdlntervals of 0.05 oidization fraction along the radial direction from the spray axis
using a step counting time of 3 s. A transmission electron mi- was relatively small. This is due to the higher enthalpy.@fas,
croscope (JEOL 2000 FX2 JEOL, Massachusetts, USA) wasand also the higher probe position in the torch makes the part
used to observe internal microstructure. Samples were preparecles easier to melt. And the small particles are easy to heat for
by mechanical thinning followed by ion milling. short heat transport length from the surface. Figure 2 show,
spheroidized particles of75 um and its feed powder.
) . Table 4 shows the analyzed result by ANOVA on spher-
3. Results and Discussion oidization fraction. The reliability of the model, that the effects
. ) of particle size (A), probe position (B).lgas mixing quantity
3.1 Spheroidization of Particle (C), and their interactions are reflected on the results of thg
spheroidization, shows 99% (Table 4, “Pr > F” on the third line
from the top, reliability = 1 “Pr > F,” Ref 18). Parameters A and

Table 3 shows the effects of Has mixing quantityGeomp
and probe position from the torch botto#)(on the spher- . 0 . L
oidization of three different particle sizes. The other parameters,C affect the result with 9_9% reliability, the higtiestatistic of
80 kW of plasma power and 200 Torr of chamber pressure, wereeffect C has more Of an influence than parameter A, and_ the e
fixed. Each parameter was assigned two or three levels accordfect of parameter B is lower tha_n the others. The interaction be
ing to the experimental design procedure of ANOVA. This de- Ween parameters B and C+Bin Table 4) affects more than

sign provides the smallest number of experiments. The effect ofother interactions. This indicates that the result largely depend
.on parameters C and A, and there is a relationship between p

a parameter is denoted by a capital letter, as shown in Table ! _ -
rameters B and C. Therefore, when altering thga$-mixing

and 4. Thus, “A” refers to the effect of parameter A (particle - . & -
size), “B” refers to the effect of parameterB)( “C” refers to rate is considered, altering the probe position should also be co
’ sidered.

the effect of parameter G{,, “AB” refers to the A and B in-
P oo From the calculated value Bfsquare, three parameters con-

teraction,etc. ANOVA enables comparison of the variance in | -

the experimental data for each parameter with statistical proba fiPute about 80% to the results, and experimental error or othe
bility tables. The mean squares of all parameters, their interac.P2r@meters, which are not reflected in the experimental desig
tions, and the random error component are first calculated. Thedr€ responsible for the other 20%. L

F-statistic for testing for any main effect or interaction is found From Table 4, strength of associationf (for A,

by dividing the mean square for the main effect or interactions g,>— S5 —DFa X M§ _ 2358-2x7.4 _ 55q) i cajcylated

by the mean square error. Finally, the value ofRfstatistic is S5+ M& 866.6 +7.4

Journal of Thermal Spray Technology Volume 9(4) December-2008b
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Table 4 ANOVA result of the spheroidization experiment

General linear models procedure

Dependent variable: spheroidization %

Source DF Sum of squares
Model 11 688.87478056
Error 24 177.74093333
Corrected total 35 866.61571389
R-square CVv Root MSE
0.794902 2.961976 2.72137322
Source DF Type | SS
A 2 235.78453889
B 1 84.21121111
A*B 2 31.39840556
Cc 1 286.23000278
A*C 2 4.25150556
B*C 1 31.24810000
A*B*C 2 15.75101667
Duncan’s multiple range test for variable: spheroidization %
Alpha = 0.05 df =24 MSE = 7.405872
Number of means 2 3
Critical range 2.293 2.408
Means with the same letter are not significantly different.
Duncan grouping Mean N A
A 94.574 12 1
A
A 92.618 12 2
B 88.438 12 3
T-test procedure
Variable: spheroidization %
B N Mean Std dev
1 18 93.40638889 477353113
2 18 90.34750000 4.82049737
Variances T DF Prob > |T|
Unequal 1.9130 34.0 0.0642
Equal 1.9130 34.0 0.0642
For HO: Variances are equal,#1.02 DF = (17,17) Prob >' E 0.9683
Variable: spheroidization %
C N Mean Std dev
1 18 94.69666667 4.80492976
2 18 89.05722222 3.32460313
Variances T DF Prob > |T
Unequal 4.0949 30.2 0.0003
Equal 4.0949 34.0 0.0002

