JOURNAL OF MATERIALS SCIENCE34 (1999)3597— 3604

Influence of Y,03 distribution on the rate of
tetragonal to monoclinic phase transformation
of yttria-stabilized zirconia during
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Tetragonal to monoclinic phase transformation of yttria-stabilized zirconia, namely
plasma-sprayed coatings and sintered bodies containing 4-8 mass % Y,03 during
hydrothermal aging was investigated with respect to Y,03 distribution using 1 um¢ area
from electron probe microanalysis (EPMA) and 20 nm¢ area from transmission electron
microscopy (TEM) analysis. Phase transformation at 473 K was prevented only in
plasma-sprayed coatings having more than 6.7 mass % Y,03 in 20 nm¢ microscopic area.
Furthermore, it was confirmed influence of Y,03 distribution on the rate constants of this
phase transformation was observed at 368 K. © 7999 Kluwer Academic Publishers

1. Introduction However, the EPMA probe diameter ofidm used in
Zirconia ceramics have excellent mechanical properthe above experiment was so large compared with the
ties such as high fracture strength and high fracturegrain size of plasma-sprayed zirconia coating that its
toughness. They also have a high thermal expansioresolution was insufficient to analyze eitheyO4; dis-
coefficient and low thermal conductivity. Therefore, tribution or critical concentration [19]. For this reason,
plasma-sprayed stabilized zirconia, such as yttriaobservation of ¥Ojz distribution in a more microscopic
zirconia, has been developed for use as thermal baarea is necessary to confirm the critical concentration
rier coatings (TBCs) for gas turbines and other engingorecisely.
components[1, 2]. On the other hand, Yashinghal also suggested that

In zirconia ceramics, however, degradation of me-in zirconia ceramics containing high yttria concentra-
chanical properties occurs during low temperature agtion, the rate of tetragonal to monoclinic phase transfor-
ing because of tetragonal to monoclinic phase transformation decreases with increase of yttria concentration,
mation [3—15]. Furthermore, it is reported thai(; and predicted that the rate of this phase transforma-
concentration, grain size, and stress affect the exteriton is affected by homogeneity of yttria concentration
of tetragonal to monoclinic phase transformation in a[15]. However, the relationship between the rate of this
humid atmosphere [4-8, 11-13, 16, 17]. phase transformation and yttria distribution of yttria-

Schubertt al. suggested that both,©3 distribution  stabilized zirconia was not obvious, because only lim-
and grain size have to be carefully adjusted to supprested quantitative data showing,®s distribution were
this degradation and that the criticap®; concentra- used in rate determination experiments of this phase
tionis between 4 and 5 mass % for .@ average grain  transformation although the importance ofQ5 dis-
size in sintered bodies for 573 K aging [13]. Yashimatribution was reported. For this reason, the relationship
et al suggested that 10 mol% Y@ZrO, arc-melt between %05 distribution and the rate of tetragonal
samples which had a homogeneouygO¥ distribution ~ to monoclinic phase transformation during hydrother-
underwent no transformation in hot water at 473 K,mal aging has not been sufficiently confirmed. Further-
200 MPa [15]. Previously, we studied plasma-sprayedmore, from the observation of tetragonal to monoclinic
8 mass % yttria-stabilized zirconia coatings which hadphase transformation in the 4—-8 mass %0O¥-ZrO,
a relatively uniform ¥%Os distribution ranging from system at 473 KPu,0=1.57 MPa, it is difficult to
6.82 to 9.90 mass % according to EPMA analyses, angirove the dependence of the rate ofO¥ distribution,
confirmed that the critical ¥O3 concentration to pre- because phase transformation occurs rather rapidly in
vent the phase transformation was 6.3—6.8 mass % [18]his test condition [18]. Hence, in order to clarify the
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relationship between Y03 concentration and the rate ysis points were selected, each point being 20 nm in

of transformation in a humid atmosphere with regarddiameter.

to Y,O3 distribution, aging experiments at lower tem- Hydrothermal aging tests were carried out using

peratures than 473 K are desirable. an autoclave in steam saturated air at pressures of
In this paper, we discuss the relationship betweer®.002-1.57 MPa, from room temperature to 473 K for

