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Grinding Induced Effects in Plasma 
Sprayed Zirconia Coatings 

J. Zeman, M. Cepera, J. Musil, and J. Filipensky 

The effect of grinding on the surface layer properties of ceria and yttria partially stabilized zirconia 
plasma-sprayed coatings (CePSZ, YPSZ, respectively) has been studied by X-ray diffraction methods. 
For this purpose, the modified model of line broadening analysis has been derived. The model considers 
elastic anisotropic properties along with more random paraerystal imperfections, both affecting X-ray 
line broadening. Grinding-induced microstructurai changes were also studied using an estimation from 
the quantitative Orientation Distribution Function (ODF) texture. It was concluded, based on this work, 
that CePSZ ceramic is less mechanically stable compared to YPSZ. Consequently, more beneficial me- 
chanical properties of  a ground surface layer can be expected for CePSZ plasma-sprayed coatings. 

1. Introduction 

CERL~ and yttria partially stabilized zirconia (CePSZ, YPSZ, 
respectively) are unstable under the influence of  pressure. This 
behavior is beneficial with regard to mechanical properties, es- 
pecially the fracture toughness of  plasma-sprayed ceramic coat- 
ings.[ l] 

It was observed for monocrystals 12l that external plane-strain 
loading introduced by surface grinding increased the XRD peak 
intensity ratiosr31 of  the l(002)/( ) I  200 and/(113, r  ) / ,  311 couples. It was 
concluded t J that the surface stress state could alter the crystal 
domain orientation so that the c-axes were oriented orthogonal 
to the surface. Evidence of YPSZ microstructural changes and 
interpretations based on phase transformations and ferroelastic 
domain switching mechanisms have been reported. 14-6] The ef- 
fect of  temperature up to 2100 ~ and compressive loading at 
2.25 GPa were also studied. The effect of  biaxial compressive 
stress loading was nearly the same in both cases, although the X- 
ray diffraction peak intensity ratios, influenced by higher tem- 
peratures, were markedly increased. 

The work of  Wadhawan 13l concerns the ferroelasticity phe- 
nomena and related crystal structures. Most works (including 
Ref4  and 5) focus on interpretation of XRD techniques. How- 
ever, they are not applied to thin ceramic plasma-sprayed coat- 
ings, as detailed below. The microstructural heterogeneity 
arising from the thermal spray process produces a broad range of  
grain sizes and imperfections such as voids, pores, and mi- 
crocracks. Also, the X-ray penetration depth is restricted to sev- 
eral micrometers, which might be unrepresentative o f  the entire 
coating. Finally, the texture of  the coating could be a source of  
error with regards to quantitative phase analyses. 

On the other hand, however, the low X-ray penetration depth 
can provide suitable conditions for studying grinding-induced 
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effects due to the loading of  the top surface. In such cases, fur- 
ther analysis of  surface residual stresses as well as microdistor- 
tions and the level of  paracrystallinity can be measured. [11] The 
term of"paracrystallinity" is used in this article to describe the 
statistical representation of  long-range order imperfections.[ 121 

A texturing effect due to directional external stress fields 
would be expected; likewise, the existence of  a texture in the as- 
deposited coating cannot be omitted. It is evident [ 131 that the tex- 
ture, as evaluated by the Orientation Distribution Function 
(ODF), is a very sensitive tool that can recognize changes in 
relevant technological factors, 

The objective of  the present work was to establish direct ex- 
perimental evidence of  ferroelastic domain switching and re- 
lated properties in plasma-deposited YPSZ and/or CePSZ 
ceramics. As-received and ground materials were analyzed. 

2. Experimental Methods 

2.1 Residual Stress Measurement 

The low X-ray penetration depth due to a high absorption and 
general heterogeneity problems imply that the sin~tp relation- 
ship commonly used to analyze macroscopic stresses is ineffec- 
tive and/or misleading for plasma-sprayed coatings. An 
alternative method, which assumed a residual strain estimation 
ofe  = (d i - do)/do normal to the surface, was therefore chosen to 
be a more appropriate approach. The terms d i and do are the in- 
terplanar spacings of measured and standard specimens, respec- 
tively. When the different diffraction peaks ranging the full 20 
angle scale are taken into account, then the effect of  different X- 
ray penetration depths as well as possible elastic strain gradients 
can be observed. 

2.2 Microstrain and Paracrystal l ini ty  

The microstructure of  plasma-sprayed ceramic coatings is 
highly defective, and therefore, technical difficulties are en- 
countered in defining the macroscopic residual stress field. 
Thus, an assessment of  the microstrain level or any other pa- 
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rameter that describes the density o f  defects on an atomic scale 
is useful, although it will only be on a relative scale. 