For HO: variances are equal,#2.09

DF = (17,17) Prob > E 0.1388

Mean square
62.62498005
7.40587222

Mean of spheroidization %

91.87694444

Mean square
117.89226944
84.21121111
15.69920278
286.23000278
2.12575278
31.24810000
7.87550833

Std error
1.12513208
1.13620213

Std error
1.13253281
0.78361647

F value
8.46

F value
15.92
11.37
2.12
38.65
0.29
4.22
1.06

Minimum
83.33000000
79.63000000

Minimum
79.63000000
82.93000000

Pr>F
0.0001

Pr>F
0.0001
0.0025

0.1420
0.0001
0.7530
0.0510
0.3610

Maximum
100.00000000
98.17000000

Maximum
100.00000000
94.50000000

for parameters A, B, C, and shows? = 0.253,ws? = 0.088, and

rameter B showed 93.6%. Therefore, a preferential method for in-

we®=0.319, respectively. These results mean that parameter C af-creasing spheroidization would be increasing thg&t quantity.
fects the results of the spheroidization as much as by about 32%,
parameter A 25.3%tc. Through Duncan’s multiple range test for
parameters, whether the degree of melting is influenced by particle 3.2 Yttrium Concentration Profile of Spheroidized
size is assessed. In the results of this test, there is some differencParticles
between-45 and-90 um and-75 and-90 um patrticles, but45
and-75 um are close together. This indicates that particle sizes
below—75 um are proper to melt in the range of these experimen- patrticles are listed in Tables 5 and 6. The concentration of spher-
tal conditions. The difference of average between the experimentaloidized particles was measured with @2 interval to radial di-

levels and the identity of their variance was assessedthigs.

The variations in the concentration inside the spheroidized

rection from the center to the surface by probe size (Table

Two different experimental levels of parameter C gave distinctively 5), or two or three points were measured for one particle (Table
different results on spheroidization with 99.97% reliability, and pa- 6). Table 5 shows the concentration of yttrium for one particle

466—Volume 9(4) December 2000
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Fig. 2 Particle shape of feedstock (left) and spheroidized powder (right). (Spheroidization conditigr: 228420 L/min, plasma power = 80 kW,
Z,=8 cm, and particle size=75 um)

Table 5 The concentration profile of a spheroidized parti- Table 6 Average concentration of yttrium and zirconium

cle by EPMA (particle diameter 37um, detection points 18) for each particle (number of particles is 21)

Detection point Y, wt.% Zr, wt.% Particle ID Y, wt.% Zr, wt.%
1 16.52 59.73 1 6.28 68.41
2 16.12 59.46 2 20.34 55.48
3 16.06 58.68 3 19.87 54.91
4 16.63 58.90 4 10.31 63.74
5 16.42 58.55 5 19.93 55.07
6 16.31 59.34 6 21.07 54.04
7 18.52 58.98 7 20.03 54.59
8 16.58 58.42 8 19.61 54.69
9 17.35 59.15 9 19.64 55.23

10 16.66 58.05 10 6.82 66.84

11 16.38 58.46 11 18.3 56.57

12 16.64 58.25 12 20.24 55.20

13 16.64 58.4 13 16.97 56.60

14 16.95 58.71 14 8.38 66.09

15 16.98 58.58 15 10.65 63.94

16 16.46 58.42 16 17.37 57.43

17 17.41 57.86 17 18.58 54.99

18 16.09 58.81 18 19.76 55.40

Average 16.70 58.71 19 15.61 58.87

Standard deviation 0.59 0.49 20 17.40 57.40

21 18.30 55.47
Average 16.45 58.14
Standard deviation 4.82 4.61

of about 37um diameter, and Table 6 for 21 particles. There was

no concentration difference in the radial direction within a par-

ticle. This suggests that zirconia and yttiTa € 2700 K), al-

though their melting points are different, are deposited without particle are in good agreement, though the average diameter

separation during spraying, while the concentration is different feed powder is slightly smaller. The thickness of the splat was

from particle to particle, as shown in Table 6. This may come measured directly and averaged from several areas of cut se
from the manufacturing process of the particles. The concentrations of the deposit of about 7 mm. The splat thickness was 2 t
tions of the feed powder (Table 1) and the spheroidized particle3 ym depending on the particle diameter. The average splat d

(Tables 5 and 6) are in good agreement. ameter was then calculated from the observed thickness of t
splats as 100 to 130m. There exists about 5% difference in
3.3 Diameter and Thickness of Splat splat diameter between calculated and observed data. The deg

of deformation of the diameter of the splat over the diameter o
Table 7 represents the average diameter of the spheroidizethe spheroidized particle was approximately 320%. Figure
particles of three different particle sizes-@f5, —75, and-90 shows the splat samples witli5 um particles. The splats have
um. The average diameters of the feed powder and spheroidizednhany cracks due to the rapid cooling.