Y,0;3 distribution and monoclinic phase fraction af- 50 h, and at 368 KPy,0 = 0.082 MPa, for 0-1000 h.

ter hydrothermal aging at 473 KRy,0 =157 MPa Crystalline phases of the plasma sprayed surface

using a higher resolution TEM probe together withlayer were identified by X-ray diffraction (XRD) anal-

an EPMA probe to estimate critical,®¥3 concentra- ysis. Scans of 2between 27and 33 were conducted

tion precisely. Furthermore, we investigated the rate ofo estimate the monoclinic to (tetragoratubic) zir-

tetragonal to monoclinic phase transformation at bottconia ratio. The monoclinic fractiorX,, is defined by

368 K, P1,0=0.082 MPaand 473 KP4,0 = 1.57 MPa  the following equation [20]:

to clarify the influence of both XO3 concentration and _

its distribution on the rate of transformation. [(111)m + 1 (111)y

Xm = T, + (112)c + | (111),

2. Experimental wherel (111), is the integrated intensity of the (1L

Plasma-sprayed coatings and sintered bodies of yttriaeflection of the monoclinic phasg111), isthat of the

stabilized zirconia used in this experiment had the(111) reflection of the monoclinic phase, and11), .

following starting compositions: plasma-sprayed coat-s that of the (111) reflection of the tetragonal or cubic

ings: 4 mass % ¥03-ZrO; (4YZ), 6 mass % YOz-  phase.

ZrO, (6YZ), 8 mass% ¥O3-ZrO, (8YZA) and 8 The rate constank, of the transformation was eval-

mass % Y%0s-ZrO, (8YZB); sintered bodies: 2.5 uated using the following equation:

mol % (4.5 mass %) ¥O3-ZrO, (25MYZ), 3.0 mol %

(5.4 mass %) ¥O3-ZrO, (30MYZ) and 4.0 mol% Xm(t) — Xm(0)

(7.1 mass %) ¥O3-ZrO, (40MYZ). Xm(00) — Xmn(0)
The test piece of the plasma-sprayed coatings was

composed of a substrate (SUS304x780x 3mm), a  wheret is aging time Xn(t) is monoclinic phase frac-

metal (NiCoCrAlY; Ni-23.8Co-16.7Cr-13.0Al-0.65Y; tion after aging fort, and X(co) is saturated mono-

mass %) bonding layer and a®j3 stabilized zirconia clinic phase fraction at aging temperature.

layer. Thicknesses of the metal bonding layer and zir-

conia layer were 150 and 250m, respectively. The

two layers were prepared by the atmospheric plasmas. Results and discussion

spray (APS) method under the conditions shown in3.1. Phase fraction of plasma-sprayed

Table I.4YZ,6YZ, and 8YZB layers were formed from coatings and sintered bodies

fused and crushed powder and 8YZA layer was formed:ig_ la shows X-ray diffraction patterns of plasma-

from agglomerated and sintered powder. Sintered bodsprayed zirconia coatings. Plasma-sprayed coatings

ies were obtained from a commercial source. All specformed from fused and crushed powder, namely 4YZ,

imens were cut out of the plate and had dimensions o§YZ and 8YZB, were composed almost exclusively of

10x 10x 3 mm. tetragonal zirconia, the fraction of monoclinic phase
Average composition of the plasma-sprayed coatingeing negligible. However, 8YZA formed from ag-

and sintered bodies was determined by inductively couglomerated and sintered powder was a mixture of

pled plasma (ICP) emission spectroscopy. tetragonal phase and a small amount of monoclinic
Y03 distribution of each zirconia coating and sin- phase.

tered body was measured by EPMA using a 3.0 mol % On the other hand, all sintered bodies were composed

(5.4 mass %) ¥O3-ZrO; sintered body as the standard. of tetragonal phase and a small amount of monoclinic

On one specimen, 40 analysis points were selecteq;hase (Fig. 1b).

each point being Lm in diameter. Table Il shows chemical composition of plasma-
Both grain size and O3 distribution for each zirco-  sprayed coatings and sintered bodies measured by ICP.

nia coating and sintered body, namely the 4YZ, 6YZ,The Y,03 concentrations of both plasma-sprayed coat-

8YZB, 25MYZ, 30MYZ and 40MYZ, were measured ings and sintered bodies coincided with the starting

by TEM-EDX. On one specimen, more than 20 anal-composition. The samples can be lined up as follows

in the order of increasing yttria concentration: 4YZ,
25MYZ, 30MYZ, 6YZ, 40MYZ, 8YZB and 8YZA.