Microstrain can be estimated using the relation o f  X-ray dif- 
fraction integral peak widths, following the Warren and Biscoe 
relationship: [7,81 

[b(20)] 2 --- [~,/D 1 cos (0)] 2 + [4E 1 tan (0)] 2 [1] 

where b is the integral diffraction peak width; X is the X-ray 
wave length; 0 is the diffraction angle; D1 is the mean domain 
size; and el is microstrain. The application of  this relation to 
plasma-sprayed coatings is difficult, because no crystal plane 
systems have the required XRD intensity o f  higher order diffrac- 
tion peaks, as is required by a conservative approach. Moreover, 
the statistical accuracy of  such an estimation is usually poor due 
to the low number o f  data points. 

Substituting e,rin Eq 1 : 

~ / h ~ )  = ~L [ (x~k t )  + (1 - x)S ~] 

c/h/d) = ~z. ~hhkl [21 

where cy L is microstress averaged over the column of  L length; 
S~k l and S e are the elastic moduli according to Reuss and Voigth 
approximations, [9l and x is a mixing factor. 

The modified relation (Eq 2) enables a rigorous statistical es- 
timation that uses all of  the well-defined diffraction peaks from 
the given spectra, but it is necessary to know the anisotropic 
elastic moduli of  the material. The theory of  paracrystals [1L12] 
expresses the relationship shown in Eq 1 as follows: 

b* cos (0)/'L = 1/L + 21tE4k l sin(0)/L [3] 

in which b* represents the integral width; L is the mean domain 
size; and ghkl is a paracrystal distortion parameter.[11 ] 

As in Eq l, the use ofEq 3 depends on whether the data per- 
tinent to the same crystal system planes; i.e., that o f  several dif- 
ferent orders of  crystal systems, are available. 

It is postulated that the measured line broadening for rigid 
polycrystal aggregates is a superposition of  two main effects. 
The first is an elastic distortion component (Be) due to the com- 
patibility of  a crystal in a compact crystal aggregate. The second 
more stable component (Bp) arises from the defect distribution 
in the sense of  paracrystal theory. Both the elastic and stable 
components are, for the sake of  simplicity, assumed to be addi- 
tive following the relation: 

[B*]  2 = [Bp 21 + [B~] [4] 

The resultant relationship can be written as: 

{B~I cos (0)! 2 * ~ = (~./L) 2 + (2~2[g~p]) 2 sin (0) 2 

+ (40L)2(Shkl sin (0)) 2 [5] 

The unknown parameters of  Eq 5, i.e., L, gp, and ~L, with 
their error estimation would be obtained using multiple regres- 
sion statistics o f  all of  the diffraction peaks from the given spec- 
tra. In the case o f  the present work, however, some selection 
according to the accuracy in separating superimposed tetragonal 

doublets must be carded out. A simplified model results from the 
pragmatic compromise between a true solid physics approach 
and the experimental accuracy available for the ceramic materi- 
als being studied. 

2.3 Quantitative Texture Assessment 

The existence of  a crystallographic texture in ceramic coat- 
ings was verified for zirconia stabilized by 8% Y203 and/or 20% 
CeO2.[ 13] 

The texture formation results from the processes where par- 
tially or completely melted ceramic particles impact against the 
substrate and then crystal growth occurs due to a preferred direc- 
tion of  heat flow. The texture, in the absence of  another factor, is 
mainly normal to the surface direction. Phase transformations in 
a solid solution cannot then completely eliminate the texture 
originally formed, but its character, i.e., ideal crystal orientation 
and volume content of  some texture component, might exhibit a 
general change. The quantitative assessment of  the given texture 
using X-ray diffraction and its ODF [151 was then applied to the 
experimental program presented here. 

3. Experimental Conditions 

The two materials used were 8 wt% Y203 stabilized ZrO 2 
(YPSZ) (Plasmatex 1085) and 18 wt% CeO2-stabilized ZrO2 
(CePSZ). The grain size of  both materials was in the range of  10 
to 60 lam. Plasma spray conditions for both materials using 
Plasma-Technik A 2000 equipment, were as follows: plasma 
gases of  argon/hydrogen at flow rates of36/111/min, a curr~wro f 
550 A, and a spraying distance of  120 mm. In the case of  the 
YPSZ material, another set of  coatings was also prepared 
(YPSZ-R) to simulate conditions of  lower electric power input, 
i.e., that representing deposition of  particles passing through a 
low-temperature region of  the plasma arc. A 3-mm-thick sub- 
strate of  mild steel was used. 