Journal of Thermal Spray Technology Volume 9(4) December-20087
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Table 7 Average diameter of the feedstock and spheroidized particle

Diameter of Diameter of Degree of (%)
feedstock spheroidized Splat thickness Splat diameter deformation (a)
Classification (um) particle (um) (pum) (pmm) (mm) (%)
=45 um 28 31 1.97 100 323
=75um 31.8 34 2.14 110 324
-90um 39 41 2.7 130 317

Spraying condition: Ar/k= 120/20 L/min, chamber pressure 200 T@grs 8 cm, andZs= 22 cm
splat diameter
spheroidized particle diameter

x 100

(a) Degree of deformation (%)

Fig. 4 Yttrium concentration profile through the layers (deposition
) ) ) L ) . condition: particle size75 um, Ar/H, = 120/20 L/min, chamber pres-
Fig. 3 Microstructure of the splats (spraying condition: particle size gyre 200 TorZ, = 8 cm, andZ, = 22 cm; average concentration 14.47

~75um, Ar/H, = 120/20 L/min, chamber pressure 200 TZr 8 cm, Wt.%, standard deviation 4.64 wt.%, maximum concentration 23.99
andz,= 22 cm) wt.%, and minimum concentration 3.75 wt.%; and measuring distance
43 um, sampled volume 7 mm, and beam sizen)

3.4 Yttrium Concentration Profile of the Splats in

Deposit 3.5 Yttrium Concentration Profile at Grain

Figure 4 is a scanning electron micrograph of the lower bottom Boundary

part of a deposit (particle siz&'5 um, Ar/H, = 120/20 L/min, Figure 5 shows the concentration profile through the grain
chamber pressure 200 Taf, = 8 cm,Z, = 22 cm, and sample  poyndary for a distance of 88n with 18 points. The average
thickness 7 mm). The average thickness of the splats in the deposyttrium concentration was 19.11 wt.%, a standard deviation
was measured as U, which indicates that the degree of de- (45 wt.%, a maximum concentration of 19.83 wt.%, and a min-
formation during solidification was smaller than in other areas of j;um concentration of 18.08 Wt.%. This result shows that the
average thickness of 2. J4n (Table 7). This will be discussed in  ¢oncentration fluctuation through the grain boundary is very
Section 3.8. Table 8 lists the yttrium concentration profile of Fig. small and that no segregation appears. Table 9 shows the con-

4 through the layers for a distance ofi48 with 120 points. The  centration profile at the grain boundary for the material exam-
average concentration of yttrium along the measured length injneq in Fig. 5.

Fig. 4 represents 14.47 wt.% (excluding the large pore on the left),
and the standard deviation is 4.64 wt.%. The reason for the dis:
crepancy with the average concentration of spheroidized particles
of 16.45 wt.% (Table 6) is that this section contains lower yttrium
concentration layers of 4 to 7 wt.% (refer to Section 3.2). How-  The microstructure and yttrium concentration profile for an
ever, the concentration gradient of the interlayer boundary is lin-11 um distance of chill (the fastest solidified part contact on the
ear in the range of 0.5 to/m, although the particles have a substrate) structure is represented in Fig. 6 and Table 10. The av-
discrete concentration. This implies that atoms in the newly de-erage yttrium concentration on the marked line shows 19.14
posited bottom surface of the splat diffuse to the previously de-wt.%, a standard deviation of 0.36 wt.%, a maximum concentra-
posited top surface at a short range, and liquid in the upper part otion of 19.95 wt.%, and a minimum concentration of 18.38 wt.%.
the splat solidifies massively in its own concentration. From this result, the concentration profile during chilling shows

3.6 Yttrium Concentration Profile of Chill

468—Volume 9(4) December 2000 Journal of Thermal Spray Technology



Table 8 Concentration of yttrium by EPMA qualitative

analysis (for Fig. 4, measuring distance 4@m, 120 points) §
®

Detection Detection Detection X

point Y, wt.% point Y, wt.% point Y, wt.% D
1 17.27 41 15.31 81 15.97 %
2 16.87 42 15.22 82 15.48 S
3 16.91 43 15.26 83 14.65 1)
4 16.25 44 14.94 84 14.22 Q
5 16.06 45 15.11 85 8.58
6 14.55 46 16.20 86 6.76
7 13.80 47 17.27 87 5.69
8 11.69 48 17.88 88 5.66
9 9.0 49 17.62 89 5.51

