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Microstructure of zirconia-yttria 
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The objective of this paper is to report on the characterization of the highly complex micro- 
structure of zirconia coatings, which arise as a result of the plasma-spraying process. The fine 
structure has been observed to change through the thickness of the coating, behaviour which 
has been related to the cooling rate and crystallization of the deposited material. Microstruc- 
tural features such as an amorphous bond coat/ceramic interfacial film and a grain-boundary 
glassy phase, which are believed to have a significant effect upon coating properties such as 
adhesion and compliance, have been shown to be present. 

1. Introduct ion  
Early work on thermal barriers demonstrated the 
advantages of plasma-sprayed zirconia coatings [1] as 
a short-term solution to increasing gas turbine operat- 
ing temperatures. The viability of such coatings has 
already been proven, as evidenced by their introduc- 
tion into the after-burner sections of many high- 
performance engines. Recently, research has concen- 
trated on the durability and thermal cycle life of the 
coatings, mainly through the development of the 
plasma-spraying process, to introduce coated com- 
ponents into more critical, highly stressed regions of 
the gas turbine engine. Improved performance and 
durability can be achieved by optimizing the zirconia 
stabilizer content within the range 6-10 wt % yttria. 
These studies [2, 3] have been of an empirical nature, 
based upon thermal cycle rig tests, an accepted test 
method in thermal barrier development. The use of 
such tests does not, however, provide any explanation 
of the mechanisms by which such coating composi- 
tions improve performance. 

Analysis of the optimum coating compositions has 
shown them to correspond to a peak in the metastable 
t' tetragonal phase content. The improved per- 
formance has consequently been linked to the proper- 
ties of this t' phase [4]. Thermal cycling and static 
ageing experiments have shown that a high-temper- 
ature destabilization Of the t' phase can occur, result- 
ing in equilibrium t and c phases, with the t phase 
transforming to m symmetry after long periods. The 
3%-5% volume expansion and ~ 10% shear strains 
associated with this transformation were believed to 
have a life-limiting effect on coating performance, 
eventually leading to spallation. Coating durability 
was therefore believed to be determined by the re- 
sidual content of t' phase. 

Few detailed studies have been made into the 
microstructure of plasma-sprayed zirconia coatings 
and into possible microstructure-property relation- 

ships. Furthermore, investigations of how the micro- 
structure is related to and changed with service 
exposure, particularly Che high-temperature destabil- 
ization of the t' phase, are not extensive. The absence 
of such investigations is surprising, because such in- 
formation would be helpful in explaining the mech- 
anisms of adhesion and why particular coating com- 
positions exhibit improved durability. 

The present paper reports on a systematic micro- 
structural and phase analysis of as-received coatings, 
within the optimum stabilizer range. We demonstrate 
the build-up of the plasma-sprayed coating structure 
and have investigated the changes in coating micro- 
structure through the thickness of the coating. 

2. Experimental  methods and materials 
2.1. Plasma-sprayed coating conditions 
All the coatings were plasma sprayed at Rolls Royce, 
Derby, using standardized spray conditions. 

In order to obtain a constant flow rate during 
spraying, the nozzle needed to be in good condition 
and in the case of zirconia, the powder to be dry. The 
substrate was a 5 cm square, 3 mm thick, nimonic 
alloy, which was initially grit blasted to increase sur- 
face roughness and to remove surface oxides or other 
impurities. 

A metallic bond layer of the MCrA1Y composition, 
where M = Ni or Co, was initially deposited by 
plasma. The zirconia coating was then sprayed over 
this layer shortly afterwards, forming the standard 
duplex structure. 

2.2. Cross-sectional  foil preparation 
Preparation of cross-sectional TEM foils was de- 
veloped from published techniques for the exam- 
ination of coatings [5, 63. Such techniques had 
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TABLE I Analysis of MEL SCY8 powder as a percentage 

YzO3 SiO2 TiO 2 Fe203 SO3 ZrO2 

8.2 0.08 0.1 0.08 0.005 Balance 

themselves been adapted from methods for examining 
oxide films [7, 8]. 

The initial microstructural characterization was 
based on four coating compositions which had been 
found to be in the range for optimum performance in 
thermal cycle rigs. The coating compositions investig- 
ated comprised ZrO 2 with 6, 8, 10 and 12 wt % Y203 
and were plasma sprayed from commercially available 
MEL SC or high-purity grade powders (see Table I). 