Grinding of  the as-sprayed coating with a diamond abrasive 
1 wheel at speeds of  20 to 30 ms- and a radial feed of  0.02 to 0.04 

mm was carried out for all specimens. A D-500 Siemens diffrac- 
tometer was used to perform X-ray diffraction analysis using 
Co-Kc~ irradiation. 

A Euler four-circle diffractometer was used for the texture 
measurements. Pole figures of  (l 1 l), (002), (022), and (113) 
tetragonal phase of  YPSZ and CePSZ were measured and then 
used for ODF calculations with the Siemens/TEX software. 
Both ceramics exhibited a very low tetragonal content, and con- 
sequently, it was necessary to separate the tetragonal doublet su- 
perposition numerically by using a modified Lorentz 
approximation function and error mean square method. Because 
the exact values of  elastic moduli, Shkl, for tetragonal phase 
YPSZ and that for CePSZ were not available, then the elastic 
moduli pertinent to the cubic phase of  zirconia [14] were used, 
�9 ublc tetra 
I.e., ~00)  =-- S(002~,(200), etc. 

In the case of  X-ray line broadening analysis, instrument cor- 
rection was performed using the Stockes method ll ol and data for 
pure homogeneous ZrO2 + 8 wt% Y203 powder measured un- 
der equivalent conditions. However, the acceptability of  such a 
standard quality will be discussed in later sections of  this article. 
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4. Results 

4.1 P h a s e  Analys is  

X-ray diffraction analysis of both ceramics indicated that 
there are two major phases, i.e., tetragonal and monoclinic, in 
the as-deposited state. The very low tetragonallity, as expressed 
by the c/a parameter ratio (c/a < 1.01 5), also indicates that the 
cubic phase might be present. The numerical analysis of super- 
imposed diffraction peaks, where minor cubic peaks should be 
located between two peaks oftetragonal phase, gave ambiguous 
results. Therefore, the numeric separation suggested the domi- 
nant presence of tetragonal phase and the possible existence of 
other phases, which were incorporated into an error estimation. 
The tetragonal lattice parameters of the specimens measured in 
the as-deposited state are listed in Table 1. There was no evi- 
dence of additional phase transformations, such as tetragonal --> 
cubic or tetragonal --~ monoclinic, which were influenced by 
the grinding process. 

Grinding-induced changes in diffraction peak intensities of 
the (002)-(200) and (113)-(311) tetragonal doublets are usually 
indicated by an increasing intensity ratio which is dependent on 
the testing conditions. However, as can be seen from Tables 2 
and 3, the 1(o22)/1(22o ) and 1(133)/1(331)intensity ratios also 

Table 1 Lattice parameters oftetragonalphases  

Lattice parameters, nm 
Specimen a c c/a 

YPSZ ............ 0.51047 + 0.00083 0.51470 + 0.00084 1.0083 _+ 0.0023 
YPSZ-R ........ 0.51150_+0.00003 0.51570_+0.00004 1.0082 -+ 0.0001 
CePSZ .......... 0.51474_+0.00026 0.52255_+0.00034 1.0152 -+ 0.0008 

changed. However, the grinding-induced changes are not as evi- 
dent in the above-mentioned tetragonal doublets. Table 2 shows 
that the measured intensities of the (222) single peak clearly ex- 
hibit an influence on the grinding process. This can be consid- 
ered as either due to texture variation and/or crystal structure 
changes that would be expressed by a F~/_=_ 1 i relationship (where 
Fi is the crystal structure factor). 

4.2 Res idua l  De forma t ion  

Residual normal deformation, e, measured on (hkl) planes of 
crystals having the particular (hkl) planes parallel with the speci- 
men surface and averaged over an effective penetration depth, 
are shown in Fig. 1. It is evident that e L for CePSZ is substan- 
tially higher than that of  YPSZ-R. The results for YPSZ were 
virtually identical to those of YPSZ-R. Because the effective X- 
ray penetration depth (he) for each (hkl) may be calculated, then 
the relationship between eL and the subsurface depth, also 
shown in Fig. l, can also be calculated. It follows that the resid- 
ual deformation has a tendency to reach zero at some depth, 
which is a higher magnitude for CePSZ. 