10 2.196 50 16.93 90 5.53

11 0.92 51 15.08 91 5.49

12 0.51 52 8.44 92 5.55

13 0.38 53 7.53 93 5.65

14 0.45 54 12.27 94 5.67

15 0.89 55 14.65 95 5.82 Fig. 5 Yttrium concentration profile at the grain boundary by EPMA

16 4.29 56 15.80 96 5.91 (deposition condition: particle size/5 um, Ar/H, = 120/20 L/min,

17 7.38 57 16.23 97 5.83 chamber pressure 200 Tafj,= 8 cm andZ, = 22 cm; average concen-

18 15.05 58 16.82 98 6.03 tration 19.11 wt.%, standard deviation 0.45 wt.%, maximum concentra

19 16.32 59 17.34 99 6.12 tion 19.83 wt.%, and minimum concentration 18.08 wt.%; and

20 16.38 60 17.44 100 7.90 measuring distance 8/8m, sampled volume 7 mm, and beam size 1

21 15.45 61 17.23 101 10.90 Um)

22 7.22 62 16.97 102 15.43

23 5.13 63 16.85 103 15.20

24 3.75 64 17.08 104 17.45

25 6.0 65 16.48 105 17.88

26 13.69 66 16.29 106 16.93

27 18.11 67 16.09 107 16.72

28 18.29 68 17.23 108 14.66

29 17.98 69 17.52 109 14.13

30 18.09 70 17.74 110 13.76

31 17.97 71 18.31 111 14.72

32 18.03 72 18.58 112 14.96

33 17.21 73 18.30 113 15.15

34 16.56 74 17.97 114 15.37

35 15.61 75 20.07 115 15.66

36 15.29 76 22.25 116 17.51

37 14.70 77 23.64 117 17.67

38 15.38 78 23.99 118 17.81

39 15.05 79 23.01 119 18.19

40 15.21 80 20.68 120 18.16

Table 9 Yttrium concentration profile at the grain
boundary by EPMA qualitative analysis (for Fig. 5, mea- : So00
suring distance 8.9um, 18 points)

Fig. 6 Yttrium concentration profile of chill by EPMA (deposition

Detection Detection Detection condition: particle size75 um, Ar/H, = 120/20 L/min, chamber pres-
point Y, wt.% point Y,wt%  point Y, wt% sure 200 TorrZ, = 8 cm, andZ = 22 cm; average concentration 19.14
1 18.44 7 19.11 13 18.63 wt.%, standard deviation 0.36 wt.%, maximum concentration 19.95
2 19.25 8 18.86 14 19.12 wt.%, and minimum concentration 18.38 wt.%; and sampled volume
3 19.83 9 19.36 15 18.98 mm and beam sizem)

4 19.66 10 19.75 16 19.43

5 19.20 11 18.95 17 19.41

6 18.75 12 19.27 18 18.08

mol.% (16.5 wt.% yttrium), which is the same as the result of!
EPMA quantitative analysis of spheroidized particles (Table 6).
neither yttrium concentration deviation nor segregation, which Quality factors of the fittingR,, = 9.92 andy? = 5.28, showed
is the same as the behavior exhibited at the grain boundary.  the high reliability of the refinement. Figure 7 represents both the
model and experiment results. It shows that about 3% of the
; tetragonal phase, as shown in the small window in Fig. 7, with &

8.7 XRD Analysis lattice parameters af= 3.614(1) and; = 5.124(4), is contained
For XRD analysis of a deposit, the modeling condition by Ri- in cubic matrix witha = 5.1430(2). The existence of a small
etveld® was based on the relative concentration of yttria as 13.2tetragonal phase agrees with the results of EPMA quantitative
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Fig. 7 X-ray diffraction pattern of a deposit (experimental (*) and modeled (—))

Table 10 Yttrium concentration profile on chill (for Fig.

6, measuring distance 1jum, 33 points)

through a few layers, interlayer pores, and cracks are character-
istic. In the middle part, relatively regular-sized columnar grains
through many layers with excellent bonding and a dense mi-

E;tnetdion v Wiob D;;?nctﬁon v W% ggitﬁf“o”Y W% crostructure can be seen. In the upper middle and top parts, the
n 1’8 8’4 T : 18' & ” : 1'9 06 microstructure has the same characteristics as the middle part,
> 18.96 13 1935 o4 1887 but the sizes of columnar grain are irregular.