2.3. SEM charac te r iza t ion  
Characterization of polished coating cross-sections 
was found useful in providing the following in- 
formation: 

l. the degree of particle melting and an approxima- 
tion of the porosity in the coating; 

2. the level of segmentation cracking, which gives 
a measure of the coating integrity; 

3. the morphology of the bond coat/ceramic 
interface. 

An examination such as described can therefore be 
used as a quick method to help develop the plasma- 
spraying process, to increase the degree of particle 
melting and ,thus improve coating morphology. 

Analysis of polished cross-sections has limitations, 
in that the nature of the coating structure can easily 
be damaged during sectioning, mounting, and in the 
polishing procedures [9]. Even after careful prepar- 
ation much of the information regarding the fine 
microstructure becomes lost during polishing. Fur- 
thermore all coatings, regardless of composition, ap- 
peared similar when examined in this manner, 
revealing little distinction between different com- 
positions and processing conditions. 

2.4. F r ac tog raphy  
Detailed information about the structure could only 
be gained by examination of the surface after con- 
trolled fracture of a coating which had been removed 
from the substrate 1-10]. A typical fracture surface is 
illustrated in Fig. 1, which shows the coatings to be 
built up from layers of material in the form oflamellae. 
The lamellae are invariably aligned parallel to the 
substrate, and assume the irregular surface character- 
istics of previously deposited material. Lamellar di- 
mensions vary, ranging from ~ 6 gm thick towards 
the centre, to less than 1 gm at the periphery. The 
length of the lamellae can extend up to ~ 100 gin, 
although for individual lamellae the length is often 
restricted by the topography of previously deposited 
material. 

The fracture path of the coating.follows preferen- 
tially the line of the interface between the lamellae, 
Fig. 2, suggesting weak interlamellar adhesion. This is 

Figure 1 Scanning electron micrograph of coating fracture surface, 
showing lamellar nature of the coating and fine columnar grain 
structure. Also shown is evidence of porosity, enclosed within 
individual lamellae. 

Figure 2 SEM fracture surface showing the preferential interlamel- 
lar fracture. 

believed to arise from an intermittent contact area 
between the lamellae, due to a thin layer of inter- 
lamellar porosity. This fracture mode also indicates 
that solidification occurs in a discontinuous manner, 
deposited material completely solidifying to form the 
lamellae prior to the impact of subsequent material, as 
interdiffusion has not been observed between lamellae. 
Porosity of this type is often observed in materials 
plasma sprayed in air and is believed to arise from the 
entrapment of the air during the plasma deposition. 
Fabrication at low pressures or in a vacuum, for 
example, has been shown [11] to reduce such porosity 
significantly. 

Fracture of the lamellae normally occurs inter- 
granularly. Such a failure mode indicates weak inter- 
granular bonding exists between the grains, suggesting 
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the presence of a thin intergranular glassy phase. The 
microstructures of fractured lameltae are shown in 
Figs 1 and 3 and comprise a mixture of: (1) fine 
columnar grains, 0.1-1 gm diameter and up to 4 gm 
long, nucleating at lamellae interfaces which grow in a 
direction perpendicular to the lamellae boundary, that 
is, in the direction of greatest heat flow, and can often 
completely traverse the lamellae; (2) equiaxed grains of 
up to 1 tam diameter, occurring only in lamellae situ- 
ated between the centre and the outer surface of the 
coating. 

Also observed within the fractured lamellar surface 
were totally enclosed spherical pores ~ 1 gm dia- 
meter. This form of porosity is believed to arise from 
the evolution of absorbed gases during plasma 
spraying [i1]. Variations of the lamellar microstruc- 
ture through the thickness of the coating are difficult 
to quantify from examination of the fracture surface 
due to its irregular nature. Much finer and shorter 
columnar grains, 0.1 gm x 1 gm, can however be iden- 
tified in the coating at the interface with the bond coat, 
Fig. 4. 

2.5. TEM characterization 
The most straightforward TEM analysis is that of 
planar sections taken from coatings removed from the 

substrate by chemical methods. This form of two- 
dimensional analysis has a number of limitations, 
principally that it cannot account for grain orienta- 
tions perpendicular to the substrate surface, and 
secondly, changes in coating structure through the 
coating thickness cannot be assessed. Fig. 5 shows 
how the microstructure of the foils tends to be of fine 
equiaxed grains ranging in size from 0.1-I gm, slightly 
elongated in some instances. These structures do not 
easily relate to the fracture surface analysis presented 
previously, The microstructure represents a cross- 
section through a number of columnar grains in a 
single lamelta. 