4.3 M i c r o d i s t o r t i o n  a n d  P a r a c r y s t a l l i n i t y  

All diffraction peaks of the tetragonal YPSZ and that of 
CePSZ spectra were used in multiregression analysis using Eq 5 
to obtain an estimation of several parameters. This analysis was 
performed for the YPSZ-R and CePSZ specimens. The meas- 
ured data along with the proposed model following Eq 5 are 
shown in Fig. 2 and 3 for both the YPSZ-R and CePSZ ceramics. 
Table 4 lists the averaged results. Equation 5 agrees with the pro- 
posed model. The difference in grinding response of both mate- 
rials can also be observed. CePSZ has higher distortion in the 

Table 2 Normalized X-ray diffraction intensities of  individual (hk/) peaks 

(hkl)i AD 

(002) ............................................. 0.083 
(200) ............................................. 0.140 
(022) ............................................. 0.437 
(220) ............................................. 0.208 
(113) ............................................. 0.153 
(311) ............................................. 0.304 
(222) ............................................. 0.085 
(133) ................................................ 
(331) ................................................ 

Note: AD --- as-deposited; GR --- ground. 

YPSZ 
GR 

0.099 
0.131 
0.371 
0.215 
0.164 
0.235 
0.074 

Normalized intensity, li/li( l l 1 ) 
YPSZ-R CePSZ 

AD GR All GR 

0.076 0.090 0.075 0.109 
0.149 0.129 0.140 0.119 
0.396 0.364 0.354 0.413 
0.245 O. 135 0.274 O. 153 
0.141 0.148 0.141 0.167 
0.321 0.228 0.323 0.238 
0.092 0.071 0.083 0.068 
0.132 0.122 0.130 0.105 
0.089 0.040 O. 112 0.097 

Table 3 Grinding-induced diffraction intensity ratios oftetragonal doublets 

Intensity YPSZ YPSZ-R CePSZ 
ratio AD GR AD GR AD GR 

1~oo2/112oo) ..................................... 0.588 0.757 0.509 0.693 0.535 0.918 
[(022)/I(220) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.1 O0 2.080 1.610 2.697 1.297 2.751 
I ( 1 1 3 ) / 1 ( 3 1 1 )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.504 0.698 0.441 0.650 0.437 0.704 
1(133)/1(331) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.475 3.084 1.162 1.083 

Note: AD -= as-deposited; GR --- ground. 
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as-deposited state and also higher elastic distortion after surface 
grinding because the gp and OL values are greater under these 
conditions. However, both the YPSZ and CePSZ materials ex- 
hibit a randomly distributed paracrystallinity (gp), which is in- 
sensitive to the effect of  grinding. 

4.4 Texture ODF 

The major texture components identified in deposited coat- 
ings were the { 111 } fiber and { 100} cube fiber, i.e., planes (111) 
and (100) are parallel to the surface, as can be seen in Fig. 4 to 6. 

Comparing ODF of  CePSZ and YPSZ in Fig.4 and 5, there is 
no significant difference between the above-mentioned ideal 
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Fig. 2 Regression of Eq 5 with 95% prediction intervals for mean. 
As-deposited and ground YPSZ-R samples. 

orientations. The interrelationships among ODFs of  individual 
specimens of  CePSZ coatings are also exhibited. On the other 
hand, the ODF of  YPSZ-R, shown in Fig. 6, is very weak and in- 
dicates that random crystal orientations are a more characteristic 
feature. The influence of  grinding on given coatings can now 
also be recognized. Approximately a 50% decrease in volume 
content of  the { 111 } fiber texture component o f  the CePSZ coat- 
ings is in contrast to a 10% decrease in the case of  YPSZ, with 
little effect for the YPSZ-R coating. A tendency to decrease the 
amount of  the { 100} cube fiber texture component under grind- 
ing was also indicated. 

5. D iscuss ion  

The plasma-sprayed CePSZ and YPSZ coatings investigated 
in this work were studied both in their as-deposited and as- 
ground conditions. Several aspects of  the XRD method and in- 
terpretation of  results are important: First, the level of  agreement 
between these methods and true physical state of  ceramic coat- 
ings characterized by the distribution of  various kinds of  imper- 
fections. Second, the limited applicability of  some analytical 
methods that are based on the theory of  solid-state physics and 
models that assume an idealized homogeneous state of the mate- 
rial. It seems evident that a more pragmatic approach, taking into 
account a balance between both XRD theory and the state of  the 
material, can offer useful results, especially when the results are 
evaluated with respect to the statistical distribution of  errors. In 
such a way, grinding-induced microstructural changes in ce- 
ramic coatings were studied to clarify their nature in terms, aft a 
very fine crystal structure. The quantitative estimation of  these 
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Regression of Eq 5 with 95% prediction intervals for mean. 
As-deposited and ground CePSZ samples. 

Table 4 Results of  line broadening multiregression analysis 

Ceramic 
YPSZ-R .................................................................... As deposited 

Ground 
CePSZ ...................................................................... As deposited 

Ground 

(a) [(l/L) ~ 0] erroneous estimation at low statistical significance. 