3 18.53 14 19.36 25 19.02 The following are descriptions of the characteristics’ deposits
4 19.49 15 19.66 26 18.38 by sectioning to the coating into five parts from the bottom to the
5 19.10 16 19.38 27 19.04 top, as shown in F|g 9.

g iggg g ig'ig gg ig'gg Characteristics of the Bottom Part of Deposit. The shape

8 19.61 19 18.43 30 18.99 of the layer depends on the ability to adhere by impact and de-
9 19.11 20 19.16 31 19.30 formation on the substrate or previously solidified Sgfain
10 19.21 21 19.95 32 18.99 this experiment, the layers are not homogeneous, which may
11 19.76 22 18.79 33 18.98

analysis on the spheroidized particle described in Sections 3.
and 3.4, because a tetragonal phase is stable at low yttrium cor
tents. Figure 8 represents a TEM micrograph of the tetragona
phase and its index. Low yttrium content results in tetragonal

phase. Theé-ZrO, is identified by the week (211) superlattice-

type reflections. Reflections of the type (100) and (110) disap-
pear for tha-ZrO, but appear by multiple diffractio?f!

3.8 Microstructure of the Deposit and Solidification

Mode

come from different particle size, temperature, veloaitg,
However, the bottom layer in contact with the graphite substrate
generally shows fine-grained equiaxed and cellular grains sepa-
Jrated by a horizontal gap, due to the poor contact between lay-
‘ers, and vertical cracks, as shown in Fig. 10. The brick wall is
also observedl!! A fine-grained equiaxed microstructure is ob-
served in other literatuf®! They explained that the formation
of such a microstructure inside the layers was favored by the low
rate of heat removal at the interface to the substrate or previously
deposited layer, affected by contact morphology and, thus, by
the increase of thermal contact resistance. Moe¢ali?! sug-
gested that the inclusions of entrapped air gaps delay heat re-
moval, making the formation of an equiaxed microstructure
more probable than a columnar structure.

Meanwhile, Bhat and Herm#@# observed very fine crystals

The microstructure of the deposit by ICPS is characterized asof bcc iron on a force-quenched substrate by liquid nitrogen.

a lamellae structure perpendicular to the spraying direction withThey interpreted the appearance of fine crystals as super under-
columnar grains. Figure 9 is the schematic drawing based on thicooling of the droplets rather than thermal contact resistance, as
observed results in this experiment. This schematic drawing repwas the conclusion of Sampahal An increase in tempera-
resents characteristics of the five parts of the deposit from botture difference between the droplet and the substrate results in
tom to top. In the bottom part, equiaxed and cellular grains, amore nuclei of fine grairi®! In this experiment, the bottom layer
“pbrick wall” named by Sampath and Herm&h,pores, and  was deposited at first on a cold substrate before being heated by
cracks can be seen. In the lower middle part, columnar grainsthe droplets or plasma flame. Therefore, it is easy for the liquid
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Fig. 8 Microstructure of the columnar grain through the layers and diffraction patigfB.” (s the grain boundary through the layers, and “S” is a
layer of the tetragonal phase) (ndex of the diffraction pattern of S. (Deposition condition: particle si&eum, Ar/H, = 120/20 L/min, chamber
pressure 200 Torg, = 8 cm, andZs = 22 cm)