=1—expk-t),

TABLE | Plasma spraying parameters

Parameter Value TABLE 11 Y ;03 composition in plasma-sprayed coatings and sin-
tered bodies measured by ICP
Arc current 900 A
Arc voltage 37V Samples 4YZ 6YZ 8YZA 8YZB 25MYZ 30MYZ 40MYZ
Gas pressure Ar 0.34 MPa
He 0.34 MPa Y203 43 64 84 8.3 4.7 5.4 7.3
Spray distance 8-12102m (mass %)
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Figure 1 X-ray diffraction patterns of (a) plasma-sprayed coatings and (b) sintered bodies.

3.2. Y,03 distribution and grain From the above results of EPMA analyses, it was
size distribution clarified that Y03 distributions of both plasma-
Table 11l shows %03 distributions of both plasma- sprayed coatings 4YZ, 6YZ and 8YZB, but not 8YZA,
sprayed coatings and sintered bodies measured kgnd sintered bodies 25MYZ, 30MYZ and 40MYZ were
both EPMA and TEM-EDX. As previously men- relatively uniform. To be exact, O3 distributions
tioned, plasma-sprayed coatings formed from fusedaf sintered bodies were more uniform than those of
and crushed powders, namely 4YZ, 6YZ and 8YZB,plasma-sprayed coatings.
had relatively homogeneous,®3 distributions [18]. By comparison with the results of EPMA analysis, it
Standard deviation values were not larger than 0.@vas noticed that ¥O3 distributions of plasma-sprayed
mass %. In plasma-sprayed coatings formed frontoatings measured by TEM were a little broader than
agglomerated and sintered powders, namely 8YZAthose measured by EPMA. However, the range @Dy
Y03 distribution was more heterogeneous than indistributionforeach plasma-sprayed coating from TEM
8YZB, and the range of XO3 distribution was from observation approximately coincided with that from
1.33 to 14.82 mass %. Standard deviation was 2.5&PMA observation. In particular, minimum,®3 con-
mass %. centrations observed by both analyses were very simi-
In contrast, standard deviations 0633 distribu-  lar, except for 4YZ. However, minimum2D3 concen-
tions of sintered bodies 25MYZ, 30MYZ and 40MYZ tration of 4YZ from TEM observation was not less than
were found to be smaller than 0.3 mass %. Homogenehat from EPMA observation.
ity of Y,03 distributions of sintered bodies 25MYZ,  On the other hand, XO3 distributions of sintered
30MYZ and 40MYZ was sharper than that of the bodies measured by TEM were also broader than those
plasma-sprayed coatings. measured by EPMA. However, the minimumQ;

TABLE Il Y ,03 distribution of both plasma-sprayed coatings and sintered bodies measured by both EPMA and TEM

