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Design and Evaluation of Zirconia Based
Thermal Barrier Powders for Advanced Engines

Abstract- Advanced utility, diesel and turbines engines used widely in aerospace,
chemical and oil industries are based on plasma sprayed thermal barrier coatings.
The successful performance of these coatings during servicing are relied mostly on
the careful design, selection and analysis of zirconia-based ceramic powders
stabilized with yttria and ceria. Different design of sampling techniques relevant
for each evaluates property is a key factor to obtain reliable data. Significant
property differences were observed for single and mixed powders. In the present
work the particle size, its distribution, apparent density, flow rate, biased standard
deviation, unbiased standard deviation and phases were characterized using
sieving, flowmeter, scanning electron microscopy (SEM), X-ray diffraction (XRD),
step scanning X-ray diffraction, energy dispersive spectroscopy (EDS), electron
microprobe analysis (EPMA) and FT-IR. Two single alloyed zirconia powders of
zirconia- 25 wt% CeQ0,-2.5 wt% Y,0;3 (Sulzer Metco 205NS) and zirconia- 8 wt%
Y,0; (Sulzer Metco 204NS-G) and mixture of these powders 80 wt% (Sulzer Metco
205NS) and 20 wt% (Sulzer Metco 204NS-G) were investigated. The particle shape
has a remarkable effect on the flow rate and apparent density rather than the other
properties. The particle distribution gives important noticeable information for the
plasma spraying coatings.
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1.Introduction
Most zirconia

based

20 to 25 wt% ceria stabilized zirconia (CSZ) as

candidates for YPSZ [8]. Analysis of these two

ceramic  powder

manufacturing techniques produced powders with
broad primary characteristics [1]. These
characteristics are shape, size, distribution, texture,
chemical composition and purity [1,2]. These
properties have significant effect on the secondary
powder characteristics such as apparent density,
specific surface and flow rate [3]. Therefore,
careful design and selection procedures are
required for sampling and evaluation to obtain
reliable data for spraying coatings [4]. The
sampling selection is the most important vital
factor for spraying process especially for
premixing ceramic powders to ensure the
successful of evaluation [5].

They have been widely accepted the most reliable
ceramic powders for plasma sprayed thermal
barrier coatings are based on yttria partially
stabilized zirconia (YPSZ) contain approximately
6.5 to 8.5 wt% yttria [6,7]. Recently, most interest
works have been made on developing and
characterization plasma sprayed coating contains
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systems (YPSZ and CSZ) showed that there are
many interest suitable properties for each of them
for thermal barrier coatings which may lead to
develop many ternary systems [9,10].

It was well known that in spite of many physical
and chemical interest properties of pure zirconia,
no engineering bulk applications were used due to
deleterious phase transformation. Therefore,
advanced fields of stabilization zirconia were
emerged during the last thirty five years or so. Itis
very important to mention that stabilizing of
zirconia to control the tetragonal phase (t) to
monoclinic phase (m) transformation were
analyzed thoroughly in the first two important
congresses of zirconia and its alloys [11,12] as
well in many important reviews [13-15].  They
have been accepted worldwide stabilizing of
zirconia with yttria and ceria enjoy the benefit of
control phase transformation to emerge many vital
wide spread applications [17]. Stabilizing zirconia
can be produced with many other oxides having
very high melting points, chemical inertness,
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oxidation resistance and high fracture toughness
[17-19]. The type of stabilizing zirconia can be
controlled by at least three important features;
amount of oxide stabilizer, its type and cooling rate
[20-22]. They were reported that more than
fifteen oxides may add to stabilize zirconia for
many advanced applications and the most one is
thermal barrier coatings [23-25]. The most
important are calcia, magnesia, yttria, ceria,
Scandia, ytterbia, samaria, gadolina, lanathaa,
holmia, erbia, dysposia, alumina, tantalia and
hafania. Recently, great attentions and significant
amount of work are carried out to the development
of ternary systems based on zirconia-ceria-yttria as
thermal barrier coating systems (CYSZ) [26].
These systems were produced from premixed of
standard powders of zirconia-ceria and zirconia-
yttria [27]. Due to the well agreed hypothesis that
premixing is very important variable for successful
thorough intermingling, careful design and
evaluation of final premixed powders are needed.
The aim of this work was to determine the
feasibility of sampling selection of primary and
premixed zirconia based thermal barrier powders
to describe the successful of final target of
homogenous plasma sprayed coating. The paper
reported that the new approach based on detail
electron probe microanalysis (EPMA) is the most
scientific tool to describe the degree of mixing
efficiency for advanced powders.