droplets to be super-quenched and the effect should be large iface, or liquid remelted by the heat of the new droplet. Figure 14
the case of a thin splat. In this condition, especially in thin lay- is a fractured surface of this sample and shows a perfect bong
ers, a high concentration of nucleation results in equiaxed grainsing structure between splats. Strong adhesion of the contact arg
as shown in Fig. 10. Cellular or cell structure is subject to be gen-between the splats may result from physical and metallurgica
erated at higher temperature. As shown in Fig. 11, equiaxedinteraction mechanisni¥!
small grains are mostly in the thin layers and cellular grains are  Characteristics of the Middle Part of the Deposit. No
in the thick layers. Many cellular grains are grown through the boundary lines between layers are observed in the middle part ¢
layers when they contact and solidify, as shown in Fig. 12. the deposit, and the grain shape is large columnar through t
Characteristics of the Lower Middle Part of Deposit. As layers, as shown in Fig. 15. Grains are thicker and longer tha
the deposit layers are built up, the temperatures of the substratthe lower middle part, and some of the columnar grains reache
and deposit increase due to the heat from the molten droplet an100 thick and 30@m long. The grain size is more homogeneous
thermal fluxes coming from the plasma torch. The temperaturethan in the other parts of the deposit. Neither cracks nor inter,
is still low but higher than the bottom part. This is related to the layer pores can be seen. This is due to the high temperature wi
low thermal conductivity of Zr9(4 W/m K, Ref 27) in com- continued spraying. The droplet heat, latent heat of solidificatio
parison to graphite (160 W/m K). The temperature difference be-(recalescence effect), and retarding heat removal by low thermg
tween the bottom and upper parts generates residual stresconductivity resultin increasing the deposit temperature. As pre
during solidification and cooling. Finally, it results in thermal viously mentioned, Jiaffy observed substrate temperatures
cracks in the deposi€! According to Pawlowsk?®! the residual reaching 2100 K during spraying by ICPS. Following Kurz and
stresses can be accumulated by (1) quenching stresses, generaiFisheri?® the solid/liquid interface grows as a planar front and
during solidification; (2) phase transformation stresses; and (3)partial recrystallization can occur when the deposit temperaturg
cooling stresses, generated while the sprayed specimen coolis high and homogeneous.
down after processing. The cracks inside the layers are generate It is well known that there are two stages of recrystalliza-
resulting from the relaxation of those residual stre§3ekhe tion.BY Primary recrystallization is the process by which nucle-
cracks in this sample might come from all three factors, asation and growth of strain-free grains occurs in a matrix that ha
Pawlowski described above. The cracks were generally locatecbeen plastically deformed. The second is the process that a fe
along the layer and grain boundaries. However, most layerlarge grains grow at the expense of fine grains. The driving forcg
boundaries are well bonded, as shown in Fig. 13 (in this figure,for primary recrystallization is the energy in the matrix, which
faint layer boundary lines can be seen). The liquid phase be-comes from plastic deformation during the droplet deformation
tween the layers accelerates the bonding characteristics, when and internal defects during solidification. The stored energy is o
new splat starts to solidify. The source of the liquid phase maythe order of 0.5 to 1 cali#fl Although this is small, it provides
be liquid, which remains in the previously deposited layer sur- sufficient energy to move the grain boundary and increase th
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Fig. 11 Microstructure of the bottom part (equiaxed small grains on
thinner layer and cellular on thick)

Fig. 9 Schematic drawing of deposition by sectioning into five parts
from bottom to top of the deposit

grain size. At higher temperature, the grain growth follows re-
crystallization, so that larger grains can be obsefd¢im et
al.Bl and Sampatket all? have observed similar two-stage re-
crystallization and no trend of chemical separation in the
plasma-sprayed deposits. Craig and Hidé&4kuggests that a
structural relaxation mechanism takes place more easily with the
help of many defects, such as stresses and/or oxygen vacancie

Grains in this experiment grow large columnar through the
splat layers parallel to the heat removal direction. Sanmgtath
al.® observed a columnar grain structure with zirconia-8 wt.%
yttria, but the grains were bounded by the layer boundaries. Thi
might be due to the low substrate or deposit temperature of therig. 12 Microstructure of the bottom part (cellular grains grown
APS process and quick solidification without grain growth. through the layers)
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Fig. 13 Microstructure of the lower middle part (cracks, intralayer
pores, and strong bonded layers)

Fig. 14 Microstructure of a fractured surface (strong bond between
layers)

Fig. 15 Microstructure of the middle part of a deposit

Journal of Thermal Spray Technology

Fig. 16 Microstructure of the upper middle part of a deposit

Fig. 17 Microstructure of the initial stage recrystallization (deposition
condition: particle size75 um, Ar/H, = 120/20 L/minZ, = 8 cm,Z;=
30 cm, and chamber pressure 200 Torr)

Characteristics of the Upper Middle and Top Part of the
Deposit. The shapes of the grain and deposited layer of thes
parts of the coating are the same as the middle part, but the gra
size was not uniform due to insufficient time for recrystalliza-
tion, as shown in Fig. 16. However, droplet flattening and inter
layer adhesion are excellent; thus, these parts of the coating al
represent low porosity and cracks. Figure 17 shows the initia
microstructure stage of recrystallization, which is also evident a
the top part of the deposit.