The correlation between the TEM microstructurat 
observations and those of the fracture surfaces was 
improved by devising a foil preparation technique 
which allowed investigation of coating cross-sections. 
This form of analysis proved highly successful for 
examination of the highly orientated lamellar micro- 
structure and also the changes in microstructure 
through the coating thickness. 

A typical TEM section through a series of lamellae 
is shown in Fig. 6. The lamellae are ~ 0.5 gm thick, 
and orientated approximately parallel to the substrate 
surface, although of necessity they follow the exact 

Figure 3 SEM fracture surface showing variety of lamellar micro- 
structures composed of fine and coarse columnar grains and 
equiaxed grains of ~ I Fin. 

Figure 5 TEM planar section through the coating, showing a sec- 
tion through the columnar grains in a lamella. 

Figure 4 SEM fracture surface of interface with bond layer showing 
a very fine columnar grain structure for lamellae at the interface. 
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Figure 6 TEM cross-section through a series of lamellae showing 
the fine columnar grain structure orientated perpendicular to the 
lamellar interlace. 



contours of previously deposited material. The micro- 
structure of the lamellae is composed of fine columnar 
grains of 0.1 ~tm x 0.5 gm cross-section, orientated 
perpendicular to the substrate interface. Fig. 7 shows 
another lamellar region where the individual deposits 
are over l gin thick. These thicker lamellae arise 
where there was reduced spread of molten ceramic 
material on impact. The lamellae in Fig. 7 are also 
composed of fine columnar grains 0.2 ~tm thick, by up 
to 1 gm in length. The lamellae microstructure was 
not composed entirely of parallel columnar grains 
which had nucleated on the impact interface and 
grown through the molten splat to the opposite inter- 
face. Often evidence for nucleation on both sides of the 
splat could be identified, the resultant grains inter- 
secting at a point within the lamellae. 

Grain growth across the lamellar interfaces was not 
observed in these sections, suggesting solidification of 
deposited material is complete prior to the impact of 
a subsequent molten droplet. The lamellar interface 
was often found to be discontinuous, giving rise to a 
thin film of interlamellar porosity, 0.1-0.2 gm thick, 
along which preferential fracture of the coatings was 
observed to take place. 

2.6. Formation of coat ing microstructure 
SEM and TEM analysis has shown the coatings to 
have a lamellar structure, which has been found to be 
a characteristic feature of the plasma-sprayed mater- 
ials [12]. Powder injected into the plasma is melted 
and accelerated, forming a molten globule [13]. On 
impacting the substrate, a molten splat forms and 
spreads out across the surface, cooling rapidly, and 
solidifies to form the lamellae. The outer surface of the 
coating, Fig. 8, shows the outline of a solidified splat, 
which has spread out, fragmenting at its periphery 
[14]. 

The degree of splat spreading and variation in 
lamellar thickness is controlled by a number of factors 
[-15, 16], such as droplet temperature, viscosity, velo- 
city of impact, and wetting behaviour between the splat 

Figure 8 Scanning electron micrograph of a solidified splat on the 
surface of the coating which gives rise to the lamellar structure. 

and the previously deposited material. The molten 
splat then cools rapidly by heat conduction into the 
heat sink of the substrate or into the surrounding air 
[17]. On cooling below Tin, solidification commences, 
preventing further spread of material. The thickness of 
each of the lamellae is therefore dependent upon the 
amount of molten splat spread across the uneven 
surface prior to solidification. Consequently, lamellae 
are generally thicker at their centre and thinner at 
their periphery with the shape dependent on the flow 
pattern of the molten material on impact. 

The microstructure of the lamellae is believed to be 
determined by the rate and direction of greatest heat 
removal from the deposited material and its mode of 
crystallization [16]. Columnar grain growth arises 
from heterogeneous nucleation at splat boundaries 
[18], and rapid growth into the molten splat. Alterna- 
tively fine equiaxed grains can form as a result of 
homogeneous nucleation and precipitation from a 
highly undercooled melt. The undercooling necessary 
for homogeneous nucleation is taken to be ~ 0.2 T= 
[19]. This is within the estimated cooling rates for 
plasma-sprayed material of up to 106 K s - :  [20]. 
Homogeneous nucleation would, however, result in 
very fine (< 0.1 gm diameter) grains, due to the high 
nucleation and low growth rates. Such structures have 
been observed in isolated instances in the present 
coatings using TEM, Fig. 9. 