2.Experimental Procedures

Three standard thermal barrier coatings powders
namely Sulzer Metco 204NS-G (zirconia- 8 wt%
yttria), Sulzer Metco 205NS (zirconia-25 wt%
ceria- 2.5 wt% yttria) and mixture of these oxide
powders with volume fractions of 80 wt% Sulzer
Metco 205NS and 20 wt% Sulzer Metco 204NS-G
were examined thoroughly to confirm the new
approach. The nominal composition of mixed
powder is approximately ZrO,- 20 wt% CeO2- 3.6
wt% Y,0;.  The standard fact sheet of Sulzer
Metco 204NS and Sulzer Metco 205NS-G is listed
in Table 1 [28,29]. The average supplier particle
size for both Sulzer Metco 204NS-G and Sulzer
Metco 205NS powders is +11 — 125 pm.

Great care was taken to select the represent
sampling for the primary and mixed powder in
order to improve accuracy for all investigated
properties and the characteristics of the powders.

The particle size and its distribution of the three
powders were determined by sieving process using
standard sieves according to the ASTM B 214.
The instrument has two dimensional movement,
horizontally having circular motion and vertically
for tapping. These movements are capable to be
sufficient for particles to pass the given sieve size
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successfully. Six sieves with 200 mm diameter
were used (10, 25, 53, 75, 106 and 112 um
respectively). In order to evaluate the powders
accurately and controlling the statistical nature of
the powders, careful sampling procedures were
employed for the Sulzer Metco 204NS-G, 205NS
and mixed powder. More attention was paid for
mixed powder since it is the target for extra
studies. To secure the successful of mixing, firstly
careful samplings procedures based on ASTM B
215 were covered for the primary powders.
Samples of approximately 3.2 kg for Sulzer Metco
205NS and Sulzer Metco 204NS-G powders were
taken from the lots of 5.7 kg for each powder to
obtain the sampling (Fig. 1). Secondly,
approximately, 400 g samplings were used for
Sulzer Metco 204NS-G and Sulzer Metco 205NS
while 500 g was used for premixed powder and the
average of two samplings was evaluated. All
samplings were selected based on cone and
quartering sampling technique [30]. The chemical
analyses of premixed powder were analyzed using
EPMA from EDS equipped with scanning electron
microscopy (SEM). The efficiency of mixing
powder was determined from EPMA assessment of
average area 600 x 600 pm for each mixing
sample at a given interval time. Six samples of
total weight 500 g powder were used for mixing
samples using standard jar. Dry mixing was taken
place for different interval times (15, 30, 60, 75, 90
and 120 min). The other variables of mixing were
made constant. This is because the mixing time is
the most important parameter covers the desired
result. The small samples selected for EPMA
analysis was done by thief technique. The biased
variance (or unbiased variance) and biased
standard deviation (or unbiased standard deviation)
were determined from EPMA to describe the
degree of efficiency of mixing. Six samples were
selected and analyzed for each mixing time. The
biased variance and biased standard deviations of
mixed powder for CeO, and Y,0; at different
mixing times can be expressed mathematically by
equations 1 and 2 respectively [31]:

W

5 e

where S? is biased variance of mixed power; S is
biased standard deviation of the mixed powder; n
is number of EPMA analysis of samples; i is
selected sample number; X or Y is the standard
EPMA analysis of CeO, or Y,O; respectively, X;
or Y; is selected sample EPMA analysis of CeO, or
Y,05.1t should be mentioned that the values of S*
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and S are similar for both CeO, and Y,Os;.
Therefore, the data reported are based on the CeO,
analysis. For higher precision data to increase the reliability
and certainty due to limited number of sample analysis (the
average of six analysis was reported for each mixing time), the
n value replaced by n— 1. In this case, the S* and S based on
n-1 is termed unbiased variance and unbiased standard
deviation respectively. The equations used then become [31]:

sy (o 0

=1

Y ( ) ®

i=1

Detailed analysis of the features obtained from standard
evaluation of apparent density and flow rate for the three
powders [30] showed the considerable variation. Hall flow
meter based on ASTM B 212 and ASTM B 213 were
applied to determine apparent density and flow rate
respectively. Since, there were wide scatter of measured data;
Weibulls distribution was employed to describe the reliable
values rather than statistical average. More detail for the
procedures of Weibull analysis can be found other else [32].
The phases of the primary powders and the mixed powder
were determined from X-ray diffraction pattems recorded.
SHIMADZU system diffractometer using CoKo and CuKa
radiations at 40 kV and 40 mA were employed. The lattice
parameters were calculated from the lowest range of angles
(26 27.5 to 32.5°) for monoclinic phase (m) and from the
highest range of angles (20 72 to 75.5°) for transformable
tetragonal phase (). The volume fractions of the phases
present in the powders were measured from the area under the
corresponding peaks according to Miller etal equations [33].
The error of volume fraction calculation is believed to be with
+5t0 10%.

The FT-IR spectra have been recorded in the 4000400 cm '
with 0.5 cm™ resolution. The FTIR spectra were recorded on
highest SNs ratio IRAffinity-1S SHIMADZU Fourier
Transform Infrared Spectrometer to determine the absorptivity
of the mixed powders.

Figure 1: Standard Sulzer Metco 205NS and Sulzer
Metco 204NS-G powders.
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Table 1. Fact sheet of Sulzer Metco 204NS-G and Sulzer Metco 205NS powders.

Fact sheet Sulzer Metco 204NS-G Sulzer Metco 205NS
Classification Ceramic, zirconia based Ceramic, zirconia based
Chemistry Zr0;- 8 wt% Y,0; 71r0,-25 wt% CeO,-
2.5 wt% Y203
Manufacture Agglomerated and HOSP™ Agglomerated and
HOSP™
Morphology Spheroidal Spheroidal
Apparent density 23402 g/em’ 224 0.1 g/em’
Purpose Thermal protection Thermal barrier
Melting point 2800 °C (5072 °F)

Service temperature

Process

XCL products < 1350 °C (2460 °F)
Other products < 1250 °C (2280 °F)

Atmospheric plasma spray,
ChamPr™ (LVPS, LPPS, VPS)

1250 °C (2280 °F)

Atmospheric plasma
spray
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Table 2 Particle size data for (a) Sulzer Metco 204NS-G, (b) Sulzer Metco 205NS and (c) the mixed

powder.
(2)
Sieve wtl,g wt2, g Average wt% Cumulative less
size wt, g than%
10 28 26 27 6.7 6.7
25 34 39 36.5 9.1 15.8
53 150 143 146.5 36.4 52.2
75 73 86 79.5 19.8 72.0
106 86 81 83.5 20.8 92.8
112 25 33 29 7.2 100
Total 396 408 402 100 100
(b)
Sieve Wtl,g Wit2, g Average wt, wt% Cumulative less
size g than %
10 19 22 20.5 5.1 5.1
25 26 31 28.5 7.1 12.2
53 135 122 128.5 32 44.2
75 119 127 123 30.7 74.9
106 77 80 78.5 19.6 94.5
112 22 22 22 5.5 100
Total 398 404 401 100 100
(©)
Sieve size  Wtl, Wt2,g  Average wt, g wt%  Cumulative less than %
10 32 30 31 6.3 5.1
25 40 44 42 8.5 12.2
53 172 178 175 354 44.2
75 122 119 120.5 243 74.9
106 103 97 100 20.2 94.5
112 28 24 26 53 100
Total 497 492 494.5 100 100

Table 3: The apparent density distribution of (a) Sulzer Metco 204NS-G, (b) Sulzer Metco 205NS
and (c) mixed powder. (a)