Minimum (mass %) Maximum (mass %) Mean (mass %) Standard deviation
Sample EPMA TEM EPMA TEM EPMA TEM EPMA TEM
a4z 2.39 4.26 5.81 8.08 4.59 5.92 0.57 0.83
6YZ 5.27 5.42 7.50 8.24 6.77 6.72 0.40 0.88
8YZA 1.33 — 14.82 — 7.96 — 2.50 —
8YZB 6.82 6.79 9.90 12.53 7.57 9.88 0.61 1.22
25MYZ 4.30 4.29 5.19 6.43 4.65 5.24 0.18 0.52
30MYZ 5.11 4.92 5.80 8.07 5.37 6.20 0.16 0.78
40MYZ 6.78 3.83 7.37 8.45 7.25 6.15 0.29 1.23
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concentrations observed by the two analyses in botlgrains of each sample ranged from 0.05 to/on3. Fur-
25MYZ and 30MYZ were identical. Whereas, com- thermore, no clear relationship was observed between
pared with EPMA analysis, the range ob@®3; dis-  grain size and ¥Os concentration.
tribution in 40MYZ measured by TEM was much
broader, extending to much lower®3; concentration
than 6.78 mass %, which was the minimuOg con-  3.3. Phase transformation after
centration observed by EPMA analyses. hydrothermal aging
To summarize the results shown in Table 1L  Fig. 2 shows temperature dependence of monoclinic
distributionsin4YZ,6YZ,8YZB, 25MYZ and 30MYZ phase fraction of coatings and sintered bodies after ag-
from EPMA analyses (L.m¢) coincided with those in  ing test for 50 h. Increment of monoclinic phase was
the more microscopic range (20 pin On the other observed in 4YZ, 6YZ, 8YZA, 25MYZ, 30MYZ and
hand, Y;O3 distributions in the sintered body 40MYZ 40MYZ. Only in 8YZB was increment not observed.
obtained by EPMA analyses (Im¢) were inconsis- Fig. 3 shows monoclinic phase fraction after aging at
tent with those obtained by TEM. From these results473 K for 0-100 h. In all samples the fraction saturated
it was found that ¥Os distributions of 4YZ, 6YZ, after aging for 10 h. Monoclinic phase fraction after
8YZB, 25MYZ and 30MYZ were relatively uniform aging at 473 K decreased for each sample wit0y
even in the TEM observation area, 20 finHowever, concentration.
Y »,05 distributions of 40MYZ were not uniform inthe =~ Comparing 40MYZ and 8YZB, ¥Oj3 distributions
same area. measured by EPMA shown in Table Il were found
The range of grain size of all samples was from 0.04to be almost consistent and minimum concentration of
to 0.73.m as shown in Table IV. The grain size was Y>03 was 6.78 and 6.82 mass %, respectively. How-
much smaller than the EPMA probe diameter, althougtever, YOz distribution of these samples measured by
greater than the TEM probe diameter. Mean grain sizd EM-EDX ranged from 3.83 to 8.45 and from 6.79
ranged from 0.17 to 0.24m and more than 80% of to 12.53, respectively. From these results, it is sug-
gested that in 40MYZ the phase transformation oc-
curred selectively in the grains which had loweiO4
TABLE IV Grain size distribution of both plasma-sprayed coatings concentration. L
and sintered bodies measured by TEM In summary, it is concluded that tetragonal to mono-
clinic phase transformation during hydrothermal aging

Sample  Minimum  Maximum  Mean Stgg\‘/’lzl‘in did not occur in tetragonal zirconia which had more
than 6.7 mass % O3 in the microscopic (20 ngp)

avz 009um  073um  024um  012um areaaswellasintheimg¢ area.

6YZ 0.08 0.33 0.15 0.04 Fig. 4 shows time dependence of monoclinic phase

8YZB 0.08 0.42 0.19 0.09 fraction of coatings after aging test at 368 Ry,0 =

e oo e oie P 0.082 MPa. The test time was varied from 0 to 1000 h.

10MYZ 008 051 018 0.08 In 8YZB, transformation did not occur at 368 K after

1000 h.
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Figure 2 Monoclinic phase fraction of plasma-sprayed coatings and sintered bodies having different yttria content after aging in saturated steam
atmosphere at 293, 343, 368, 373, 423 and 473 K. (a) Plasma-sprayed coatings and (b) sintered bodies.
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. - monoclinic phase fraction after 368 K aging within
= g% = ggﬁzg 1000 h was observed in 6YZ and 8YZA.
——8V7ZA —o—40MYZ As shown in Fig. 4, it was observed that the start
—a—8YZB of phase transformation in 6YZ was delayed compared
S with those of 4YZ and 8YZA. As shown in Table IlI,
S 100 — . —— Y05 distributions of 4YZ and 8YZA ranged from 2.39
E L. s ] t0 5.81 mass % and from 1.33 to 14.82 mass %, respec-
N’ [~ 8 . ] tively. While, 6YZ contained a negligible amount of
= 80 ] tetragonal zirconia which had less than 5.27 mass %
= | ] Y ,03. Fig. 5 shows the detail of XO3 distribution of
b3 L o L = 4YZ, 6YZ and 8YZA. Tetragonal to monoclinic phase
8 60 - . transformation occurred in zirconia which had less than
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Figure 3 Monoclinic phase fraction after aging at 473 Ru,0= 2L lﬁ |
1.57 MPa for 0-100 h.
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Figure 4 Monoclinic phase fraction of plasma-sprayed coatings after St (C) |
aging at 368 K P4,0 =0.082 MPa for 0-1000 h. By
5 .
S 6t i
Inboth4YZand 8YZA, increase of monoclinic phase g
was observed within 100 h. In particular, monoclinic = 4l
phase fraction of 8YZA after 100 h reached more than 2 i
66% of Xin(00)ses k. Furthermore, within 200 h, the [y
monoclinic phase fraction saturated in both 4YZ and 2t .
8YZA. H
On the other hand, in 6YZ, tetragonal to monoclinic 0 L. D L 1 [ [ ol ﬂ
phase transformation was not observed within 100 h 0 2 4 6 8 10 12 14
However, the phase transformation started after 100 Y203 (mass%)