2.7. Variation in structure through coating 
thickness 

The method used to produce cross-sectional TEM 
foils allowed investigation of the coating structure 
from the bond coat interface through to the outer 
surface of the coating. 

Figure 7 TEM cross-section showing the variation in the lamellar 
thickness and grain size. Note the presence of much larger columnar 
grain than Fig. 8 and a thin layer of interlamellar porosity. 

2. 7. 1. B o n d  coat-ceramic intorface 
The foil preparation technique allowed thinning of the 
interracial region between the bond coat and the 
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Figure 9 Transmission electron micrograph of isolated area com- 
posed of ultra-fine < 0.1 gm equiaxed grains, possibly the result of 
homogeneous nucleation. 

ceramic. Examination in TEM of such foils has shown 
that a thin interfacial amorphous film ranging in 
thickness from 50-200 nm exists between these two 
layers, shown in Fig. 10. This thin layer could not 
always be imaged, as often it was preferentially etched 
away during ion-beam thinning, leaving a gap be- 
tween the bond coat and the ceramic. The amorphous 
nature of this interfacial layer was demonstrated by 
selected-area diffraction, shown in Fig. l la, which 
shows a pattern with a series of faint diffuse rings [21]. 
The intensity of the rings is low due to the small 
volume of material typically < 50 nm across, which 
gives rise to electron diffraction. By imaging part of 
a ring in dark field, Fig. llb, the interracial region 
can be illuminated, revealing the continuous nature of 
this thin layer. 

Qualitative microanalysis using STEM revealed the 
change in chemical composition acrossthe interfacial 
region between ceramic and bond coat, Fig. 12. The 
micrographs in Fig. 12 show a thicker interfacial 
amorphous layer due to a reduced angle of cross- 
section. The elemental compositions of each layer 
across the interface are shown in the EDX micro- 

analysis traces of Fig. 12b-d. Trace I is from the fine- 
grained ceramic region adjacent to the interface, and 
indicates that small amounts of Ni and Cr diffusion 
have occurred, from the bond coat into the ceramic. 
Trace 2 is representative of the amorphous interracial 
layer adjacent to the ceramic; it is found to be rich in 
Ni with remnant amounts of Zr and Y, and possibly 
some Si, although this is partially obscured by the Zr 
and Y peaks. Trace 3 is from the bond coat adjacent to 
the amorphous layer, where there is an increased 
presence of Cr and also some A1, related to the NiCrA1 
composition of the bond layer. 

The formation of this amorphous phase is believed 
to be a consequence of the plasma-spraying process. 
The first molten splats to impact the substrate need to 
have been heated to temperatures in excess of 3000 ~ 
[-22]. These splats are instantly solidified on impact 
with the substrate and so will undergo the most severe 
cooling regime. The impact of this "superheated" mol- 
ten ceramic with the relatively low melting point bond 
layer is believed to result in a fusion between the two, 
caused by the partial melting and rapid quenching of 
the outer surface of the bond coat. This forms the thin 
amorphous boundary film, composed largely of bond 
coat together with some ceramic material. The 
presence of impurities such as SiO2 in the starting 
powder, together with oxidation products of the bond 
layer, are also believed to have a significant effect in 
aiding the formation of the amorphous phase, al- 
though this was difficult to detect using EDX. 

Growing out of this amorphous film into the 
ceramic layer are fine columnar grains, approximately 
50 nm diameter, by up to 200 nm long. The structure 
beyond these columnar grains continues to develop by 
means of a series of nucleation and growth stages. This 
indicates a reduced rate of cooling, resulting in slower 
nucleation and growth rates in the rest of the splat due 
to the insulation provided by the layer in contact with 
the bond coat. Cracking can often be observed be- 
tween the fine columnar grains and the rest of the 
lamellae, see Fig. 11. It is likely to arise due to differ- 
ential thermal contraction rates between the initially 
deposited and rapidly cooled fine-grain material, and 
the rest of the splat which is cooled more slowly. If the 
Stresses arising from the differential rates of contrac- 
tion are sufficient, then cracking can result. 