Reading Apparent In S; 1/S; Inl/S; Inlnl/S; m App. density
Number density, apparent at37% S;,
g/em’ density g/em’
I 2.37 0.8628  0.066 15.151 2718  0.999
2 2.37 08628  0.133 7518 2017  0.701
3 232 0.8415 02 5 1609 0475
A ’3 25.42 2,285
08329 0266 3759 1324  0.280
3 2.29 0.8285 0333 3.003 1.099  0.094
6 2.28 08241 04 25 0916 -0.087
7 2.26 0.8153 0466 2.145 0763  -0.269
8 2.23 08109 0533 1876 0.629 -0.463
? 2.21 07929 06 1666 0510 -0.671
10 2.19 07839 0.666 1501 0406  -0.900
1 2.16 07701 0733 1364 0310 -1.169
12 2.15 07654 08 125 0223  -1.499
13 2.13 07561 0866 1.154 0143 -1.938
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14 207 07275 0933 1071 0.069 _ -2.668
(b)
Reading Apparent In S; 1/S; Inl/S; Inln m App. density
number density, apparent 1/5; at 37%,
g/em’ density g/em’
1 222 0.7975 0.066 15.151 2718  0.999
2 2.14 0.7608 0.133 7.518 2.017  0.701
3 2.12 0.7514 02 5 1.609  0.475
4 21 0.7419 0266 3759 1324  0.280
5 2.09
0.7371  0.333  3.003 1.099  0.094
6 2.06 22.36 2.078
0.7227 0.4 2.5 0916  -0.087
7 2.05
0.7178 0466 2.145  0.763  -0.269
8 2.04
0.7129 0.533 1.876  0.629  -0.463
9 2.01
0.6981 0.6 1.666  0.510 -0.671
10 1.99
0.6881  0.666 1.501 0.406  -0.900
11 1.98
0.6830 0.733 1364 0310 -1.169
12 1.93
0.6575 0.8 1.25 0.223  -1.499
13 1.92
0.6523 0.866 1.154  0.143  -1.938
14 1.88 0.6312 0.933  1.071 0.069  -2.668
(©)
Reading Apparent In Si 1/5; In1/S;  Inln 1/S; m App. density
number density, apparent at 37%, g/em’
g/em’ density
! 2.24 0.8064 0.066 15.151 2.718 0.999
2 223
0.8020 0.133 7.518  2.017 0.701
3 2.22 0.7975 0.2 5 1.609 0.475
4 2.2 0.7884 0.266 3.759  1.324 0.280
5 2.19 21.43 2.184
0.7839 0333  3.003 1.099 0.094
6 2.18
0.7793 0.4 2.5 0916  -0.087
7 2.17
0.7747 0.466 2.145  0.763 -0.269
8 2.15
0.7654 0.533 1.876  0.629  -0.463
9 2.12
0.7514 0.6 1.666  0.510  -0.671
10 2.08
0.7323  0.666 1.501  0.406  -0.900
11 2.02
0.7030 0.733 1364 0310  -1.169
12 1.99
0.6881 0.8 1.25 0.223 -1.499
13 1.98
0.6830 0.866 1.154  0.143 -1.938
14 1.96

0.6729 0933 1.071  0.069 -2.668
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Table 4: The flow rate distribution of (a) Sulzer Metco 204NS-G, (b) Sulzer Metco 205NS and (c)
mixed powder.

(a)
Reading Flow rate, In flow S; 1/S; In1/S; Inln1/S; m Flow rate at
number s/50 g rate 37% S;, /50 g
1 68 42195 0066 15.151 2718 0999
2 66 41896  0.133 7518 2017 0701
3 63 41431 02 5 1609 0475
4 >8 40604 0266 3759 1324 0280 408 54
> >3 40073 0333 3.003  1.099  0.094
6 53 39702 04 25 0916  -0.087
7 49 38918 0466 2.145 0763  -0.269
8 46 38286 0533 1876 0.629  -0.463
9 43 38066 0.6 1666 0510  -0.671
10 4l 37135 0666 1501 0406  -0.900
1 39 36635 0733 1364 0310  -1.169
12 37 36100 0.8 125 0223 -1.499
13 35 35553 0866 1.154 0143  -1.938
14 33 34965 0933 1071 0069  -2.668
(b)
Reading Flow rate, In flow S; 1/S; In1/S;  Inlnl/S; m Flow rate at
number s/50 g rate 37%,s/50 g
1 71 £.Yivn
0.066 15151 2718  0.999
2 70 £ Ythe
0.133 7518 2017 0701
¢ YAQT
3 66 : 02 5 1.609 0475
4 63 £YEv)
0266 3759 1324 0280
5 60 LR 3.788 58
0333 3.003  1.09  0.094
6 56 ¢ vor
04 25 0916  -0.087
7 55 ¢ovy
0466 2.145 0763  -0.269
8 53 Y.Av.y
0533 1.876  0.629  -0.463
9 51 Y.AYYA
06 1.666 0510  -0.671
10 47 YAS)
0.666 1501 0406  -0.900
11 45 YA
0.733 1364 0310  -1.169
12 38 rarve
08 125 0223  -1.499
13 32 ALY
0.866 1.154 0143  -1.938
14 30 Yy
0933 1071 0069  -2.668
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c
Reading Flow rate, In flow S; I(/S)i In1/S;  Inln 1/5; m Flow rate at
umber s/50g rate 37%,s/50 g
1 73 £Yd.e 0.066 15.151 2.718 0.999
2 66 £YA4T 0 0.133 7518 2.017 0.701
3 64 £)0AA 0.2 5 1.609 0.475
4 61 ENVA 0266 3759 1.324 0.280
5 57 £€.484Y. 0.333  3.003 1.099 0.094
6 52 v.aeny 0.4 2.5 0916  -0.087
7 47 YAeY 0466 2145 0.763 -0.269
8 46 TAYAT 0.533  1.876  0.629  -0.463
9 43 YYUY 06 1666 0510 -0.671 376 33
10 39 vaave  0.666 1.501  0.406  -0.900
11 38 vavve 0.733 1364 0310  -1.169
12 36 Y.0AY0 0.8 1.25 0.223 -1.499
13 34 Y.exiy  0.866 1.154  0.143 -1.938
14 31 YEYYA 0933 1.071  0.069  -2.668