As shown in Fig. 3, after 473 K aging it was observed
that the monOC“m(.: phase fraction in 6YZ was alwaySrigure 5 Distribution of Y,03 concentration in plasma-sprayed coat-
greater than that in 8YZA. However, the reversal ofings measured by EPMA: (a) 4YZ, (b) 6YZ, and (c) 8YZA.
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Figure 7 Distribution of Y,0O3 concentration in 40MYZ measured by
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0
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L occurred in the region having less than 5 massf®3Y

and that after 100 h the phase transformation started in
T T T the region having more than 5 mass %0¢.

Monoclinic phase fraction (mol%)

0 200 400 600 800 1000 1200 From th_ege results, we suggest that the tetragonal
] to monoclinic phase transformation at 368 Ry,0 =
Time (h) 0.082 MPa progresses as follows.

Figure 6 Monoclinic phase fraction of sintered bodies after aging at 1 Until 100 h, tetragonal zirconia which contains
368 K, Py0 =0.082 MPa. less than 5 mass % 03 transforms to monoclinic
phase rapidly.

2. After 100 h, tetragonal zirconia whoseQ3 con-
6.3-6.8 mass %30z even at 473 K[18]. For thatréa- centration lies between 5 mass % and criticzD¥ con-
son, monoclinic phase fraction after aging could almoSgenration transforms to monoclinic phase slowly.
be estimated based on the proportion of tetragonal zir-
conia which contains less than 6.5 mass %Y, using In the case that temperature angHpressure were
Fig. 5. 8YZA had a smaller area containing less thanyajsed, it is suggested that the phase transformation was
6.5 mass % YOz than 6YZ. However, if the area was accelerated and the difference between step 1 and step
defined as that with less than 5 mass %Y, the area 2 gisappeared. For that reason, the multistage reaction

in 8YZA was greater than tha_t in 6YZ. From thes.e '€-in this phase transformation was not observed at 473 K.
sults, it was suggested that in hydrothermal aging at