Figure 10 TEM cross-section of the ceramic/bond coat interface, 
showing the amorphous bond coat/ceramic inter-facial region. Also 
shown are fine columnar grains emanating from this region into the 
ceramic. 
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2. 7.2. Variation in grain size 
Away from the bond coat interface, the microstructure 
is made up of a combination of much larger columnar 
and equiaxed grains having diameters > 1 gin. This 
larger grain size is believed to result from the insulat- 
ing effect of previously deposited material, i.e. a reduc- 
tion in the cooling rate results in a lower driving force 
for nucleation which promotes grain growth. Towards 
the centre and outer surface of the coating, deposited 
material may not have completely solidified prior to 
the impact of the subsequent splat. This possibility 
arises due to: (1) the good thermal insulation of pre- 
viously deposited material with a thickness of 200 gm; 
(2) up to 50 gm may be deposited in one pass of the 



Figure l] TEM (a) bright-field (b) dark-field images of the interfacial region between the bond coat and ceramic layer. The SAD pattern 
(c) gives rise to a series of faint rings, indicating the amorphous nature of the interfacial layer. Part of a ring has been imaged in the dark field 
(b) and shows the interface in bright contrast. 
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plasma gun. The slower cooling rate of this larger 
deposition volume of material helps to promote the 
formation of larger columnar and equiaxed grains. A 
fine columnar grain structure can still be observed in 
this,region, but in this case it is thought to arise from 
rapid cooling of the thin periphery regions of a splat 
into the surrounding air rather than by conduction 
into the heat sink of the substrate. Similar large 
equiaxed grains have been observed by Wilms [20] in 
an alumina coating. These only appeared after the 
addition of small amounts of yttria. Their formation 
was therefore attributed to either grain-boundary pin- 
ning by yttria and other impurities, or alternatively 
to a reduction in the columnar grain growth rate, 
because diffusion must now take place at the growing 
interface. 

2. Z3. Grain-boundorg 91assg phase 
In larger grained regions, evidence for a thin contin- 
uous grain-boundary glassy phase could be found, 
which was observed to be concentrated at triple grain 
points, resulting in the rounding of the grain corners. 
The small quantity of this phase, coupled with its 
preferential etching during ion-beam thinning, has 
made it difficult to image the SAD pattern. For the 
same reasons it was not possible to identify its com- 
position using EDX. The bright-field image in Fig. 13 
does, however, show the extension of a small pocket 
of material from the triple point along the grain 
boundary. 

It is suggested that this grain-boundary glassy 
phase is similar to that observed in fully dense PSZ 
and TZP ceramics sintered from powders of similar 
composition [-23]. As analysis of the grain-boundary 
glassy phase in TZP material suggested that it arose 
from SiO 2, TiO2 and A120 3 impurities contained in 
the original starting powders. Such impurities were 
found to improve densification significantly, helping 
to form a liquid phase at the sintering temperature. 

plasma-sprayed coatings. Fracture toughness studies, 
using techniques such as the double cantilever beam 
[24, 25], have shown that when a crack is initiatedat 
the bond coat/ceramic interface, the fracture path on 
delamination of the coating rarely follows the line of 
the interface. The fracture path tends to follow a mixed 
mode of bond coat and ceramic failure, the crack 
propagating between the lamellae of both layers [26]. 
These investigation s suggest that the amorphous in- 
terracial layer provides a much stronger interfacial 
bond than is observed between the lamellae of either 
the bond coat or the ceramic. When a crack is initiated 
along the bond coat/ceramic interface, it will tend to 
be deflected either into the bond coat or the ceramic, 
following a path of lowest interracial Strength. 

3. Conclusions 
The coatings have been found to consist of a lamellar 
microstructure, composed of columnar and equiaxed 
grains. The size and shape of the grains were related to 
the rate of heat removal from deposited material 
during the coating operation, which varied through 
the thickness. An amorphous interracial region be- 
tween the bond coat and the ceramic has been identi- 
fied; this was believed to contribute to the high adhes- 
ive strength of the ceramic layer. The compliance of 
the coating with the substrate is believed to result from 
the combination of: (l) weak bonding between the 
lamellae of the ceramic layer, due to the presence of 
interlamellar porosity, and (2) grain-boundary micro- 
cracking of the lamellae along a thin layer of inter- 
granular glassy phase. 
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2.8. Effect of microstructure on propert ies 
The amorphous interfacial layer is believed to con- 
tribute to the considerable adhesive strength of the 

Figure 13 Transmission electron micrograph showing extension of 
the grain-boundary glassy phase from a tiple point along a grain 
boundary. 
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