L, nm ge,% OL, MPa 

(a) 1.85 • 0.10 505 • 88 
67_+ 11 1.81 • 686• 

(a) 2.35 + 0.05 1391 • 180 
43 +_ 9 2.43 _+ 0.10 2046 • 174 
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effects is influenced by factors such as the primary texture and 
impertection distribution. Other factors affecting the intensities 
of  diffraction peaks include mechanisms based on ferroelastic 
domain switching. [51 However, these cannot be verified without 
exact knowledge of  how the diffraction intensity distribution is 
controlled by the crystal structure, 

The texture existence may be explained by directional crystal 
growth opposite to the heat flow direction. In light of  the ensuing 
c ~ t transformation, a primary texture is inherited and/or modi- 
fied into the final major tetragonal phase. Thus, the deposition of  
partially or completely melted particles is mainly responsible 
for the primary texture evaluation. I f  the texture intensity is de- 
scribed quantitatively using ODF (Fig. 4 to 6), then the effect of  
plasma spray parameters could be registered and under some 
circumstances also applied for quality control. 

Taking into account the decrease in the grinding-induced 
modification of  the ideal { 111 } fiber orientation ODF, the level 
of  which is different in both CePSZ and YPSZ ceramics, then the 
increased response in CePSZ could be deduced. On the other 
hand, the higher mechanical stability of  YPSZ and YPSZ-R does 
not seem to be dependent on the starting ODF texture. This is 
also consistent with the higher relative residual strain measured 
in the case of  CePSZ (Fig. 1), which was opposite to that of  
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Fig. 4a Texture ODF of  as-deposited CePSZ coating. r  = 90~ 02 = 
45 ~ (Bunge notation).[ 15] 
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YPSZ-R. Some difference in affected penetration depth can also 
be assumed. 

Analysis of  line broadening was able to distinguish not only 
grinding effects themselves, but also to quantify them using the 
method proposed by Eq 5 (Table 4). Line broadening with re- 
spect to diffraction angle follows the anisotropic Shk I elastic 
compliances, regardless o f  their approximation used in this 
work. 

Comparison of  the microdistortion and related microstress 
influenced by anelasticity o f  both materials shows that CePSZ is 
at a higher stress level than that of  YPSZ. However, the grind- 
ing-induced (rL increase rate for both kinds o f  materials is nearly 
the same as the related elastic energy absorbed. The (~L differ- 
ences in the as-deposited material (Table 4) are affected by the 
degree of  phase transformation of  the particle. The domain size 
estimation does not agree with literature values, probably be- 
cause appropriate standards for material and equipment calibra- 
tion methods are not available. Thus, domain size estimation is a 
relative measurement. Nevertheless, a decrease in domain size 
after grinding can be deduced from the results given in Table 4 
and indicate that the grinding process evokes a crystal fragmen- 
tation like a twinning mechanism.J6] 

The observed texture changes, particularly o f  the 
{ 111 }(uvw) fiber ODF, decrease for CePSZ, and extemal sur- 
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Fig. 6 Texture ODF of as-deposited and ground YPSZ-R samples. r 
= 900; 0~2 = 45~ 
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face loading stimulates fragmentation and/or domain switching. 
It is also possible that surface grinding causes an instantaneous 
temperature rise, which could be sufficient to evoke a transition 
between brittle and plastic behavior. 

6. Conclusion 

The results o f  surface grinding-induced changes in two 
plasma-sprayed coatings made of  CePSZ and YPSZ ceramics, 
presented in this work, can be summarized as follows. The origi- 
nal texture and heterogeneity in the as-deposited state are influ- 
enced by the deposition process. These physical characteristics 
were evaluated by modification of  the X-ray powder diffraction 
method. The model, which considers anelasticity and paracrys- 
tal characteristics in microdistortion fields ofpolycrystal  aggre- 
gates, is statistically significant. 

The quantitative ODF interpretation of  the original and 
grinding-modified texture was used to recognize different be- 
haviors of  the given materials and to examine plasma spray pa- 
rameters. Such methods may be used for quality control 
application. 

Quantified texture changes have been related to changes in 
diffraction peak intensities o f  the tetragonal doublets CePSZ 
and YPSZ. A mechanism based on domain switching mecha- 
nism, as observed in ferroelastic crystals, 13] has been proposed. 

The CePSZ ceramic is more sensitive to the grinding process, 
so that its lower mechanical stability and consequently better 
surface mechanical  properties are opposite to those of  YPSZ ce- 
ramic. 
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