3.9 Effect of Parameters on Microstructure of De-
posit

Particle size. The thickness and length of the columnar
grain, shape of the grain, as well as thickness of the layers exhib
a wide range, which depends on the patrticle size. Particle size al

Volume 9(4) December-20008
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Fig. 18 Microstructure deposited at Arfi# 120/20 L/minZ, =8 cm, Fig. 20 Microstructure deposited at Arfi# 120/20 L/minZ, =8 cm,
Zs= 22 cm, chamber pressure 200 Torr, and particle-giggm Zs= 22 cm, chamber pressure 200 Torr, and particle-Si@gimm

Fig. 21 Microstructure of the bottom part deposited at Ar#H.20/20

L/min, Z,= 8 cm,Z;= 22 cm, chamber pressure 200 Torr, and particle
Fig. 19 Microstructure deposited at Arfl# 120/20 L/IminZ,= 8 cm, size—90 um

Zs= 22 cm, chamber pressure 200 Torr, and particle-5i2¢m

distribution may also affect particle velocity and the radial spread-tom, as shown in Fig. 19. This can also be explained by the heat
ing behavior as well as the surface roughff@sBhree particle removal rate, as shown above. The deposit density with smaller
sizes-45,-75, and-90 um, were used. The other variables were particles appears to be higher, as described previgiiglye de-

fixed as Ar/H = 120/20L/min,Z, = 8 cm, andZ, = 22 cm, and posit with—90 um powder shows grains 20 to Bth thick and
chamber pressure 200 Torr. The dimension of the columnar grair30 to 80um long. The microstructure of this deposit also shows
sprayed with-45 um was 20 to 5um thick and 60 to 150m a heterogeneous grain size, which may come from insufficient
long, and the density appears to be high, as shown in Fig. 18. Thmelting or heating due to the large size and result in incomplete
lower part of the columnar grain was observed to be apiculate recrystallization, as shown in Fig. 20. A cellular structure is ob-
This may result from fast heat removal downward due to good ad-served in the thick bottom layer, as shown in Fig. 21.

hesion between layers. Good adhesion increases thermal diffu  Thickness and layer shape of the deposits vary widely with
sivity, so it acts as the heat sink. This sample shows comparativelparticle size. The thickness of the layers is 2 tor8depend-
uniform grain size. The dimension of the columnar grain sprayeding on particle size (refer to Section 3.3). Partially unmelted
with =75 um particles was similar te45 um, but heterogeneous particles are discovered #Y5 and-90 um deposits, and fur-

in grain size. This may result from particle temperatures lower thermore, the layer 6f90 um deposit is not quite flat. In sum-
than-45 um; thereby, the temperature of the deposit was not highmary, the deposits sprayed wittY5 and-90 um powder
enough to accelerate the second stage recrystallization. The graiexhibit a heterogeneous grain size and layer thickness increases
shape is a bell type, which is narrow on top and wide on the bot-with particle size. On the other hand, the deposit sprayed with
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Fig. 22 Microstructure deposited at Arji# 120/10 L/minZ,= 8 cm, Fig. 23 Microstructure deposited at Arfl# 120/20 L/minZ,= 8 cm,
Z,= 22 cm, chamber pressure 200 Torr, and particle-§i3gum (de- Z,= 30 cm, chamber pressure 200 Torr, and particle-3iZ@m
posited partially melted particle on center)

the splats were irregular and agglomerated, as shown in Fig. 2

-45 um powder displays uniform grain size and a dense mi- This indicates that the droplet may solidify during flight. For the
crostructure. -45 um powder deposit, partially melted particles are frequently

H, Gas Mixing Quantity. The H, gas flow rate was setto  observed when the spray distance is 30 cm. This also arises fro|
20 or 10 L/min at a fixed Ar gas flow rate of 120 L/min. For the the solidification of particles during flight. Smaller sized parti-
deposit with-75 um particle size, the dimension and shape of cles are heated or cooled more rapidly than larger ones. In su
the grains were similar at the bottom and lower middle parts re-mary, particle temperature is kept higher when the spraying
gardless of K gas mixing quantity. However, the deposit distance is 22 cm. This implies that particles are heated in th
sprayed with 20 L/min of kgas exhibited a larger columnar torch and then cool from their surfaces while passing through th
grain at the top and a thicker cellular structure at the chill part. plasma flame. This behavior arises from a higher heat flux po
There are many thin columnar grains and partially melted parti- tential at the torch rather than the plasma fi&fhe.
cles for coatings sprayed under these conditions, as shown ir  Probe Position. The deposit characteristics were analyzed
Fig. 22. This may be due to the limited grain growth with low by varying the probe position in the plasma torch between 4 an
temperatures and partially melted particles. 8 cm with fixed particle size, plasma gas content, and spray dig