368 K, Pu,0=0.082 MPa, until 100 h, tetragonal to
monoclinic phase transformation occurred in the re-3.4. Rate of phase transformation
gion containing less ¥O3 than 5 mass % in 4YZ and 3.4.1. Plasma-sprayed coatings
8YZA and that after 100 h phase transformation startedrigs 8 and 9 show rate constant of transformation of
in the region containing more 03 than 5 mass %, As plasma-sprayed coatings and sintered bodies at 368 and
aresult, phase transformation in the 6YZ seems to statt73 K. In plasma-sprayed coatings, the rate decreased
after 100 h. with an increase of ¥O3 concentrations in zirconia
Fig. 6 shows time dependence of monoclinic phasevhich had homogeneous®s distributions. Rate con-
fraction of the sintered bodies after aging test at 368 Kstants at 368 K were less than 1/100 of those at 473 K.
Pu,0 =0.082 MPa. The aging test time was varied be- At 368 K rate constant of 6YZ was lower than that
tween 0 and 1000 h. Increase of monoclinic phase wasf 8YZA which had heterogeneous®j; distribution,
observed in all sintered bodies and monoclinic phasevhereas at 473 K the rate constant of 6YZ was greater
fractions saturated within 800 h. than that of 8YZA. Comparing rate constants of 6YZ
However, a unique transformation behavior was ob-and 8YZA in the experiment at both 368 and 473 K,
served in 40MYZ. The monoclinic phase fraction sat-it is suggested that homogeneity 0§Q3 distribution
urated temporarily within 10 h. That value was main-influenced the rate constant of tetragonal to monoclinic
tained until 100 h. Then, the monoclinic fraction startedphase transformation at 368 K.
toincrease again and saturated in 500 h. Fig. 7 shows the The Y,03 concentration dependence on the rate con-
Y 2Oz distribution of 40MYZ from TEM-EDX observa- stant almost agreed with the results of Yashigbal.
tion. As shown in Fig. 7, ¥Os distribution of 40MYZ  [15]. However, their values of the rate constant at low
ranged from 3.83 to 8.45 mass %, and in the greateY,0O3 concentration disagreed with those in the present
part of the specimen O3 concentration was larger work, due to the different test conditions (form and
than 5 mass %. It is suggested that in 40MYZ, untilphase composition of starting sample, experimental
100 h, tetragonal to monoclinic phase transformatioratmosphere, etc.). In particular, they used zirconia
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and 473 K was not observed. Furthermore, compar-
ing plasma-sprayed coatings and sintered bodies, rate
constants of sintered bodies which had lower than 5-6
mass % ¥%Os concentration were lower than those of
plasma-sprayed coatings. Conversely, rate constantin a
sintered body which had higher than 5—6 mass2®¥
concentration was greater than that of plasma-sprayed
coating. These results seem to originate from the fol-
lowing facts.

1. Porosity of sintered bodies was much less than that
of coatings [21]. Tetragonal to monoclinic phase trans-
formation under hydrothermal aging occurred from the
surface [7]. In both 25MYZ and 30MYZ, it was sug-
gested that sufficient transformation did not occur in a
short time because of steam supply shortage.

2. The Y>03 distribution in 40MYZ was not uni-
form. Some areas of 40MYZ contain lessQ3 than
the critical concentration, as revealed by TEM-EDX
observation and shown in both Table Il and Fig. 7. As
aresult, itis suggested that phase transformation in the
40MYZ occurred in the limited areas containing less
Y 20s3.

Figure 8 Relationship between rate constant of transformation of Tetragonal to monoclinic phase transformation

plasma-sprayed coatings and sintered bodies. *: at 36®o =
0.082 MPa, **: at 356 K in water, ***: at 368 K in water, ****: at

378 K in water.

Rate constant (k / h'l)

Figure 9 Relationship between rate of transformation of plasma-
sprayed coatings and sintered bodies. *: at 47PK,0 =1.57 MPa,

—@— Plasma-Sprayed Coating (4YZ,6YZ,8YZB)*
M Plasma-Sprayed Coating (8YZA)*

= Ref.15 (in water)**

—&S— Sintered Bodies*

3 4 5 6 7 8 9
Y203concentration (mass%)

**: at473 K, 200 MPa.

powders which were composed of a large quantity o

which occurs in a humid atmosphere at low temper-
atures was influenced by residual stress besig€x Y
concentration and grain size [4-8, 11-13, 16, 17]. In or-
der to investigate both critical O3 concentration and
relationship between rate of the phase transformation
and Y>03 concentration, the influence of stress on this
transformation must be clarified.

4. Conclusion

In this paper, tetragonal to monoclinic phase transfor-
mation in plasma-sprayed coatings and sintered bod-
ies in the %,03-ZrO, system has been investigated.
Phase transformation selectively occurred in micro-
scopic area containing less®; than 6.7 mass % at
473 K in a humid atmosphere. Furthermore, in tetrag-
onal zirconia coatings which had relatively uniform
Y »,0O3 distribution, the influence of XO3 distribution

on the rate constant was observed at a lower tempera-
ture, 368 K. The most interesting point is that in both
plasma-sprayed coatings and sintered bodies, multi-
stage behavior which reflected theQ3 distribution

in the microscopic areas was observed in the tetragonal
to monoclinic phase transformation at 368 K aging.
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