Table S: Typical %mole of m, t, ¢ and t' for 204NS-G, 205NS and mixed powders.

Ceramic type mole% m  mole% c mole% t mole% t'
Metco 204NS-G powder 16+£2 nil 84 +2 nil
Metco 205NS powder 16+£2 nil 84 +2 nil
Mixed powder 16+2 nil 84 £2 nil

Table 6: Lattice parameters of t phase and relative intensity of m and t phases.

Parameter Value

a, nm 0.5132

¢, nm 0.5234

c/a ratio 1.0198

1,(004)/(400) 0.4-0.6

A20{400 range} t 1.2-13
A20{400 range} t' -

I,(111)/ 1,(111) 1.6

Table 7:Values of biased variance, unbiased variance, biased standard deviation and unbiased
standard deviation of mixed powder at different mixing time.

Mixing Biased S’ Biased S Unbiased S’ Unbiased S
time, min
0
15 4.3 2.07 5.2 2.28
30 3.2 1.79 3.8 1.95
60 2.0 1.41 24 1.55
75 2.8 1.67 3.4 1.84
90 3.2 1.79 3.8 1.95
120 3.3 1.82 4 2
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(b)

Figure 2: SEM micrographs of typical (a) Sulzer Metco 205NS, (b) Sulzer Metco 204NS-G and (c)
mixed Sulzer Metco 205NS and Sulzer Metco 204NS-G powder and (d) EDS of mixed powder.
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Figure 3: Histogram and size distribution for the powders investigated (a) and (b) cumulative% less
than size.
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Figure 4: Weibull's modulus for (a) 204NS-G, (b) 205NS and (c¢) mixed 204NS-G and 205NS
powders.
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Figure 5: Weibull's modulus for (a) 204NS-G, (b) 205NS and (c) mixed 204NS-G and 205NS

powders.
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Figure 6: XRD pattern of (a) Sulzer Metco 205NS powder, (b) Sulzer Metco 204NS-G and (¢)
Mixed powder of Sulzer Metco 205Ns and Sulzer Metco 204NS-G. Note (a) and (b) Co radiation
while (c¢) Cu radiation.
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Figure7: Step scanning for mixed Sulzer Metco 204NS-G and Sulzer Metco 205NS powder.
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Figure 8: FT-IR spectrum of mixed Sulzer Metco 204NS-G and Sulzer Metco 205NS powder in the
range of 4000-430 cm ™' (a) % transmission and (b) absorption.

Conclusions

1- Scientific careful designing of sampling
selection of advanced powders is the important key
factor to obtain the reliable data to be considered
further for advanced processing.

2- Weibull's distribution modulus can be used
effectively to describe the primary and secondary
powder characteristics.

3- EPMA is the most powerful analytical
chemical tool to describe the degree of efficiency
of mixing powder.

4- The degree of mixing is very lengthy and
requires accurate chemical analysis.
5- A new approach is examined to be

important to be implemented in analysis of
advanced ceramic mixing powders.
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