Splat shapes are also different with regard to thgald mix- tance. Two deposits sprayed withs yum at different probe po-
ing quantity. For the condition of 20 L/min, splats are flatter, sitions showed similar grain structure and chill structure on thg
thinner, and wider perpendicular to the spraying direction. The bottom regardless of probe position. The grain size and spla
splat shapes deposited with 10 L/min are not even. The mairthickness were heterogeneous at the conditiafy sf4 cm. In
reason may be explained by plasma gas enthalpy. HiglgarsH ~ the case of the45 um deposit, there was no noticeable differ-
mixing quantity gives higher plasma gas enthalpy and results inence in the microstructure. In summary, probe position in thg
a higher temperatuf&! The tendency of the deposit witi90 torch also affects the microstructure of the deposit. This indi-
um is the same. For the condition of #110 L/min, grain size cates that the probe position also affects particle melting. But th
is not homogeneous and a few partially melted particles wereinfluence of probe position on the microstructure was less seve
observed. The Hgas mixing quantity directly affects the than the other effects.
plasma temperature. The temperature of the particles passin
the higher enthalpy region is high. This heat contributes to grain
growth. Therefore, deposits with the condition of ArfH
120/20 L/min show a larger grain size. A thicker cellular struc- 4, Conclusions
ture in the chill part results from a lateral direction growth in-
stead of a longitudinal orientation due to the poor contact Inthe spheroidization experiment, designed and analyzed b

between splats. ANOVA, H, gas mixing quantity affected the results of the
Spraying Distance. At the fixed condition of Ar/H = spheroidization as much as 32%, and particle size as much 3

120/20 L/min, chamber pressure 200 Torr, probe posiljer 25.3%. Therefore, a method to increase spheroidization is to i

cm, and particle size75 um, powder spraying distancg) was crease the quantity of,Hjas mixing. Interaction between the

varied between 22 and 30 cm from the bottom of the torch. Theprobe position and quantity ofigas mixing was more effective
structures of the bottom and lower middle were similar for the than other interaction effects. Therefore, when altering the qua
two deposits’ spray distance, regardlesZ.oBut for the other tity of H, gas mixing is considered, altering the probe position
regions of coatings sprayed wiZh= 30 cm, the thicknesses of should also be considered.
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After melting, the particle kept its chemical composition ho- 6.

mogeneously from center to surface, while the concentration
was different from particle to particle. The degree of deforma-
tion of the droplet to splat was about 320%, and droplet thick-
ness in the deposit varied between 2 apth3lepending on the
deposition conditions. The yttrium concentration gradient of the
interlayer boundary was linear in the range of 0.5 inl The 9
concentration profile at the grain boundary and chill showed nei-

ther yttrium concentration deviation nor segregation. 10.

X-ray diffraction analysis and TEM micrograph showed that

low yttrium content particles resulted in tetragonal phase in de-11.

posit.

The microstructure of the bottom part of the deposit showed
small equiaxed or cellular grains. Equiaxed small grains pre-
vailed when the droplets were quenched rapidly on substrate
Therefore, equiaxed small grains were mostly in the thin layers
and cellular grains were in the thick layers. Many cellular grains

were grown through the layers when they contacted and solidi-15,

fied with each other.
The lower middle part of a deposit showed poor adhesion and

cracks. The middle part showed the largest columnar grain, 10(16.

um thick and 30Qum long, through the layers. Recrystallization
prevailed in this part of the coating. The upper middle and top
part of the deposit exhibited a heterogeneous grain size, but stiI17
showed strong adhesion between layers.

The deposition condition of Ar/H 120/20 L/min compared
to Ar/H, =120/10 L/min results in larger grain size and thicker

cellular in chill. Grain shapes were affected by the heat removalyg

rate from the deposit to its surrounding.

The thickness and length of the columnar grain, shape of the19.

grain, as well as thickness of the layers appeared to vary widely

depending on the patrticle size. The deposit w@ m powder 20.

displayed heterogeneous grain size, which may come from insuf-
ficient melting or heating due to the large size and results in in-
complete recrystallization. Splat shapes were affected by the
quantity of H gas when the Ar gas was fixed. For the condition of
20 L/min, splats were flatter, thinner, and wider perpendicular to 5,
the spraying direction. The splat shapes deposited with 10 L/min

were not consistent in geometry. When powder was sprayed with23.

Zs= 30 cm, the thickness of the splats was irregular and agglom-

erated in comparison @ = 22 cm. The influence of probe posi- 24.

tion on the microstructure was not as severe as the other effects.
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